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3.9 Adsorption on oxide surfaces

3.9.1 Introduction

The interaction of gases with oxide surfaces is important for many all-day processes like corrosion as well
as for large-scale industrial fabrication of chemicals with catalytic processes. In order to understand the
microscopic processes occurring when gases contact oxide surfaces, two different approaches may be
followed. One approach is to study real world systems with their full complexity. Due to this complexity,
hard-to-interpret experimental results are to be expected. If the systems are to be investigated in-situ
under working pressures which may be in the bar range or higher, a number of powerful techniques like
electron spectroscopy which works only under high or ultra-high vacuum conditions can not be applied.

Another approach is to study idealized systems (“model systems™) under high or ultra-high vacuum
conditions. These systems are usually well ordered and their composition is not too complex. This
permits to apply many powerful surface science techniques and it is often possible to understand in detail
the microscopic processes occurring during gas-substrate contact. However, the systems are simpler than
the real world systems and the pressure is usually lower than the pressure of gases interacting with real
systems. This means that it is not sure that the processes occurring during gas-surface interaction are the
same as the ones occurring in the non-idealized real systems under working pressure conditions.
Nevertheless, this approach has generated a number of important results and ideas concerning gas-surface
interactions which are surely also important for processes occurring in “real” systems. In the context of a
discussion of these two approaches key phrases like “material gap”, “complexity gap”, or “pressure gap”
may be heard. These phrases refer to differences between the two approaches concerning the degree of
realism. One of the topics of current surface science research is to increase the degree of realism by going
towards increasingly complex systems and by a development of more powerful experimental techniques
which extend the usable pressure regime. This chapter tries to give an overview of results obtained for
one type of idealized systems, i.e. molecular adsorbates on ordered oxide surfaces which may be single
crystal surfaces or the surfaces of thin ordered oxide films.

3.9.2 Abbreviations used in the text

Ag workfunction change measurements

AES - Auger electron spectroscopy

AFM atomic force microscopy

AM1 Austin Model 1 (semi-empirical theoretical method)

ARUPS angular resolved ultra-violet photoelectron spectroscopy

B3LYP a density functional method due to Lee, Yang and Parr which incorporates a
3-parameter functional due to Axel Becke '

BEG Blume-Emery-Griffiths (théoretical model)

CARS coherent anti-Stokes Raman spectroscopy

CFS constant final state (spectroscopy)

DFT density functional theory

DV-Xa discrete variational Xo. (theoretical method)

ELS energy loss spectroscopy

ESD electron stimulated desorption (spectroscopy)

ESDIAD electron stimulated desorption ion angular distribution (spectroscopy)

ESR electron spin resonance (spectroscopy)

EXAFS extended X-ray absorption fine structure (spectroscopy)

FLAPW full potential linearized augmented plane wave (theoretical method)

FTIR Fourier transform infrared (spectroscopy)

GC gas chromatography

HAS helium atom scattering (spectroscopy)
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HF Hartree-Fock (theoretical method)

HREELS high resolution electron energy loss spectroscopy

IMPT inter-molecular perturbation theory

INDO semi-empirical theoretical method

R infrared (spectroscopy)

IRAS infrared absorption spectroscopy

ISS ion scattering spectroscopy

LCAO linear combination of atomic orbitals (theoretical method)

LDA local density approximation (theoretical method) ’

LEED low energy electron diffraction

LID laser induced desorption (spectroscopy)

LITD laser induced thermal desorption (spectroscopy)

MD molecular dynamics (theoretical method)

MIES metastable impact electron spectroscopy

MNDO modified neglect of djatomic overlap (semi-empirical theoretical method)

MP2 Mgller-Plesset theory truncated at 2™ order

MSINDO semi-empirical theoretical method

MSRI mass spectroscopy of recoiled ions

NC-AFM non-contact atomic forceé microscopy

NEXAFS near edge X-ray absorption spectroscopy

PEEM photoemission electron microscopy

PES photoelectron spectroscopy

PID photon induced desorption (spectroscopy)

PIRSS polarization infrared surface spectroscopy

PM3 third parametrization of MNDO (semi-empirical theoretical method)

PSD photon stimulated desorption (spectroscopy)

PhD photoelectron diffraction

REMPI-TOFMS  resonantly enhanced multi-photon ionization - time of flight mass spectrometry

REMPI resonantly enhanced multi-photon jonization (spectroscopy)

RHEED reflection high energy electron diffraction R

RT room temperature - '

SCC-DV-Xa self consistent charge discrete variational Xo. (theoretical method)

SCF-Xo-SW Xo. denotes a certain form of the exchange term, SW means scattered wave
(theoretical method)

SCF self-consistent field (theoretical method)

SEXAFS surface extended X-ray absorption fine structure (spectroscopy)

SFG sum frequency generation (spectroscopy)

SIMS secondary ion mass spectrometry

SINDO semi-empirical theoretical method

SPA-LEED spot profile analysis - low energy electron diffraction

SSIMS static secondary ion mass spectrometry

STM scanning tunneling microscopy

TCS total (target) current spectroscopy

DS thermal desorption spectroscopy

TOF time of flight (spectroscopy)

Unv ultra-high vacuum

UPS ultra-violet photoelectron spectroscopy

uv ultra-violet

XPS X-ray photoelectron spectroscopy

XRD X-ray diffraction

Xsw X-ray standing wave (spectroscopy)

ZINDO semi-empirical theoretical method
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334 3.9 Adsorption on oxide surfaces [Bef p, 389

3.9.3 ALO;

Al Oy surfuces have been prepared in different ways. o-ALO; surfaces may be prepared by cutting a o-
AlO; single crystal along the desired surface (usually [0001]) with subsequent chemical cleaning.
Preparation in UHV usually comprises annealing at high temperature and re-oxidation of the surface,
Details of the procedurs vary. It is also possible to prepare ordered AlLO; surfaces as thin films on
different substrates. NiAl(100) and NiAl(110) are often used substrates. Annealing in oxygen produces
thin ALO; layers. On NiAI(110) formation of an incormmensurate Al;Oy tvpe layer with a well defined
LEED pattern has been reported [91Jaz], 97Kuhl]. STM and surface X-ray diffraction studies [045ti1,
00Sti2, 008ti1, 03Kull] led to the conclusion that the structure of the film is similar to that of 8-ALO;,
w=AlO,, or -ALO;(111). On NiAI(100) formation of a-AL0s, 8-ALO;, ®-AlLO; and y-AlLO; has been
observed [98Hsil, 94Gas1]. On Mo(110) an aluminum oxide film with y-ALO; or c-ALO; structure may
be grown by evaporation of aluminum in an oxygen atmosphere [963tr]]. An overview of studies of

adsorption on these systems is given in Table 2.

Table 2. Overview of investigations of the interaction of gases with well ordered AlLO; surfaces,

Adsorbates Method References

Substrate: Single erystal c-ALOL(0001)

CyHis, CHy Theory: DFT, united atom, explicit atom 99Ball

CaHyg, CrsHag, Caallss, Theory: molecular dynamics 00Jint

hydroxylated substrate

CH:0H TS, isothermal desorption 98Nz

phenanthrene clectronic absorption spectroscopy 91Hayl

Todobenzene (CgH:T) XPS, TDS, laser irradiation 9858101

CHsl . Laser induced photochemistry, TDS 99Nisl

co Theory: DFT 00Cas]

Cag eleclronic absorption spectroscopy, TDS, G1Tolkl
isothermal desorption

Callyy, CeH g, CpaHagt L0 Theory: molecular dynamics 97des]

H:0 LITD, TDS QaENell

H,0, OH HPS, thermodynamic calculations 98Liul

H.O, OH malecular dynarnics 98Has1, 00Has1

H.0, OH LITD, TDS 98Elal

IO, OH HREELS 94Cou2, 97Coul

H;0, I1C1 LITD, TDS 01ell

OH Theory: DET 9oTiF]

OH Theory 9TNyal

Substrate: ALOs(TT1)/NLAI110)

Co autoionization spectroscopy S6KI11

O ELS, TDS 93Jael, 94Kuhl, 93Jas2,

93Fre2, 96Frel

o5 ARUPS, TDS, ELS 93Jael

O SPA-LEED, XPS 27Lih1

Pd-carbonyl IRAS BT Woll

glyeidyl isopropyl ether, IRAS 99Woo2

epoxyhexane

Substrate: a-Al,0;, 1-AL0;, 0-ALO3, ¢t-ALO3 on NiAI(100)

co IRAS 98Hsil

Subsirate: ALOs;Mo(110)

CsH; TDS, HREELS DaStrl

Landolt-Bérastein
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3.9.3.1 CO adsorption

Several publications are found for CO.on ALO3/NiAl(110). Using thermal desorption spectroscopy and
electron energy loss spectroscopy two adsorption states could be identified with adsorption enthalpies of
—170 meV and —140 meV [93Jael, 93Jae2]. The corresponding desorption temperatures are 67 and 55 K.
Also lifetimes, excitation energies and vibrational energies for the a’II excited state are reported. Angular

dependent autoionization spectra of the Cls — 27" excitation are reported in [96K1il]. For CO adsorption
at 85 K onto a-ALO;, 7-Al,03, 8-A1;03 and o-AL,O3 on NiAl(100) IRAS studies have been performed
[98Hsil]. On y-Al,03 no adsorption was observed. For the other three oxide surfaces CO desorption
occurred at T'= 120 K. Several C-O vibrational states have been observed depending on the type of oxide
and the CO dose, with frequencies ranging from 1994 cm™ to 2074 cm™. The highest frequencies were

found for a-A1,0; and the smallest ones for a-AlOs.

3.9.3.2 H,0 adsorption

The interaction of H;O with a-A1,03(0001) was studied by several groups due to the importance of ALO,
in catalysis. Special attention was paid to the formation and the properties of OH groups. These groups
are formed by dissociative adsorption of water. The initial water sticking coefficient at T' = 300 K is S,
=0.1. It decreases exponentially with increasing OH coverage [98Elal]. Saturation coverage is 0.5%10"
OH groups/cm’ at a dose of 10" L [98Elal]. H,O plasma hydroxylation leads to significantly higher
coverages but roughens the surface and destroys the LEED pattern [98Elal]. H,O desorption from
hydroxylated o-Al,O; was observed at temperatures ranging from 300 to 500 K, corresponding to
desorption energies between 23 and 41 kcal/mol™ [98Nel1]. The O-H vibrational energy is 3720 cm™
and the O1s binding energy is 533.1+0.2 eV [97Coul]. According to molecular dynamics calculations the
ideal Al-terminated (0001) surface of a-AL,O; is very reactive with respect to dissociation of water
[00Has1]. The strong relaxation of the clean surface is partly removed by the OH adsorbate. According to
the calculations spontaneous unimolecular dissociations as well as dissociation mediated by another H,O
molecule should occur [00Has1]. - -

3.94 CaO

Ca0 exhibits rocksalt structure (like NiO, see Fig. 10) with a lattice constant of 4.8105 A [65Wycl]. CaO
may be cleaved along the (001) plane leading to high-quality surfaces, especially if the cleavage is
performed in situ in vacuum. Another method comprises cutting the crystal along the desired plane and
polishing it. After introduction into ‘the vacuum system the sample is prepared by sputtering and
annealing [83Stil, 84Leel]. CaO is an electrically insulating material. Therefore charge compensation
may be needed when methods involving charged particles are applied. There is also a report of the
epitaxial growth of CaO(100) on NiO(100) [00Xul]. CaO(100) surfaces have a high affinity towards
formation of surface hydroxyls and carbonates [99Doy1, 97Kan1] upon interaction with H,0 and CO,,
respectively. An overview of adsorption studies for this oxide is given in Table 3.

Table 3. Overview of investigations of the interaction of gases with well ordered CaO surfaces.

Agsoroates . Method References
Substrate: Singfe crystal CaO(100) ' B R -
CO,, SO, . Théory: ab initio cluster calculations 94Pacl

CO, XPS, NEXAFS 99Doy1

N,O ~ Theory 97Kanl

N>O,, NO * Theory 98Sni2

H,O XPS 98Liu3

Landolt-Barnstein
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336 3.9 Adsorption on oxide surfaces [Ref. p. 389

Adsorbates : Method : : References
H,O Theory: DFT : 00deL1

0, O+CO Theory: ab initio cluster calculations vaNyglL

0] Theory: ab initio cluster calculations 92Strl

0, Theory: ab initio cluster calculations 95Snil
0,0 Theory: DFT ‘ 97Kan2
OH - Theory: semiempirical slab calculations 95Gonl, 93Nogi
NO,CH;3 Theory: ab initio cluster calculations " 96Alll
S0, XPS ' 84Leel
SO, XPS | 83Stil
Substrate: Ca0(100)/NiO(100)/Mo(100)

NO ___ TDS ‘ _ 00Xul

3.9.4.1 CO, adsorption

CO, adsorption was studied with synchrotron based XPS and NEXAFS [99Doy1]. It was shown that
carbonate forms on the surface at pressures >107® Torr applied for 15 min. In [94Pacl] the higher
reactivity of CaO(100) as cornpared to MgO(100) is explained by the smaller Madelung potential of CaO
which leads to a smaller stabilization of the O% ions on the CaO(100) surface.

3.9.4.2 H,O adsorption

H,0 induces sufface hydroxylation with an apparent sticking coefficient of ~0.9 at room temperature for
surface coverages below 0.8 monolayers [98Liu3]. At higher coverages the sticking coefficient is
dramatically reduced to ~3x107, At H;O pressures’ greater than 1x10™ Torr bulk hydroxylation was
observed [98Liu3]. :

3.9.4.3 SO, adsorption

SO, adsorption at room temperature leads to the formation of strongly bound sulfate (SO with a
desorption temperature beyond 673 K [84Leel, 83Stil]. It was shown that the initial sticking coefficient
is about 0.4 and that the adsorption is of first.order in surface coverage [83Stil]. Similar to the case of
CO, adsorption Pacchioni and coworkers [94Pac1] explain the higher reactivity of CaO(100) as compared
to MgO(100) by the smaller Madelung potential of CaO which leads to a smaller stabilization of the o*
ions on the CaO(100) surface. ' '

3.9.5 CeO,

CeO, exhibits fluorite structure with a lattice constant of 5.411 A. The (111) and the (001) surface have
been used for adsorption studies. The (001) surface is polar and thus energetically unstable if not
stabilized by geometrical rearrangement at the surface, charge rearrangement, or adsorption. The
stabilization mechanism for the (001) surface appears to be an open question. Termination of the surface
by oxygen and cerium terminated patches, oxygen termination with a few percent of defects and oxygen
termination with 50% of the oxygen atoms removed are named in [99Her1]. The two ideal terminations
of the (100) surface and the (111) surface are displayed in Fig. 1. Ceria is a component of automotive
emission control catalysts where it acts as a component for oxygen storage. It is also known to be active
for the water-gas-shift reaction. CeO,(111) is often prepared as a thin film on Ru(0001) whereas
Ce0,(001) may be grown on SrTi0Os(001). Sub-stoichiometric oxide films may be grown by using smaller

Landolt-B8rnstein
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oxygen pressures during oxidation or by annealing. CeO, is also commercially available in single grystgl
form. There is only a limited number of adsorption studies for ordered CeO, surfaces. An overview is

given in Table 4

Fig. 1. -Structure of the two polar CeO,(100)
@ cerium surfaces and the CeO,(111) surface.

3.9.5.1 CO adsorption on Ce0,(111)

For CeO,(111)/Ru(0001) the adsorption of CO was studied with XPS [99Mull]. A-state with a Cls
binding energy of 290.5 eV was found to result from CO inferacting with the CeOx(111) surface. This
state vanishes between 600 and 700 K. It was suggested that the observed state corresponds to carbonate
or carboxylate-bonding to cerium sites.

Table 4. Overview of investigations of the interaction of gases with well ordered CeO, surfaces

Adsorbates . Method _ References
Substrate: CeQ,(001)/SrTi05(001)

NO ' TDS, XPS, ion bombardment 970vel
DO TDS, XPS 99Herl
Substrate: CeO,(111)/Ru(0001)

CO XPS 99Mull
CO, H,0 XPS, TDS 00Kunl
0O, TDS 96Putl
S0, -TDS, XPS 990vel

3.9.5.2 H,0 and D,0 adsorption on Ce0,(001) and CeO,(111)

The adsorption of H,O on CeO3(111)/Ru(0001) was investigated using TDS and XPS [00Kun1]. Water
was found to desorb fully below 300 K from the fully oxidizéd surface. On reduced surfaces also H,
desorption occurred at around 580 K. In this case additional H,O desorption states at 250 K and 600 K
were observed. The amount of desorbing H, was found to depend on the degree of reduction of the ceria
substrate. Water adsorbed on the fully oxidized surface exhibits a Ols level with a binding energy of
531.8 eV which vanishes above 300 K. On reduced CeO,(111) H,O adsorption leads to a Ols state at

Landolt-Bdrnstein
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338 3.9 Adsorption on oxide surfaces [Ref. p. 389

532.5 eV at 200 K which shifts to 533 eV at 400 K. It was assumed that the O1s peak is composed of two
peaks with binding energies of 532.4 and 533.1 eV resulting from chemisorbed water and hydroxyl
groups, respectively. Hydrogen desorption as observed with TDS coincides with the disappearance of the
Ols level of the hydroxyl groups.

D,0 adsorption on CeO,(001)/SrTiO3(001) was also investigated using XPS and TDS [99Her1]. With
TDS desorption maxima at 152, 200 and 275 K were identified and assigned to desorption of multilayer
water (152 K), first layer water (200 K) and recombination of hydroxyl groups (275 K). The Ols peak
corresponding to the hydroxyl groups was found at 531.6 eV using XPS. From the intensity of the Ols
peak a hydroxyl coverage of 0.9 ML was estimated. It was suggested that the hydroxyl groups might help
to stabilize the polar CeO,(001) surface. The Ols signal of the surface water could not be identified in the
XPS data which was attributed to non-wetting adsorption of D,O on CeQ,(001). This would lead to the
formation of large clusters which would give a small O1s XPS intensity.

3.9.6 a-Cr203

Of all different chromium oxides oi-Cr,Os appears to be the most easily accessible oxide in well ordered
form under UHV conditions. o-Cr,O; exhibits corundum structure like a-Al,O; with the hexagonal lattice
constants ¢=4.7628 and ¢=13.003 A[65Wycl1]. The (0001) surface is often prepared as a thin film by
oxidation of Cr(110) [92Kuh2]. It has been shown that the surface may be terminated by a half layer of
chromium atoms after annealing in UHV [97Roh2, 97Roh1] (see Fig. 2C) or by chromyl groups after
treatment with oxygen [96Dill]. We note that the surface shown in Fig. 2C is the only ideal surface of
corundum(0001) which is non-polar and thus electrically stable. Figs. 2A and 2B are polar surfaces.
Growth of a-Cr,05(0001) by MBE onto a-A1,05(0001) and Fe,05(0001)/0-A1,05(0001) has also been
reported [00Henl]. Other authors describe the growth on Pt(111) [01Rod5, 97Rod1]. One adsorption
study has also "been carried out for a CrsO,(111) film on Pt(111) [97Rodl]. In order to carry out
adsorption studies on Cr,03(1012) a single crystal surface has been prepared by cutting a Cr;0; single
crystal along the (1012 ) plane, polishing it and sputtering and annealing it in vacuo after insertion into
the vacuum chamber {99Yor1]. Adsorption experiments performed for these surfaces are listed in Table 5.

f & dxygen
rromi
@ chromium Fig. 2. (A), (B) and (C): three different ideal

terminations of a corundum structure. (A):
termination by an oxygen layer, (B):
termination by a metal double layer, (C):
termination by a single metal layer. In the
lower right panel the non-primitive
hexamolecular unit cell is displayed together
with the primitive thombohedral unit cell.
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Table 5. Overview of investigations of the interaction of gases with well ordered Cr,0; surfaces.

Adsorbates Method References

Substrate: Cr,03(0001)/Cr(110) v

co TDS, IRAS, Theory: ab initio cluster 01Pykl
calculations

CcO TDS, REMPIL, ELS 96Beal

CcO autoionization spectroscopy 96Klil

CO ARUPS 91Xul, 96Fre2

CO HREELS 00Woll

co LD ' 96AIS1, 96Bea2,

' . 94A1S1, 95Beal

Cco Theoty: ab initio quantum dynamics 01Thil

CO, NO, CO, . ELS, HREELS, NEXAFS A 95Benl, 92Kuhl

CO, NO, CO,, NO,, O, - ELS, HREELS, TDS, ARUPS, NEXAFS, 92Kuh2, 94Kuhl,
XPS - 93Kuhl, 93Fre2

CO. IRAS 99Seil

CH, TDS, ELS, XPS 97Hem1

NO LD - 98Will

NO LID, TDS, IRAS 99Will

NO Theory: wavepacket calculations 98Thil

0,, CH, TDS, IRAS, ELS . 96Dill, 96Frel

0,, NO, NO, ELS, ARUPS, HREELS, NEXAFS 91Xu2

0,, O, +Cl; TDS, XPS 86Fool

OH, H,0, O+H,;0 ARUPS 93Capl

HO0 Theory , 98Brel

Substrate: Cr;05(0001)/A1,05(0001), Cr,03(0001)/Fe;05(0001)/A1,05(0001

H,0, OH TDS, XPS, HREELS _ - 00Hen]

Substrate: Cr,03(0001)/Pt(111)

NO, N,0, NO, XPS, UPS, Theory: DET 01Rod5

Substrate: Cr;03(0001)/Pt(111), CrsO,(111)/Pt(111) :

H,S XPS, ARUPS 97Rod1

Substrate: single crystal Cr;05(1012)

0O, " LEED, XPS, AES 99Yorl -

3.9.6.1 CO adsorption

The interaction of a-Cr,03(0001)/Cr(110) with CO has been intensively studied both experimentally and
theoretically. CO interacts only wéakly with the chromyl-terminated surface but exhibits strong
interaction with the chromium-terminated surface. For the chromium-terminated surface TDS exhibits a
desorption maximum at 105 K which shows up after exposing the surface to doses of more than 4
Langmuirs and another maximum at 175-180 K which is. visible already at low doses [01Pykl].
According to infrared absorption spectroscopy the.corresponding vibrational energies are 2132-2136
cm™, and 2170-2178 cm™ [01Pyk1]. Calculations suggest that CO molecules desorbing at 7= 175-180 K.
adsorb on oxygen threefold hollow sites with an angle of 55° betweéen the molecular axis and the surface
normal. For the more weakly bound CO molecules desorbing at 105 K it was suggested that they adsorb
on oxygen on-top sites [01Pykl]. In-agreement with these results NEXAFS and ARUPS reveal the
existence of a strongly tilted CO species on chromium-terminated o-Cr,03(0001) [91Xul, 92Kuh2].
Photoelectron spectroscopy reveals unusually high binding energies for the CO valence levels and the
Cls core level which represents a still unexplained topic [91Xul, 92Kuh2].
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340 3.9 Adsorption on oxide surfaces [Ref. p

The photodesorption of CO from chromium-terminated 0-Cr,O; was studied by laser induced
desorption with REMPI detection. In such an experiment the surface is exposed to short-time laser pulses
to induce photodesorption. The desorbed molecules are detected by a second laser using resonantly
enhanced multiphoton ionization via the B!Z* state. This type of detection can be carried out fully state-
selective. Time-of-flight measurements may be performed by varying the time-delay between the
desorption laser pulse and the detection laser pulse. With experiments of this type it was shown that for
rotationally hot molecules cartwheel rotation (J vector perpendicular to the surface normal) is the
preferred rotational state after desorption whereas for rotationally cold molecules helicopter rotation (J
vector parallel to the surface normal) is preferred. Using wave packet calculations based on three-
dimensional potential energy surfaces it was shown that the corrugation of the excited and ground-state
potential energy surfaces in the angular degrees of freedom are responsible for the experimental

observation [01Thil].

3.9.6.2 NO adsorption

NO is chemisorbed on chromium-terminated o-Cr,03/Cr(100) with a desorption temperature of 340 K
[91Xu2, 99Will] corresponding to a binding ehergy of about 1 eV according to the Redhead formula
[62Red1]. At higher doses also a weakly bound species desorbing at 105 K (binding energy: 0.35 eV
according to the Redhead formula) is’ detected which is attributed to the formation of NO dimers
[99Wil1]. Desorption of the latter species is accompanied by the formation of N2O, possibly forming a
bilayer structure. According to IRAS experiments the N-O vibrational energy of the species desorbing at
340 K is 1759-1794 cm™ and the corresponding N-O symmetric stretching frequency of the NO dimers is
at 1847-1857 cm™! [99Will]. ,

Results of laser induced desorption studies of NO with REMPI detection are published in several
papers [98Will, 99Will, 98Thi1]. For the high coverage regime two desorption channels are observed: a
direct one where desorption occurs immediately after excitation of the adsorbate-substrate complex and a
slow one where the NO molecules desorb after diffusion on the surface [99Will]. In the low-coverage
regime the NO molecules desorb rotationally and vibrationally highly excited after irradiation with UV-
laser pulses. The velocity distributions are non-Boltzmann like and bimiodal with a strong dependence on
the internal degrees of freedom. :

3.9.6.3 CO; adsorption

CO, interacts strongly with the chromium-terminated a-Cr;03(0001)/Cr(110) surface. At T = 90 K
physisorbed as well as chemisorbed species are observed on the surface [99Seil). The physisorbed
molecular species desorbs at 120 K and 180 K whereas the chemisorbed species desorbs at 330 K. IRAS
spectra identify the chemisorbed species as a negatively charged bent CO, species (CO;%) bound to the
metal ions of the surface. On the chromyl-terminated surface formation of the CO,> chemisorbate is
strongly attenuated due to blocking of the metal ions by the oxygen atoms of the chromyl groups.

3.9.6.4 O, adsorption

O, adsorbs molecularly below room temperature onto 0-Cr,03(0001)/Cr(110) as a negatively charged
species (O5") [96Dill]. Upon annealing part of the molecules desorb at temperatures between 290 K and
330 K. As evidenced by infrared spectroscopy the remaining O, molecules transform into a strongly
bound chromyl species with an infrared absorption peak at- 1005 cm™ which is still detected after
annealing at 780 K. TDS data indicate that the chromy] species is'stable up to about 1000 K [86Fool]. As
already noted in the previous paragraphs such a chromyl-terminated surface exhibits properties which are
significantly different from those of the chromium-terminated surface. Due to the blocking of the
chromium atoms on the chromyl-terminated surface, this surface is usually significantly less active. In the
case of a 0-Cr,03(1012) substrate O, adsorption was also found to lead to the formation of chromyl
groups [99Yorl]. o
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3.9.6.5 H,O adsorption

H,0 adsorption has been investigated for a-Cr,05(0001)/Cr(110) [93Capl], -Cr;05(0001)/ct-
AL,05(0001) and a-Cr,05(0001)/Fe,05(0001)/0-AL,05(0001) [00Hen1]. Molecular as well as dissociative
adsorption is reported for all three substrates. According to [00Hen1] molecular water desorbs at 295 K
from a-Cr,05(0001)/t-Al,05(0001) and from a-Cr,O3(0001)/Fe;03(0001)/0-Al,05(0001) (see Fig. 3).
Dissociated water desorbs at 345 K. TDS and XPS data suggest that every surface chromium atom has the
capacity to bond one molecular and one dissociated water molecule [00Hen1]. The authors observe two
distinct O-H vibrations of the hydroxyl groups which they attribute to terminal bonding onto a chromium
atom (MOH)=3600 cm™) and to a bridging species with a O-H vibrational energy of WOH)=2885 cm™
[00Hen1]. C : :

H,0 exposure
165 (x 10" molecules/cmz)
1.5 :
------ 23
------ 67
------ 89
g+ N . 10
S e 12
o
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=
S
‘:;
=
S
o
& 05
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Fig. 3. TPD spectra of H,O (m/e = 18) from various
exposures at 120 K on the strained 0-Cr,03(0001)/0-
Fe,05(0001)/0t-A1,04(0001) surface. The dashed and
0 solid line traces correspond to exposures above and
below 1.3x10'* molecules/cm?, respectively; [00Hen1]

100 200 300 400 500
Temperature [K]

3.9.7 CoO

CoO exhibits rocksalt structure (liké NiO, see Fig. 10) with a lattice constant of 4.27 A [65Wyc1]. High-
quality CoO(100) surfaces may be prepared by cleavage of CoO single crystals [95Has2, 89Macl,
91Jenl1]. At room temperature the electrical conductivity of cleaved single crystal surfaces may be high
enough to allow application of electron spectroscopy without charging effects. Adsorption has also been
studied on thin films of CoO. CoO(100) thin films may be prepared by oxidation of Co(1120) [96Schl,
95Has2?] and the polar CoO(111) surface by oxidation of Co(0001) [96Schl, 95Capl, 95Hasl1]. Since
ideal polar surfaces lead to diverging Madelung potentials [79Tasl] they must be stabilized. For
CoO(111)/Co(0001) stabilization by a layer of hydroxyl groups has been reported [96Sch1, 95Capl]. Due
to the strong bond of the hydroxyl groups to the substrate they can not be removed by thermal treatment
since this would significantly deteriorate the oxide film due to the high annealing temperature needed.
Clean CoO(111) is stabilized by a layer of Co30, according to [00Mocl]. In the latter case the CoO(111)
surface has been prepared from a CoO single crystal. Table 6 gives an overview of adsorption studies for
ordered CoO surfaces. . : '
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Table 6. Overview of investigations of the interaction of gases with well ordered CoO surfaces

Adsorbates : Method ' -~ References
Substrate: Single crystal CoO(100) .

(60) ELS, HREELS ' ' 95Has2
CO, 05, H,0 UPS, ion bombardment Lo 89Macl
0, UPS, ion bombardment : 91Jenl
Substrate: CoO(100)/Co(1120) :

CO, NO, OH HREELS ' 96Schl
CoO ELS, HREELS i 95Has2
Substrate: CoO(111)/Co(0001) :

CO, NO, OH HREELS 96Schi
D,0, OH HREELS 95Capl
D,0, OH, NO HREELS, XPS- . 95Has1

3.9.7.1 CO adsorption

CO adsorbs molecularly on CoO(100)/Co(1120) and CoO(111)/Co(0001) at 80 K [95Has2, 96Schl]
whereas at room temperature no adsorption is observed on regular surfaces [89Macl]. The C-O
v1brat10nal energy as determined with HREELS is ~2142 cm™! for CO on CoO(100)/Co(1120) and
~2168 cm ™ for CO on CoO(111)/Co(0001). The latter value is higher than the gas phase value which is
attributed to the so-called wall effect [95Cap2]. This is an increase of the C-O vibrational frequency due
to a repulsive interaction with the electron density of the substrate during the vibrational movement. In
the case of the CoO(lll)/Co(OOOl) surface there was always a OH co-adsorbate which could not be

removed.
With electron energy loss spectroscopy electronic excitations within the manifold of 3d electrons of

CoO may be studied. The interaction of the surface with CO modifies the electronic surface excitation
spectrum. Results of a study of this effect are published in [95Has2] together with theoretical
calculations.

3.9.7.2 NO adsorption

At 80 K NO adsorbs molecularly on CoO(100)/Co(1120) and CoO(lll)/Co(OOOl) [96Schl]. The N-O
v1brat10nal energies as determined with HREELS are ~1813.cnr ! for CoO(100)/Co( 1120), and ~1789
cm™! for NO on CoO(111)/Co(0001) [96Sch1]. In the latter case a second feature is observed at ~1650

cm™! which is even more intense than the loss at ~1789 ¢m™. This vibration is attributed to NO molecules
feeling the influence of neighboring hydroxyl groups [96Sch1, 95Has1].

3.9.7.3 H,0 adsorption

As already noted, the polar CoO(111) surface may be energetically stabilized by hydroxyl groups. Due to
this the non-hydroxylated surface has a high affinity towards interaction with water, forming a layer of
hydroxyl groups. The O-H vibrational energy is ~3670 cm™ [95Has1]. As shown with HREELS, OH
groups may be exchanged for OD groups upon dosing D,O at 450 K [95Has1].
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3.9.8 Cu,0

Cu,0 exhibits the cuprite structure with .a lattice constant of 4.27 A. The two polar (100) and the one
nonpolar (111) surfaces are shown in Fig. 4. The two polar (100) surfaces are terminated by an oxygen
layer or a copper layer, respectively. One of the (111) surfaces is non-polar (there are also other ones
which are polar). Cu;0(100) as well as Cu,O(111) surfaces have been studied in the past with respect to
adsorption. The surfaces have been prepared from smgle crystals by cutting along the desired plane,

polishing the surface, and sputtering and annealing in vacuum [98Jonl, 91Schl]. For the case of
Cu0(100) this preparatlon method leads to a copper terminated surface which exhibits a (3\12><‘/2)R45°
LEED pattern with missing spots [91Schl]. Some details may be found in [91Schl]. Adsorptlon
experiments performed for these surfaces are listed in Table 7.

(a) ideally terminated Cu20(001)

(b} ideally terminated
non- pﬂlar ELJED[111J

@ oxygen
@»_\Coppef' face and the non-polar Cu,O(111) surface.

Fig. 4. Structure of the polar Cu,0(100) sur-

Table 7. Overview of mvestlgatlons of the interaction of gases with well ordered Cu,O surfaces

Adsorbates Method References
Substrate: Cu,0(111)

co Theory: DFT 99Brel
Cco Theory: Hartree-Fock SCF, DFT 97Brel
co UPS, Theory: SCF-Xo-SW 98Jon2
CO,NO Theory: DFT 97Cas3
CO,NO .Theory: LCAO-LDA 97Casl
CO,NO Theory: Hartree-Fock SCF 96Ferl
CH,OH XPS, NEXAFS, UPS, Theory: SCF-Xo-SW  98Jonl
H,0, H,S Theory: DFT ' 99Casl
NH;3 Theory: DFT 99Cas2
NO. Theory: ab initio cluster calculations * 97Ferl, 94Ferl
0, UPS, XPS, LEED 91Schl -
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Adsorbates . Method ‘ Sl ‘v References
Substrate: Cu,0(100) . _ ‘
Co TDS, UPS ' 91C0x1

H, Theory: ab initio cluster calculations 96Nyg3

H,0 "Theory: ab initio cluster calculations 96Nygl

H,0 TDS, UPS ' . 91Cox2

0, UPS, XPS, LEED ' - 91Schl
Substrate: Cu;0(110)

CO,NO . Theory: SCC-DV-Xo, A 94Dual

3.9.8.1 CO adsorption

The interaction of Cu,O(100) with CO has been studied using TDS and UPS [91Cox1] After adsorption
of CO at 120 K a complicated desorption pattern with desorption temperatures ranging from about 120 K
to 320 K was observed. No CO, and no residual carbon were detected, indicating non-dissociative adsorp-
tion. Activation energies for desorption range from 8.4 kcal/mol to 16.7 kcal/mol as calculated with the
Redhead equation [62Red1]. It was shown that doses in excess of 1000 Langmuirs are requlred to saturate
the surface. For the case of CO adsorption on Cu;0(111) a set of Hell UPS spectra is shown in [98Jon2].
The structures found in the spectra exhibit a shape typical for molecularly adsorbed CO which is
indicative of non-dissociative adsorption. Most calculations for CO/Cu,O listed in Table 7 agree that
there are significant covalent contributions to the CO- substrate mteractlons and that the CO molecules
bond to the Cu,O surface with the carbon end.

3.9.8.2 H,0 adsorption

H,0 adsorption has been mvestlgated expenmentally using TDS and UPS [9lcox2] at 110 K and 300 K.
At 110 X the adsorption was found to be molecular and dissociative with about 10% of a monolayer
dissociated. At 300 K only dissociative adsorption occurs. The authors conclude that hydroxyl groups
form on the surface [91Cox2]. In addition to the water multilayer desorption peak, TDS exhibits states at
300 X and 465 K which are assigned to recombination processes. Dlssomatlon of H,O is also proposed by
theoretical calculations [96Nygl].

3.9.8.3 CH;0H adsorption

CH;0H adsorption on CuO(1 11) has been studied experimentally using XPS, UPS, and NEXAFS
[98Jonl]. It was shown that low coverages of CH;OH (dose 0.6 Langmuirs) are deprotonated at 140 K,
forming chemisorbed methoxide. No other species is observed up to a temperature of 523 K.

3.9.8.4 O, adsorption

The adsorption of O, has been studied on the (100) and (111) surfaces of Cu,O using UPS XPS, and
LEED [91Schl1]. On the non-polar non-reconstructed (111) surface an exposure of 10* Langmuirs of
oxygen at 300 K leads to a two-peak structure in UPS which was assigned to a molecular, possibly
negatively charged oxygen species (0,2). For Cu;O(lOO)-(S\/2x‘/2)R45° and Cu;0(1 00)-(\/2X\/2)R45°
obtained after annealing at 900 K in vacuum the adsorption of oxygen was found to be atomic, For very
high O, exposures (10° Langmuirs) the (3V2xV2)R45° reconstruction is lifted and a (Ix1) oxygen
terminated surface is observed. Annealing of the latter surface to 400-450 K leads to formation of a
surface with (‘IZX‘IZ)R45° periodicity. Annealing at temperatures above 500 K re-establishes the
(3V2xV2)R45° reconstruction.
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3.9.9 FeO, Fe;04 and o-Fe;03

FeO (wiistite) exhibits rocksalt structure (like NiO, see Fig. 10) with lattice constants ranging from 4.28
to 4.32 A, depending on the iron content [67Kat1], with the higher value being valid for stoichiometric
FeO. The FeO phase is thermally not stable at room temperature and tends to disproportionate into Fe and
Fe;0, [96Cor1]. The (111) surface may be grown as a thin film on Pt(111). Typically one monolayer of
iron is deposited onto the Pt(111) surface and subsequently oxidized at 1000 K for some minutes in an
atmosphere of 107 mbar of oxygen, resulting in an oxygen-terminated double layer [02Weil, 03Leil].
According to Weiss and Ranke [02Weil] ordered layers with a thickness of up to 2.5 ML can be grown
for an annealing temperature of 870 K. The LEED pattern of the oxide film is characterized by a sixfold
ring around each substrate spot which is due to a significant mismatch of the lattice constants of Pt and
FeO (about 12%). This leads to a Moiré superstructure with a lattice constant of ~25 A [02Weil,
03Mey1]. The film is polar, which is energetically unfavorable in general, but stabilization of polar
surfaces may be possible by charge redistribution and/or modified interlayer spacings in the surface
region. Ranke and Weiss have published a review paper on iron oxide films [02Weil] where an overview
of the properties of thin iron oxide films on Pt(111) and ethylbenzene, water and styrene adsorption
hereon is given. Growth of FeO(111). films has also been reported for Fe(111) [95Capl] and Ag(111)
{05Wad1] substrates.

Deposition and oxidation (P~10"% mbar) or more iron on Pt(111) leads to Fe;04(111) (magnetite)
layers [02Weil]. Fe;04 exhibits the inverse spinel structure with a lattice constant of 8.396 A [65Wycl].
Layer thicknesses of 100 A may easily be reached on Pt(111). At annealing temperatures of up to 920 K
closed layers covering the whole surface form whereas annealing at 1000 K does not lead to closed
layers. It was shown that an inward relaxed quarter layer of iron atoms on a close packed hexagonal
oxygen layer [99Ritl] terminates films annealed at 1000 K (see Fig. 5). Layers prepared at lower
annealing temperature may exhibit mixed termination (biphase). Here a mixture of Fes04(111) and
FeO(111), and a rearranged oxygen terminated Fe;O4(111) surface were discussed [97Conl, 01Ketl1].
Apart from preparation of Fe;04(111) on Pt(111) also studies of polished natural (100) and (111) surfaces
have been reported [00Kenl1]. Also, thin films of Fe;04(111) on single crystal o-Fe,053(0001) [03Rim1]
and Fe;04(001) on MgO(100) [99Ped1] were prepared. N

a-Fe,0; (hematite) exhibits corundum structure (like Cr,O;, see Fig. 2) with hexagonal lattice
constants of @ =5.035 A and ¢ =13.72 A [65Wycl]. It can be prepared on Pt(111) by oxidizing at oxygen
pressures of P~107" mbar or higher [02Weil]. A termination by a layer of oxygen atoms (see Fig. 2c) or
hydroxyl groups was proposed [02Weil]. Oxidation at lower pressure (P~10"¢ or 107 mbar) may lead to
a mixed Fe;05(0001) and FeO(111) termination [95Conl]. Apart from layers on Pt(111) also single
crystal surfaces with (0001) and (012) orientation were studied. These surfaces were usually prepared by
cutting a single crystal along the desired plane, followed by preparation in UHV using ion sputtering and
annealing (see for instance [03Hen1, 01Tol1]).

Adsorption experiments performed on these iron oxide surfaces are listed in Table 8.

Fey04(111)

Fig. 5. Surface structure of Fe;0,(111)/Pt(111) according
to reference; [99Rit1].
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Table 8. Overview of investigations of the interaction of gases with well ordered oi-Fe, O surfaces

Paforannan

Method

Substrate: FeO(100) |
(60) Theory 99Chel
Substrate: FeO(111)/Pt(100) i !
H;O TDS " 92Vurl
Substrate: FeO(111)/Pt(111)
ethylbenzene UPS 98Ranl
ethylbenzene UPS, TDS _ 98Zscl
ethylbenzene TDS, mass spectrometry 97Zscl
ethylbenzene, styrene NEXAFS 00Jos2
ethylbenzene, H,O0,styrene UPS, adsorption isobars . 02Ranl
styrene NEXAFS, XPS, Theory: Hartreeé-Fock SCF 00Wuhl
H,0 TDS, UPS 99Jos1, 99Shal, 00Jos1
H;O TDS 92Vurl
D,O IRAS, TDS M7 £l
‘suwsu awe; reuLL)y/readn) ) o k o
H,0 XPS . T 95Capl
Substrate: Fe;0,(100) ' ' T o
H,O XPS, NEXAFS 00Ken1
Substrate: Fe;04(111)
H,0 XPS NRYARQ nnTr - 1”

TITTTTTTT T TN G\ A AR R VAN S\VVV Ay B
DZO - XPS, MSRI 99Her2
CCl, STM 03Rim1
CCL TDS, XPS 03Adil
CC14 - ARS ' ‘ NnNAM__._1
T TS S SO e g\ M VA S ATAR NI AV ‘
H,0 TDS 99Ped1
Substrate: Fe;04(111)/Pt(111)
ethylbenzene UPS 98Ranl
ethylbenzene UPS, TDS 98Zscl
ethylbenzene TDS, mass spectrometry : 97Zscl
ethylbenzene LEED, PEEM, TDS, mass spectrometry 98Weil
ethylbenzene, styrene TDS, GC 01Kuhi
ethylbenzene, styrene NEXAFS 00Jos2
ethylbenzene, H,O, styrene TDS, UPS 99Shal
ethylbenzene, H,0, styrene UPS, adsorption isobars 02Ranl
styrene NEXAFS, XPS, Theory: Hartree-Fock SCF 00Wuhl
H,0 TDS, UPS 99Jos1, 99Jos2
H,0 TDS, UPS, XPS 00Josl
D, O [RAS, TDS 03Le11
unidentified (H,O) QT™M B A
CH;0H HREELS 99Guol
H0 XPS, thermodynamic calculations 98Liul
H0 Theory: molecular modelling 00Jon1
HO TDS, UPS 86Henl
0,0 LD 98Lazl
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Adsorbates ' Method R , References
0,, H,0, Hy, SO, . UPS, ion bombardment i ’ 87Kurl
OH,H ' Theory o 97Wasl
SO, UPS, XPS, UV irradiation 98Toll
S0, UPS, XPS, AES, UV irradiation 01Toll
Substrate: Fe,0,(012) '

CH,OH . TDS, HREELS 03Henl
H,0 TDS, SSIMS, LEED, HREELS 98Hen2
OH, H ~ Theory ‘ 97Wasl
Substrate: Fe,05(0001)/Pt(111) '

ethylbenzene TDS, ;naés spectrometry 97Zscl
ethylbenzene LEED, PEEM, TDS, mass spectrometry 98Weil
ethylbenzene, styrene - TDS 99Shal
ethylbenzene, styrene TDS, AES, LEED, STM , 01Kuhl
ethylbenzene, styrene NEXAFS L 00Jos2
Substrate: Fe,03(0001)+FeQ(111) biphase/Pt(111) b

D,O ' IRAS, TDS 03Leil -
Substrate: Fe,0;(0001)+Fe;.,0(111) biphase/Fe,04(0001) s
cc, . ... .. . AES : 02Caml -

3.9.9.1 Ethylbenzene, water and styrene adsorption

Ethylbenzene may be dehydrogenated over iron oxide catalysts to form styrene via the process [94Elv1]
C6H50H2CH3 > C6H5CH=CH2 +H2 (1)

This process is endothermic and therefore usually carried out at elevated temperature (7' ~600 K). Water
is added for different reasons, one of them being lowering of the educt partial pressure and another one is
removal of coke. This reaction triggered a number of studies of styrene, ethylbenzene, and water
adsorption on iron oxide, mainly performed by W. Weiss, W. Ranke and coworkers at the Fritz Haber
Institute in Berlin. Adsorption was found to be molecular in all cases except in the case of water on
Fe;04(111)/Pt(111) which was found to dissociate, forming hydroxy! groups. This was correlated with the
co-existence of iron and oxygen atoms on the Fe;0,4(111) surface [02Weil].

For ethylbenzene on Fe;04(111) and o-Fe,0,(0001) a physisorbed state and a chemisorbed state were
observed whereas for FeO(111) only physisorption was detected [see Fig. 6(top)]. Ethylbenzene was:
found to adsorb with the aromatic ring parallel to the surface plane for low coverages and with some tilt at
higher coverage [02Weill. We note that reaction studies were undertaken where it was shown that the
defective 0-Fe,03(0001) surface is able to catalyze the formation of styrene from ethylbenzene in the
presence of steam [02Weil] whereas the FeO(111) and the Fe;04(111) surfaces are inactive. Water was
found to adsorb only molecularly on FeO(111) and o-Fe,03(0001) and dissociatively on Fe;O4(111). A
set of thermal desorption spectra is shown in Fig. 6 (second row). From the measurement of kinetic
isobars with UPS a number of thermodynamic data was obfained for water on the three oxide surfaces.
These data are listed in Table 9.
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EB desorptior rate [ML/s]

Fig. 6. TDS spectra of ethylbénzcne (top), water (second row) and styfene (bottom) on FeO(111)/Pt(111) (1-2 ML
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Table 9. Saturation coverage 6., isosteric heat of adsorption g, , frequency factors v, and_ des_orption
order 7 of different water species adsorbed on epitaxial Fe-oxide films obtained from the kinetic fit of
adsorption isobars measured by UPS. Ey, is the desorption energy determined from TDS data. Data from

[02Weil].

Substrate Adsorbate O, in unit of gs v, from o n from kinetic  Ezs
species dll, [kJ/mol] kinetic fit fit [kJ/mol]
FeO(111) B; (monom.) 342x105 s 1, mobile prec. 52°
B, (bilayer)  1.310.2 47482 3x100#D g1 1, mobile prec.
K =0.0810.05
o (ice) >1.3 40° 48°
Fe;04(111) y(OH+H) 0431003  65i2 (2.4£1)x107% 2 50+10°
2.1
: cm's
B (monom.) 0.8610.03  50° . 10°-10" 1 49°
- b (6dep.y’ .
o@ce) - >0.86 - 38 _ ) 48
a-Fe,05(0001) vy B ~0.58 ' ' 63"
B ~18 . 520
o (ice) >18 ‘ 48°

* Assuming first order desorption and v; = 3x10'* 5™ , the value deduced from the kinetic fit. * Lower limit. ° From
direct analysis of the Polanyi-Wigner equation using v; = 4x10" s™ from [96Spe1]. ¢ From TDS peak shift analysis
assuming second ord :r which also yields v, =107 cm’™. * Assuming first order desorption with constant g,, and
fitting the frequency iictor v; . © Assuming first order desorption and v, = 10" s 1, the mean value deduced from the

kinetic fit. # Estimate. | values. " Redhead analysis assuming v; =10 5%,

TDS spectra for styrene adsorption on the three iron oxides are shown in Fig. 6 (bottom). Similar to
what was observed for water and ethylbenzene, the interaction is weakest for FeO(111), intermediate for
0-Fe;03(0001), and strongest for Fe;04(111). With NEXAFS the orientation of the styrene molecules was
determined leading to the conclusion that the phenyl group of styrene is approximately parallel to the
surface plane whereas there is a significant tilting angle for FeO(111) [02Weil]. An overview of the
thermodynamic data of water, ethylbenzene and styretie on the three oxides is given in Table 10.

Table 10. ¢, : Isosteric heat of adsorption for ethylbenzene (EB), water and styrene (ST) on
FeO(111)/Pt(111), Fe;04(111)/Pt(111) and 0-Fe,05(0001)/Pt(111). Energies in kJ/mol. v in s7', if not
stated otherwise. (CC): from Clausius-Clapeyron analysis of isobars. (kin. fit): from a kinetic fit of
isobars; reaction order » for adsorption and desorption is given. (TDS): from analysis of thermal
desorption data; reaction order for desorption is given. (R): Redhead method, first order, v assumed.
(LE): Leading edge method, large uncertainty in v. (NE): Ads.-des. equilibrium not established; data
uncertain. (Frag): observation of partial adsorbate fragmentation and coke formation; measurement in
ads.-des. equilibrium not possible. Data from [02Weil].

Subst. Ads. 2:(CC)  yn(kin fit) Ez, (TDS) v, n (TDS)
FeO(111) . HO(phys) 52(B;) 3x10™ (By), 1/1 52 (R) 3x10” (A), 1
H,O(phys)) 47(B,) - - -
EB (phys) 58 4.8x10™ 171 55 (LE) 5x102, 1
. ST(phys). 55 . 3x10"° 11 - -
Fe;04(111) H,0 (chem.) 65 2.4x107% cm?s™ , 2/2 50+10 10D em?%! | 2
H,0 (phys.) 50 10°- 10", 1/1 49 (R) 102
EB (chem.) 94-74 5x10'?-2x10', 1/1 86 (LE) 10 1

EB (phys.)  65-52° 10%2-5x10",1/1 (NE) 47 (LE)(NE) 8x10'!,1
ST (chem.)  (Frag) - . 118 (LE) 3x10™
ST (phys.) - - . 46 (LE) 6x10'°,1
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Subst. Ads. 4« (CC) _ yn (kin. fit) Eus (TDS)  v,n(TDS)
0-Fe,05(0001) HzO (chem) - - 63 (R) 101;

H,0 (phys.) - - 52(®) 10 2

EB (chem.) - - 64 (LE) 1x10

EB (phys.) - - 50 (LE) 1x10M ,1

ST (chem.) - - 73 (LE) - 5x10"

ST (phys) - - 48 (LE) 4x10',1
3.9.10 MgO
MgO(100) is one of the most often studied oxide surfaces. MgO exhibits rocksalt structure (like NiO, see
Fig. 10) with a lattice constant of 4.2112 A [65Wycl]. The usually studied surface is MgO(100) which
may be prepared by cleavage of a MgO single crystal. Another common way to produce a MgO(100)
surface is the evaporation of magnesium onto Mo(100) in the presence of oxygen [92Wu2]. MgO(100) is

a non-polar surface with equal numbers of cations and anions in the surface layer. Table 11 lists
adsorption studies performed for ordered MgO surfaces.

Table 11. Overview of investigations of the interaction of gases with well ordered MgO surfaces

Adsorbates _ Method References
Substrate: I'k’[gﬂﬁl]ll]
CaH; LEED structure analysis G98Vanl, 97Fer4
CaH; LEED, isosteric heat, phase diagram 96Fer3
C:H; LEED, thermodynamics, Theory: potential 97Fers
energy calculations
C.H, Theory: DFT cluster calculations 01Cail
C{CHj)4 Adsorption isotherms 035ail
CHs, CH;y Theory: ab initio cluster calculations 99Todl
CHy, He on CHy Theory; CH; hindered rotor motion, He bound  99Picl
state analysis
HCOOH Theory: ab fnitie cluster caleulations 95Nakl
HCOOH Theory: DFT-pseudopotential DG8zyl
HCOOH TDS, SFG. AFM 97Yam]
CHsCOOH, CDyCO0D IE, TDS 95xu2
acetone, keto-enol Theory: ab initio cluster caleulations BEOwvI2
CHal TDS 94Holl
CHal UV photodissociation, REMPI-TOFMS 95Fail
CHal Theory: MD study of photodissociation 955etl
CHal Theory: photodissociation, time-dependent 95Fanl
Hartree
CH;Br TDS, 193 nm photodissociation, TOF 97Garl
co Theory: periodic Hartree-Fock S6Minl
co Theory: periodic Hartree-Fock, B3LYP 01Daml
co Theory: FLAPW i 98Chel
co Theory: internction potential calculations, 96Gir]
structure optimization
co Theory: ab initio cluster calculations 95Mejl, P6Nyp2
co Theory: Monte Carlo simulations 00Sall
co polarization dependent FTIR 95Heil
Co Theory: ab initio cluster calculations D6Nyz2
Co Theory: ab fnitio cluster caloulations: IR 91Pacl, 92Pacl
shifts
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tensor LEED
Theory: MP2, Hartree-Fock
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" LEED, PIR
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Theory: HF slab calculations
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Adsorbates _ _
U, CH3UH, LUy, ALS, UPS s/Unil
CH,COOH, HCOOH
H,0, H,O+ N,, CO,, HCI, Theory: electric field 99Toul
HOCL
D,O TDS, defects 96Stil .
D0 TDS, FTIR 05Hawl
H, Theory: DFT 97And1
H, Theory: ab initio embedded cluster 95Stel
HCI Theory: mixed quantum/classical time- 96Hin1
dependent SCF (photolysis)
HC1 photoexcited molecular beam 00Kor1
HCI Theory: photodissociation 95Seil, 95Hinl
H,S XPS, Theory: DFT 99Rod1
liquid water Theory: molecular dynamics 98deL1
NH; " Theory: ab initio cluster calculations 95Ferl
NH; Theory: DFT-pseudopotential " 94Pugl
NH; Theory: SFG calculation 98Poul
NH;3 Theory: DFT 96Nak1
NH; Theory: Car-Parrinello 96Lan1
NH; Theory: Hartree-Fock, vibrational IR 95All1
spectrum
NH; Theory: interatomic potential, vibrational IR~ 95Lak1
spectrum
NO,CH; Theory: ab znztzo cluster calculatlons 96All1
N;O dissociation "Powder samples: mass spectrometry; Theory: 98Snil
ab initio cluster calculations
N;O Theory: DFT 99Lul
NO, N;0, NO, XPS, UPS, Theory: DET 01Rod5
NO Theory: DFT - 99Lu2
OH Theory; slab calculations. . ... 95Gonl, 93Nog!
OH Theory: Hartree-Fock, molecular dynamlcs 980vil
0,0 Theory: DFT . 97Kan3, 97Kan2
0, Theory: ab initio cluster calculations 96Pac2
0, 0+CO Theory: ab initio cluster calculations 94Nyg1
SO, XPS, NEXAFS, Theory: DFT 01Rod4
SO,, SO, Theory: DFT 01Schl
Substrate: MgO powder (preferentially MgO(100) surfaces)
C;D, neutron diffraction 94Coul
CH, neutron diffraction and spectroscopy 98Larl
N, neutron diffraction 97Tral
ND, neutron diffraction 96Panl
NH; volumetric adserption isotherms 99Johl
NH; neutron spectroscopy 96Hav1, 97Pral,
97Pra2, 98Pral
Substrate: MgO(110)
OH Theory: slab calculations 95Gan1
Dupstrate: vigu(l1l)
H,O Theory: ab initio cluster calculatlons 95Refl
H,0, CH;0H, CO,, XPS, UPS 870nil

CH;COOH, HCOOH
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T - Method o ST B
H, Theory: molecular dynamics, Hartree-Fock YsHerl
OH Theory: slab calculations 95Gonl
Substrate: MgO(100)/Mo(100)
CeH MIES, UPS 98Gunl
CeHs TDS, HREELS 96Strl
CH+O, HREELS 92Wu4, 93Wul
CH,;0H HREELS 96Gool, 92Wul
HCOOH, CH,COOH, H;0, HREELS 92Wu3
CH;0H, C;H,, CHe
co. [RAS, TDS, Clausius-Clapeyron 92He2
CO HREELS, XPS, TDS 92Hel
Co : IDS: 01Doh1
CO UPS, TDS, Theory: DFT 01Rod3
D,0, CH;0H - MIES, UPS 99Gunl
D,0, D,O+Na . MIES,UPS.. . o 98Gun2
DO : TDS, IRAS, LEED ' 97Xul
H,0, D,0, CH;0H HREELS 91Wul, 92Wu2
H,0, OH HREELS, UPS 03Yul
D,0, CH;0H IDS, MIES, UPS 00Gunt
Mny(CO)jp " 'Laser irradiation, mass spectrometry, IRAS,  98Van2

TDS ’
an(CO)lo IRAS, TDS 97Vanl
SO, - XPS, NEXAFS, Theory: DFT 01Rod4
Substrate: MgO(100)/NiO(100)/Mo(100)
NO ' TDS 96Xu2

3.9.10.1 H,O adsorption

Water is the most often studied adsorbate on MgO(100). The main reason for this is likely the unclear
situation with respect to water dissociation and surface hydroxylation. Most of the theoretical studies
agree that water does not dissociate on regular surface sites whereas many experimental studies find that
water dissociates (see references in Table 11). However, one problem concerning the experimental studies
is that several different methods for preparation of the MgO(100) were employed: cleavage in UHV,
cleavage in air, cutting and polishing of a single crystal disk, and thin film growth. This influences the
defect density and impedes comparison of the results. Currently there appears to be some kind of
agreement that water may easily hydroxylate defect sites whereas hydroxylation of regular sites requires
higher water pressures (see for instance [04Fosl, 98Liu2]). Liu et-al [98Liu2] report that significant
hydroxylation of regular sites starts at a pressure of ~1%10~* mbar.

Using helium atoms scattering (HAS) two commensurate superstructures of molecular water on regu-
lar MgO(100) were identified: a c(4x2) phase at temperatures below 185 K and a (3x2) phase at higher
temperatures [97Fer3, 96Fer2]. The transition from the c(4x2) phase to the (3x2) phase was accompanied
by partial desorption of water which means that the c(4x2) phase is more dense than the (3%2) phase. For
the (3x2) phase an isosteric heat of adsorption of 85.312.1 kJ/mol and a lateral interaction energy of
35.149.6 kJ/mol. were determined via LEED. spot intensity-analysis [97Fer3, 96Fer2]. Heidberg et al
[95Hei2] report vibrational data for the c(4x2) phase. The authors observe a very broad absorption band
in the range from 3050 cm™ to 3500 ¢m™, pointing towards a significant contribution of hydrogen bonds.
The dependence of the IR intensities-on the light polarization led the authors to the conclusion that the
molecular plane of the water molecules should be oriented essentially parallel to the surface plane. A
model of the c(4%2) phase as proposed by Heidberg et al [95Hei2] is displayed in Fig. 7.
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' Fig. 7. Model of the c(4x2) structure of
water on MgO(100) as proposed by
Heidberg et al [95Hei2]. The primitive and

! a non-primitive unit cell are indicated.

3.9.10.2 CO adsorption

The adsorption of carbon monoxide on MgO(100) has been studied by a number of groups with different
methods. Thermal desorption spectroscopy has been used to study the binding energy of CO adsorbed on
MgO(100). Wichtendahl et al [99Wicl, 99Wic2] investigated MgO(100) surfaces cleaved in UHV and
obtained a binding energy of 0.14 eV by using the Redhead equation [62Red1] for a frequency factor of
10" 57!, The maximum of the desorption peak was found to be at 57 K (see Fig. 8). Additional structures
in the thermal desorption spectra point towards the existence of a detectable number of defects even on
the cleaved surface. For CO on a MgO(100) film on Mo(100) Dohnhalek and coworkers reported similar
results (17 kJ/mol for a frequency factor of 10" 571 [01Doh1]. From the intensities of the desorption
peaks attributed to CO adsorbed on'surface defects they estimated the density of surface defects to be
~0.25 monolayers for MgO(100)/Mo(100) and ~0.15 monolayers for the UHV-cleaved surface using the

data of Wichtendahl et al [99Wicl, 99Wic2].
Gerlach et al investigated CO adsorption on UHV-cleaved MgO(100) at temperatures between 36 and

59 K with helium atom scattering [95Ger2]. At temperatures below 40 K a c(4x2) phase was identified on

the surface which transformed into a (1x1) phase after warming up to 51 K. Since the phase transition
was only reversible when CO was offered from the gas phase, the authors concluded that the coverage of

the (1x1) phase was below that of the c(4x2) phase. Time of flight measurements revealed only a
dispersion-free mode at 9 meV for the (1x1) phase whereas for the ¢(4x2) phase an additional dispersion-
free mode at 10.5 meV and some dispersing modes were found. It was suggested that the c(4x2) unit cell
contains three molecules, one on-top and two occupying bridging sites. The (1x1) phase was attributed to
a lattice gas. These phases were studied with polarization dependent infrared spectroscopy by Heidberg et
al [95Heil]. The authors observe three different C-O vibrational modes for the c(4x2) phase at 2152.2
cm?, 2137.2 cm™ and 2132.5 cm™. The latter two modes were attributed to Davydov splitting of the
modes of the two tilted CO molecules and the first mode was assigned to CO molecules adsorbed on-top.

For the (1x1) structure only a single mode at 2150.5 cm™ was observed.

3.9.10.3 CO, adsorption

Similar to H;0, CO, seems to react with MgO(100), forming carbonate (CO5>") on the surface. Carrier et
al [99Car1] investigated carbon dioxide adsorption with NEXAFS and XPS. Based on thermodynamic
considerations (a calculation of the pressure dependence of the equilibrium MgO+CO, <> MgCO;) they
suggest that carbonate formation on regular surface sites occurs at pressures P >2.3x107° mbar or P 23.3
x107 mbar, depending on the input data. Below the calculated pressure (i.e. under typical UHV
conditions) CO5>~ formation is expected to occur on defect sites only.
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Molecularly adsorbed CO, forms a (2¥2xV2)R45° structure at low temperature on MgO(100) as
determined with LEED and SPA-LEED [96Heil, 94Panl1, 93Suzl1]. The structure has at least one glide
plane and two_molecules in the unit cell. From this one would expect two asymmetrif stretching
vibrations split by vibrational correlation forces, but three vibrations at 2334 em™, 2308 cm™ , and 2306
cm™ were observed by Heidberg et al [96Heil, 93Heil] (see Fig. 9), one of them possibly being due to

adsorption on defect sites.

) e p — polarization
TDS: CO/MgO (100)
heating rate 0.2K/s

Transmittance

2350 2340 2330 2320 2310 2300
Wavenumber [em™]
Fig. 9. Polarized infrared spectra in the region of the

asymmefric stretching vibration of a monolayer of CO, on
MgO(100). T= 80 K; [96Heil].

P

Fig. 8. Thermal desorption spectra of CO on MgO(100)
cleaved in UHV. The mass spectrometer was set to mass 28
(CO). The coverages are given relative to the coverage of a full
monolayer; [99Wicl].

20 30 40 50 60 70 80 90 100 110 120
Temperature [K] '

3.9.11 NiO

NiO exhibits rocksalt structure with a lattice constant of 4.1684 A [65Wycl]. The NiO(100) and
NiO(111) surfaces belong to the most often used substrates for adsorption studies among the oxides.
NiO(100) surfaces may be prepared with high quality by in-situ cleavage of single crystals in vacuum
[99Wicl]. Also methods for the preparation of thin films have been established. A standard method is
growth by oxidation of a Ni(100) single crystal surface [91Kuh1]. It has been shown that films grown this
way consist of crystallites (~50 A diameter) which are tilted by some degrees with respect to the surface
plane [91Baul]. This effect was attributed to the large mismatch between the Ni(100) and NiO(100)
lattice constants (~18%). The defective area between the crystallites was estimated to cover about 20% of
the surface. To avoid these problems Ag(100) substrates have been used [98Reil, 00Reil, 01Sch2]. The
lattice constant of silver is 4.0853 A [73Liul] which is only by about 2% different from that of NiO
which means that the oxide layer should be less strained. NiO(100) films on Ag(100) exhibit a better
order than those grown on Ni(100) [01Sch2, 96Mar2, 96Berl, 99Sebl]. Films with thicknesses of up to
some ten monolayers have been studied. Several adsorption experiments have also been performed for
NiO(100) films grown on Mo(100) [93Wu2, 94Vesl, 92Trul, 96Xul, 93Trul, 93Wu3]. The usual film
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thickness was around 20 to 30 monolayers. It was reported that the films exhibit excellent LEED patterns
indicative of long-range order [93Wu3]. .

NiO(111) is a polar surface and therefore intrinsically unstable [79Tas1]. An unstable ideal surface
may be terminated either by a nickel or an oxygen ion layer (see Fig. 10). A NiO(111) surface may be
stabilized by a so-called octopolar reconstruction [92Woll1] (see Fig. 11) which has experimentally been
verified with grazing incidence X-ray scattering (GIXS) [00Bar2, 00Barl]. A non-reconstructed
NiO(111) surface may be stabilized by a layer of charged adsorbates like hydroxyl groups as reported in
references [94Roh1, 98Kit1, 98Barl]. NiO(111) surfaces may be prepared from single crystals by cutting
along the (111) plane, polishing and annealing in an oxygen atmosphere [00Bar2], but adsorption
experiments are reported for thin film substrates only. Most adsorption experiments have been performed
for NiO(111) grown on Ni(111). These films exhibit rather broad LEED spots with significant
background, indicative of only moderate crystalline quality [94Roh1, 98Kit1] which may at least partly
be due to the significant mismatch of the lattice constants of the oxide film and the substrate. Some
details of the film properties may be found in [98Kit1]. NiO(111) films may also be grown by oxidation
of Ni(100) at room temperature. The films are hydroxyl-terminated and exhibit a LEED pattern with
significant background, indicative of an appreciable number of defects [94Lan2, 91Kuh1]. Preparation of
NiO(111) on Mo(110) has also been reported [96Xul, 95Xul]. Here the order of the films may be
somewhat better as judged from the LEED pattern [95Xul]. There is also one adsorption study for
NiO(111) grown on Au(111) [97Katl1]. Due to the small lattice mismatch such films may exhibit high
crystalline quality as concluded from surface sensitive X-ray scattering experiments [00Barl]. Table 12
gives an overview of adsorption studies for ordered NiO surfaces.

(a) NiO(100) and
NiO(111) surfaces (b) NiO unit cell

Fig. 10. (a): structure of
NiO(100), oxygen termin-

@ oxygen ated NiO(111) and nickel
el terminated  NiO(111). (b)
® nickel unit cell of NiO.

Fig. 11. (2x2) reconstruction of NiO(111).
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Table 12. Overview of investigations ‘of the interaction of gases with well ordered NiO surfaces

Landolt-Barnstein
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Adsorbates Method References
Substrate: NiO(100) s . e ’ '
CH, AES, XPS, hydrogen reduction 85Furl
CH;0H HREELS 92Wul2
co Theory: ab initio cluster calculations 92Pohl1
CO Theory: ab initio cluster calculations: IR 91Pacl
shifts
co Theory: DFT, Hartree-Fock, hybrid 02Brel
methods
co Theory: DV-X . 95Xu3
CO, GHy, H,0 AES, XPS, hydrogen reduction 86Lanl
CO,NO TDS : 99Wicl, 99Wic2
CO,NO Theory: multiple scattering NEXAFS 00Zhul
calculations
CO, NO, NH, PhD, Theory: DFT 01Hoel, 02Kitl
H, AES, XPS, LEED 85Fur2
H, UPS 92Wull
H, XRD, NEXAFS, EXAFS, Theory: DFT ~ 02Rod1
H Theory: ab initio cluster calculations 80Wepl
H,S SEXAFS 99Wool, 89Thol
H,S RHEED, LEED, AES 78Stel
SO, XPS, UPS, ion bombardment 93Lil
NO TDS, XPS, Theory: ab initio cluster 91Kuhl
calculations
NO TDS, XPS 92Baul
NO PhD 99Linl
NO, OH ELS 93Capl
NO Theory: ab initio cluster calculations 94Petl
NO LID, Theory 98Klul, 97Klul, 96Klul,
98KIuZ, U3Bacl
NO .. Theory: DFT, wave function based 02DiV1
*methods ; n bas .
0,, H,0O UPS, XPS 85McK1
Substrate: NiO(100)/Ni(100) .
Cco TDS, NEXAFS, ARUPS 95Cap2
co Autoionization 96Klil
CO,NO TDS 99Wicl, 99Wic2
C,H;COOH, HCOOH SFG 98Yuzl
azomethane (methyl groups) TDS, XPS 98Dicl
D,0, OH, OD, NO ELS, ARUPS, XPS, TDS 93Capl
H, HREELS h 91Chel
NO TDS, XPS. HREELS, NEXAFS, Theorv: 91Kuhl
ab initio cluster calculations
NO PhD 99Pol1
NO HREELS, XPS, TDS . 92Baul
NO HREELS, TDS 93Kuhl
NO LID 96Eic1, 98Ficl, 99Eicl,
96AIS1, 90Mull, 94Menl,

99Zacl
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Adsorbates Method References
OH, NO . ELS, Theory: ab initio cluster 93Frel
caiculations
perfluorodiethoxymethane TDS, HREELS 94Jenl
Substrate: NiO(100)/Mo(100)
CH;0H, C,H;0H, CH;0D HREELS, TDS 93Wu2
180) IRAS, Clausius-Clapeyron 94Vesl
HCOOH TDS, HREELS 92Trul
HCOOH, CO TDS, HREELS 96Xul
H,CO TDS, HREELS 93Trul
NH; HREELS, TDS 93Wu3
Substrate: NiO(100)/Ag(100)
H,0 TDS, UPS 98Reil, 00Reil
HO TDS, XPS, UPS 01Sch2
Substrate: NiO(111)
HCOOH Theory: DFT, cluster model 01Miul
Substrate: N10(111)/N1(111)
C2H2 UPS 77Deml
HCOOH, CO, D,0, OD IRAS, TDS 98Matl
HCOOH IRAS . 96Kubl
HCOOH SFG, pulsed laser irradiation 99Dom1
HCOOH TDS 96Banl
HCOOH TDS, IRAS 96Ban2
HCOOH IRAS, mass spectrometry 97Ban2
CsH:N* - ion scattering 95Wail
CO ’ LID 92Assl
CO SFG, pulsed laser irradiation 99Banl
Co * Autoionization 96Klil
CO,NO SFG, IRAS" 97Banl
CO,NO, OH HREELS, NEXAFS 96Schl
CO, TDS, XPS, UPS 93Gorl
CO,, OD IRAS 99Matl
H,0, OH SPA—LEED ELS - 94Rohl, 95Capl
H,0, OH STM, LEED, thermal decomposmon 98Kit2
H,0, OH STM, XPS 98Kit1
D,0, OH, OD, NO ELS, ARUPS, XPS, TDS 93Capl
NO, OH ELS, TDS 94Capl
NO, OH TDS, XPS 94Winl
NO .LID : 96A1S1, 94Menl, 94Men2 -
Substrate: N10(111)/N1(100)
CH,COOH, OH HREELS, XPS 94Lan2
NO LID 90Mull
H,0, OH HREELS 78And1
Substrate: NiO(111)/Mo(110) .
HCOOH, CO TDS, HREELS 96Xul
HCOOH TDS, ELS, HREELS 95Xul
Substrate: NiO(111)/Au(111)
Di-tert-butylnitroxide ESR, TDS 97Katl
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3.9.11.1 CO adsorption
NiO(100)

The binding energy of CO on NiO(100) has been studied for NiO(100) single crystals cleaved in UHV
[99Wicl, 99Wic2], NiO(100)/Ni(100) [99Wicl, 99Wic2, 95Cap2] and NiO(100)/Mo(100) [96Xul,
94Ves1] with TDS and IRAS. For the high-quality single crystal surfaces a binding energy of 0.30 eV
was obtained for low coverage [99Wicl, 99Wic2], decreasing with increasing coverage due to lateral
interactions of the CO molecules. A set of data for the cleaved single crystal surface is shown in Fig. 12.
There are no significant differences between the results for UHV-cleaved single crystal surfaces and
the thin films although in the thin film case the TDS peaks are somewhat broader and exhibit additional
structures which may be attributed to the influence of surface defects. In [94Ves1] Vesecky et al report a
C-O vibrational energy of 2156 cm™ for small CO coverages on NiO(100)/Mo(100). This value is higher
than the CO gas phase frequency (2143 cm™) which the authors attribute to the so-called “wall effect”
and/or donation of CO 56 charge to the substrate. The “wall effect” arises from the repulsion which the
CO molecules feel when they stretch in the presence of the rigid surface as discussed by Pacchioni and
Cogliandro [91Pac1]. Angular dependent NEXAFS investigations revealed that the C-O molecular axis is
oriented perpendicular to the surface plane and from angular resolved valence band photoemission data it
was concluded that the CO molecules bond to the substrate via their carbon lone pair [95Cap2]. Later on
the CO molecular geometry was determined in much more detail with Cls scanned-energy mode
photoelectron diffraction [01Hoel, 02Kit1]. It was found that the molecules adsorb in an essentially
perpendicular geometry (12+12° with respect to the surface normal) on top of the nickel surface atoms,
interacting with the surface via their’ carbon atoms. The determined C-Ni distance was 2.07+0.02 A.
ARUPS valence band spectra of CO/NiO(100)/Ni(100) are reported in [95Cap2]. These data reveal rather
high binding energies of the CO valence levels: ~10.6 €V, ~11.2 ¢V and ~13.9-¢V for the 50, 17 and 40
ionizations, respectively. The angular dependence of the intensity of the levels is consistent with a
perpendicular orientation of the molecular axis. According to NEXAFS data reported in [95Cap2] the

energy of the Cls — 2w jonization is about 287.4 eV.
NiO(111)

Some data also exist for CO adsorption on NiO(111). Thermal desorption spectra for NiO(111)/Mo(111)
reveal broad structures between 100 and 250 K [96Xul]. The maximum shifts from 205 K for low
coverage to 155 K for saturation coverage which is somewhat larger than the corresponding values for
NiO(100) (137 X and 115 K) [99Wicl, 99Wic2]. _

Infrared absorption spectra of CO on NiO(111)/Ni(111) are reported in [97Banl, 98Matl].
Matsumoto et al [98Mat1] find a doublet at 2146 cm™ and 2079 cm™. The two peaks are assigned by the
authors to CO adsorption on fully (2146 cm™) and on less oxidized (2079 cm™) Ni cation sites. The SFG
spectra reported in [97Banl, 99Banl] reproduce the high-energy vibration observed in the infrared
spectra whereas the low energy vibration could not be observed due to a small cross section.

NEXAFS data reported in [96Sch1] indicate that the C-O moleculatTaxis of CO on NiO(111)/Ni(111)
is tilted by ~46° which was attributed to the octopolar reconstruction of the NiO(111) surface. The energy
of the C1s — 2% resonance was found to be ~287.8 eV. '

3.9.11.2 NO adsorption
NiO(100)

NO adsorption has been studied with %everal methods by a number of authors for single crystals as well
as for thin film substrates. The NO-NiO(100) binding energy has been determined with TDS [99Wicl,
99Wic2, 91Kuhl] for a NiO(100) single crystal surface cleaved in UHV and for NiO(100) thin films
grown on Ni(100). The data for the cleaved single crystal surface are shown in Fig. 13. The results for
both substrates are similar, but the desorption peaks of NO on the thin film oxide are broader and exhibit
significant additional intensity due to adsorption on defects. The maximum shifts from 220 to 216 K with
Landolt-B&rnstein ’ ’ . R . . ' ‘ : ’ ’
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increasing coverage [99Wicl, 99Wic2]. Evaluation of the TDS data with the leading edge method and
complete analysis gave a NO-NiO(100) binding energy of 0. 57 eV for low coverage whlch dropped to

~0.12 eV at a coverage near to 1.

0.40 , ; —
TDS:CO/NiO (100) ' - (0 on NiO(100) cleaved
cleaved NiO (100) in UHV:TDS analysis
2174 single aysl %—-——-—h 030003 eV
heating rate 1K/s I ° §‘
L o
n Bo 40
_ Teia
complete analysis 1K/s [
complete analysis02K/s ¥ e
—  leading edge 1K/s
2 leading edge 0.2K/s - - "
L 005 leading edge 2K/s
Mxcxs : leading edge 0.1K/s .
0 N 1
0 50 100 150 200 250 - 0 .05 10 15
Temperature [K] , Rel;'ative coverage [6/0monglayer)

Fig. 12. Thermal desorption spectroscopy of CO on vacuum-cleaved' NiO(100): Left: raw data. Right: CO-NiO
binding energy as a function of coverage as obtained with the evaluatlon methods complete analysis and leading
edge; [99Wicl, 99Wic2].

Nl1s XPS data are published in [92Baul, 91Kuhl, 99Linl, 99Poll]. The N1s feature consists of two
peaks at 402.8 and 407.2 eV for UHV-cleaved NiO(100) and at 403.1 and 407.5 eV for NiO(100) on
Ni(100) [91Kuh1]. It was suggested that the two peaks are not due to different species but to a final state
effect, i.e. to the distribution of the intensity between a screened and a non-screened final state [91Kuh1].
Angular dependent N1s NEXAFS data revealed that the NO molecular axis is tilted by an angle between
20 and 45° with respect to the surface normal [91Kuhl]. The: tilting was attributed to be due to an
interaction between the NO 2w electron and the Ni 3d,2_y2 level which-is only possible in the reduced
symmetry of a tilted geometry. A more detailed investigation of the adsorption geometry has been
performed with photoelectron diffraction (PhD) [99Linl, 99Poll, 01Hoel, 02Kitl]. From this
investigation it was concluded that the NO molecules bond via their nitrogen end to the nickel surface
atoms. The Ni-N distance was determined to be 1.88+0.02 A and for the tilt angle a value of 59°
(#31°/-17°) was obtained. The bonding of NO to NiO(100) leads to-characteristic electronic surface
excitations at 0.9 €V and ~1.8 eV as observed with medium resolution electron energy loss spectroscopy
and modelled with ab initio cluster calculations [93Fre1] For NO on NiO(100)/Ni(100) the N-O
vibrational energy has been determined to be 1797 cm ! with HREELS [91Kuhl, 92Baul, 93Kuhl,
968ch1].

A number of laser induced desorption studies has been performed for NO on NiO(100)/Ni(100) with
resolution of the vibrational and rotational states as well as the kinetic energy of the desorbing molecules
[96Eicl, 98Eicl, 99Eicl, 96AlS1, 90Mull, 94Menl, 99Zacl]. It was assumed that the primary excitation
step occurs in the substrate. One electron may be captured by a NO molecule which starts moving away
from the ground state minimum. After the electron has returned into the substrate the molecule eventually
has gained enough energy to desorb. A characteristic feature of the system is that it exhibits bimodal
velocity distributions with a distinct dependence on vibration, rotation, and the spin-orbit state. A number
of theoretical publications [98Klul, 97Klul, 96Klul, 98KIu2, 03Bacl] have dealt with this problem.
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Fig. 13. Thermal desorption spectroscopy of NO on vacuum-cleaved NiO(100). Left: raw data. Right: NO-NiO
binding energy as a function of coverage as obtained with the evaluation methods complete analyszs and leading
edge; [99Wicl, 99Wic2].

NiO(111)

Less data exist for NO adsorption on NiO(111). I-IREELS spectra of NO on NiO(111)/Ni(111) reveal that
the energy of the N-O stretching vibration is 1772 cm™ for the hydroxylated surface. This value shifts to
1805 cm! after dehydroxylation of the oxide film [96Schl]. For dehydroxylated NiO(111) films on
Ni(111) Bandara et al studied the N:-O. v1brat10n with SFG and IRAS [97Ban1] and found a vibrational
energy of 1800 cm ™ with SFG and 1805 cm™ with IRAS. These energies are near to that found for NO on
NiO(100) which was attributed to the octopolar reconstruction of the dehydroxylated surface: the
reconstructed surface exhibits microfacets with (100)-type termination. From the polarization dependence

.of the SFG spectra the authors concluded that the molecular axis is oriented more or less perpendicularly

to the surface which would be the case for tilted molecules on the microfacets if all molecules would be
bent towards the (111) direction. This result is somewhat at variance with a NEXAFS investigation where
it was shown that the NEXAFS spectra of the system are neatly independent of the light incidence angle
which was attributed to rotation of the molecules around the surface normal of the microfacets [96Schl1].
The energy of the N1s — 27 resonance;is 406.5 eV and the N1s — 66 is centered at about 421 eV.

For NO on NiO(111)/Ni(111) also UV-laser induced desorption experiments have been performed
[96A1S1, 94Menl, 94Men2]. Similar ‘to the case of NO on NiO(100) the velocity distributions are
bimodal, but the intensity distribution between the two modes and the dependence on the internal degrees
of freedom is different.

3.9.11.3 H,O adsorption
NiO(100)

First studies of water adsorption on NiO(100) have been reported in the eighties. McKay and Henrich
[85McK1] report that water adsorbs dissociatively at room temperature on ion-bombarded NiO(100) cov-
ered with pre-adsorbed oxygen, forming hydroxyl groups. Langell and Furstenau {86Lan1] conclude that
water does not interact with stoichiometric NiO(100) at températures between 200 and 300 K whereas at
500 K a not clearly identified layer formed on the surface. Water adsorption on thin NiO(100) films on
Ag(100) was studied using XPS, TDS and UPS by R. Reissner, M. Schulze and coworkers [98Reil,
OO0Reil, 01Sch2]. TDS revealed three desorption states at 140 K, 200 K and 210-270 K. The low-
temperature peak was attributed to multilayer desorption and the other two states to the monolayer. For
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the state at 200 K a desorption energy of 52 kJ/mol and a pre-exponential factor of 10" s was
determined using the leading edge method and for the state F"l'll"'ll"'i’ from 210 to 270 K the calculated
desorption energy is 63 kJ/fmol assuming a freguency factor of 10" The state at 200 K was attributed
to desorption from well-ordered flat WiO(100) whereas the state between 210 ..'1.:1";{1 K was identified as
originating from an cnsemble of energetically different adsorption sites. Hydroxyl groups could not be
observed for this substrate, For the case of NiO(100) films on Ni{100) Cappus and Lu\wrkt-rs [93Capl]
conclude that hydroxyl groups form only on defect sites whereas vacuum-cleaved NiO(100) surfaces
seemn to be inert with respect to hydroxyl formation,

NiO(111)

The interaction of NiO(111) with Hy0 is strong since NiO(111) is a polar surface which may be stabilized
by a layer of hydroxyl groups. For Ni iO(111) grown by oxidation of Ni(100) references [78Andl,
94Lan2] report that the oxide films are covered by hydroxyl groups d lirectly afler oxide film preparation.
Rohr and coworkers [94Rohl] report a SPA-LEED study for the interaction of water with

NiD{111WNi(111). They find that removal of the OH groups from the NiO(111) surface leads to the
formation of a (2x2) superstructure in the LEED pattern which was attributed to a octopolar
reconstruction as proposed by Wolf [92Waoll]. This reconstruction stabilizes the hydroxyl-free NiO(111)
surface which would not be stable without this reconstruction due to its polar nature, Since a negatively
charged layer of hydroxyl groups may also stabilize the surface the reconstruction is not observed for the
hydroxyl-covered surface. The O-H vibrational energy is 460 meV as reported by [78Andl, 95Capl).
Kitakatsu and coworkers investigated the interaction of NiO{111)/Ni(111) with H,0O using XPS, AES and
STM [98Kit1]. They observe that the filni is covered by 0.8540.]1 monolayers of OH ™ after preparation at
300 K. The Ols binding energy of the hydroxyl groups was determined to be 531.440.1 eV. Exposing the
hydroxylated surface to 150 L of Ha0 leads to the formation of a second layer of hydroxyl groups with
the sequence OH-Ni-OH™, ie to a surface p-Ni(OH); film. Oxidation of the Ni(111) surface at 500 K
leads to a mixture of NIO(1007 (9343%) and MNiO(111) crystallites (7£3%). Here exposure to water
induces a lateral extension of the NiO(111) erystallites at the expense of the NiO(100) crystallites.

39114 HCOOH adsorption on NiO({111)

Formic acid adsorption on MiO{111}Ni(111) was studied with different methods. Domen, Hirose and
coworkers published results of TDS, IRAS and SFG studies on this system [96Banl, 96Ban2, 97Ban2,
96Kubl, 95Doml, 98Matl]. Formic acid is transformed into a tilted bidentate formate species under
UHY conditions: This oceurs already at 163 K, and at 250 K all melecular formic acid has disappeared.
Further heating leads to decomposition of the surface formate groups into Hy+C0h at 340, 390 and 520 K
and CO-+HLO (water undetected) at 415 and 520 K [96Ban2]. T11 reactions at temperatures between 340
and 415 K and at 520 K are attributed to interaction 1;-."11]1 surface nickel atoms in different oxidation states
[98Matl]. At higher formic acid pressure (P 25x10™ Pa) also monodentate formate forms under steady
state conditions and the bidentate species was found to be non-tilted. The latter result was attributed to the
transformation of the reconstructed NiO(111)(2x2) surface into a non-reconstructed one due to the forma-
tion of surface hydroxyl groups. Again, two formate dissociation paths are observed: formation of H; and
CO; starting at 373 K with an activation energy of 2222 ki/mel and formation of CO and H;O above 423
K with an activation energy of 1622 kl/mol. In both cases the reaction order is 0.5 with respect to the
pressure of HCOOH. From pressure dependent TRAS spectra it was concluded that the monodentate
formate species acts as an intermediate for dissociation [97Ban2). This was later substantiated by
picosecond SFG spectroscopy in combination with transient laser induced heating [99Doml]. An
overview of vibrational energies observed for formate on NiO(111) and NiO(100) 1s given in Table 13.
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representing a 6+4% contraction with respect to the distance in NiO(100) which is also visible in LEED
[78Stel]. For the S-Ni bond length a value of 2.2110.02 A was obtained with the S atoms occupying four-
fold hollow sites in a c(2x2) structure. : . .

3.9.11.7 CO; adsorption on NiO(111)

The interaction of CO, with NiO(111)/Ni(111) has been studied using IRAS, TDS, XPS and UPS
[99Mat1, 93Gorl]. For the hydroxyl-free (2x2)NiO(111)/Ni(111) surface adsorption of CO; at 123 K
Jeads to vibrations at 1263 and 910 cm™ whereas for the OD covered surface a vibration at 1267 cm™ was
observed with IRAS [99Mat1]. The vibrations at 1263 and 1267 cm™! were assigned to the symmetric O-
C-O vibration and the one at 910 cm™ to the out-of-plane deformation of monodentate carbonate. On the
hydroxylated surface the latter vibration was much weaker which was attributed to a tilted configuration
on (2x2)NiO(111)/Ni(111) in contrast to an upright geometry on OD/NiO(111)/Ni(111). The different
molecular orientations were attributed'to the different surface structures: the hydroxyl-covered surface is
flat whereas the hydroxyl-free surface exhibits the micro-facets of the octopolar reconstruction. For both
surfaces the vibrational signals vanished around 248 K [99Matl]. Results for adsorption at room
temperature are reported in [93Gorl]. CO;% and CO;~ were identified on the surface. The TDS spectra

exhibit desorption peaks at 395 and 645 K [93Gorl].

3.9.12 RuO,

RuO, exhibits rutile structure like TiO, with lattice parameters a = 4.51 A and ¢ = 3.11 A [65Wycl]. The
unit cell is displayed in Fig. 14. Ruthenium oxide exhibits high catalytic activity for oxidation reactions
like CO oxidation to CO, or methanol -oxidation to formaldehyde which is one of the reasons why this
oxide has been studied intensively in recent years. Other reasons are the high electric conductivity which
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364 3.9 Adsorption on oxide surfaces [Ref. p. 389

enables the application of electron spectroscopy and the simplicity of preparation of a Ru0,(110) surface
by oxidation of a Ru(0001) single crystal surface. Exposure of Ru(0001) to several 10° L of O, at 760 K
leads to formation of a stoichiometric RuO,(110) surface [02Wenl] which is structurally similar to
TiO,(110) (see Fig. 14a). Reduction with CO at 410 K leads to a slightly different surface where the
oxygen rows at the surface are missing [02Wen1]. A structural model is displayed in Fig. 14b.

&) axygen

@ ruthenium

Fig. 14. Structure of the
stoichiometric (a) and the
mildly  reduced ®)
RuO,(110) surface. Panel
(c) displays the rutile type

(a) Stoichiometric

Ru0O,(110) surface unit cell of RuO,.
Table 14. Overview of investigations of the interaction of gases with well ordered RuO, surfaces
Adsorbates Method References
Substrate: RuQ,(110) . _

CO, 0, Theory: DFT 03Reul

Substrate: RuO,(110)/Ru(0001) .

C,H, TDS, HREELS, isotopic labeling 04Paul

CO STM 000vel

CO STM, TDS, HREELS 03Kiml

Cco " HREELS, TDS 0i1Wan2, 01Fanl, -
03Paul

CO 030vel, 02Wenl

co 028eil

CO, N, 01Kim1

CO, CH;0H, O, 020vel, 01Mad1

CO, 02Wanl, 02Lafl

NO 03Wan2

H,0 03Lobl

0, 01Kim2

[RI NN

For RuO, mainly the adsorption of CO was studied which will also be the system discussed in the
following. For the remaining systems the reader may consult the references listed in Table 14.

3.9.12.1 CO adsorption

Most of the adsorption studies performed for RuO,(110) dealt with CO [03Reul, 000vel, 03Kiml,
01Wan2, 030vel, 02Wenl, 01Kiml, 020vel, 01Madl, 02Seil]. Other ‘adsorbates have also been
studied, but the CO adsorption-system was surely in the focus which may be due to the high catalytic
activity of RuO,(110) for CO oxidation. For the RuO,(110) surface it could be shown that CO interacts
already at room temperature with the weakly bound oxygen atoms of the oxygen rows on the surface
(Obrigge in Fig. 14), forming CO,. After removal of the oxygen atoms CO molecules may adsorb directly
on the underlying ruthenium atoms (Rurigge in Fig. 14). With HREELS two C-O vibrations at 234.5 meV
and 248.5 meV are observed for this species and a CO-Ru vibration at 53.5 meV [01Wan2). The two C-O
vibrations have been attributed to CO molecules adsorbed on a symmetric bridge site and to CO bonding
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to one Ru atom in a bent geometry [02Seil]. The corresponding TDS spectrum exhibits two peaks at 415
and 470 K [03Kim1]. If the stoichiometric RuO,(110) surface is exposed to CO at 85 K CO molecules
may bond to the Rug, sites (see Fig. 14). With HREELS vibrations at 39 meV and 262 meV are detected
[01Wan2]. In the TDS spectra desorption peaks at 270, 320 and 470 K show up [03Kim1]. The first two
of them are attributed to desorption of CO molecules from Ru, sites whereas the third state is attributed
to desorption from a Ruyyg. site which was formed by reduction of the surface due to the interaction with
the CO molecules [03Kim1]. With STM (2x1) and ¢(2x2) structures were observed for CO bonded to
Ruy, sites which may explain the two different desorption peaks observed with TDS [03Kim1]. Reuter
and Scheffler calculated the binding energies for CO on Ruys and Ruye. and obtained values of 1.26 eV
and 1.58 eV, respectively [03Reul]. :An experimental value of 0.9 - 1.0 eV was given for the CO
molecules on the Ru,,, sites [03Kim1].- :

We note that a somewhat different TDS spectrum of CO on a reduced surface has been published by
Seitsonen et al [02Seil]. Desorption péaks were identified at ~300 K, ~350 K and ~560 K. These peaks
were attributed to CO molecules on Ru, sites, asymmetrically bridging CO molecules on Rugygg, sites,
and symmetrically bridging CO molecules on Rug;qe. Sites, respectively. The differential heats of
adsorption as calculated with density functional theory are reported to be 1.00 eV, 1.33 eV and 1.85 €V,
respectively [02Seil]. :

3.9.13 SnO,

" 81O, (cassiterite) exhibits rutile structure (like TiOs, see Fig. 15) with lattice parameters of a = 4.59373 A
and ¢ = 3.186383 A [65Wycl]. Usually the (110) surface is studied. A single crystal surface may be
prepared by cutting off a piece from a single crystal needle and polishing it followed by sputtering and
annealing in combination with O, or N,O treatment. Depending on the preparation conditions
stoichiometric as well as reduced surfaces may be prepared [95Gerl]. With increasing surface reduction a

“sequence of 4x1, 1x1 and 1x2 surface LEED patterns may be observed. Due to the tendency of this oxide
to undergo gas-induced changes of the electrical conductivity it has important applications in gas-sensing
applications. Table 15 gives an overview of adsorption studies for ordered SnO; surfaces.

Table 15. Overview of investigations of the interaction of gases with well ordered SnO, surfaces

Method
Substrate: Sn0,(110).
CH;0H Theory: MNDO 94Mar
CH;0H Theory: DFT, HF 99Call
CH;0H XPS 00Kawl
CH;0H TDS, XPS 94Gerl
HCOOH ARUPS, AES, LEED 96Irw1
H, Theory: MNDO, AM1, PM3 95Marl
H,O0 Theory: DFT 96Gonl, 02Batl, 00Lin1
HO TDS, UPS 95Gerl
H,0, 0, TDS, UPS, band bending 87Sem1
0, PYS 97Szul, 94Szul
0, ARUPS, TDS, A® 92Shel
0, surface conductivity 87Eril
0)8 Theory: DFT 010vil, 00Yaml
0,, CO Theory: LDA cluster calculations 95Ranl
cO TDS, UPS 95Gerl
CO Theory: DFT 00Mell
CO, Theory: DFT 01Mell
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3.9.13.1 O, adsorption

The interaction of Sn0;(110) with O, has been studied by several authors due to the Dx}fgcn-indlfncd con-
ductivity changes of SnO; Results of surface conductivity investigations have been publus!md _b:.r
Erickson and Semancik [87Eril]. The authors concentrate on the influence of the surface preparation, 1.e.
oxygen exposure and annealing and find variations of more than two orders of magnitude of the surface
sheet conductivity which was mainly attributed to variations of the concentration of oxygen vacancies.
Oxygen exposure changes the concentration of vacancies and thus the conductivity, ARUPS and TDS
studies indicated that oxygen adsorption at low temperature occurs molecularly. O; thermal desorption
peaks were found at about 200 and 250 K [92Shel].

3.9.13.2 H,0 adsorption .
Water adsorption on stoichiometric and defective Sn0;(110) was experimentally studied using TDS and
UPS [95Ger]]. Molecular desorption of water was found at 200 and 300 K and a desorption state at 435
K was attributed to OH disproportionation. It was shown that' the water dissociation probability was
highest on a moderately defective surface. For this surface it was assumed that all bridging oxygen atoms
at the surface were removed while 80% of the surface in-plane oxygen anions did still exist,

3.9.13.3 CH;0H adsorption

The interaction of Sn04(110) with methanol depends also on the surface structure. Methanol may be ox-
idized to form formaldehyde on Sn0;(110) [94Gerl]. The conversion of methanol was found to exhibit a
maximum for intermediate surface reduction. Using XPS it was shown that on the pre-oxidized surface
methanol decomposition occurred via the abstraction of a hydrogen atom while on the reduced surface the
methanol C-O bond was cleaved [00Kaw!]. For a list of XP'S binding energies see [00Kawl].

3.9.13.4 HCOOH adsorption

Formic acid adsorption on reduced Sn0,(110) exhibiting (I1x1) and (1x2) LEED patterns was studied
with ARUPS, AES and LEED [96Trwl]. At 105 K formic acid adsorbs molecularly and after annealing at
375 K it is fully desorbed, leaving no carbon residue behind. While the (1x1) LEED pattern was
unaffected by this process, the (1x2) pattern was transformed into a (1x1) pattern, It was assumed that
oxygen atoms from the HCOOH molecules re-oxidize the surface.

3.9.14 TiO;

Three different modifications of Ti0; may be found at ambient conditions: rutile, anatase and brookite.
Rutile and anatase are the technically more important ones and have thus been employed for surface
science studies. Both are clectrically insulating in pure form. Rutile exhibits the tetragonal cassiterite
structure with lattice constants @ = 4.59 and ¢ = 2.96 A [65Wycl]. The lattice of anatase is tetragonal;
here the lattice parameters are a = 3.88 and ¢ =9.51 A [65Wycl]. The (110) surface of rutile is the most
stable one of this Ti0» modification. An image of this surface and the rutile unit cell are shown in Fig. 15.
Together with MgO({100), the rutile TiOy(110) surface is probably the most often studied oxide surface in
surface seience. It has been characterized extensively and well established methods for its preparation do
exist, In order to establish a sufficiently high electrical conductivity for STM or electron spectroscopy the
sample is usually annealed at elevated temperature and bombarded with ions which leads to a bulk
reduction of the oxide as documented by a color change from colorless transparent to yellowish or bluish
or even black [00Diel]. A common defect occurring upon annealing is the removal of oxygen aloms from
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Ref. p. 389] 3.9 Adsorption on oxide surfaces 367

the rows of bnidging oxygen atoms, leaving behind vacancies in these rows. Especially for the strongly
reduced samples, high defect densities at the surface have to be expected. The stoichiometric {110)
surface is not reconstructed, but under reducing conditions a (1%2) superstructure may form. Exposing the
reduced surface to oxyegen leads to re-oxidation. An overview of the properties may be found in U,
Dicbold’s review article [03D4iel]. Much less studies have been performed for TiOy(100) and TiO,(001).
Both surfaces are less stable than the (110) surface. For TiOy(100) (1x1) and (1x3) surface structures
have been observed with the latter one comresponding to a reduced, micro-facetted surface [93Har1]. Due
to its high surface cnergy the (001) surface also exhibits a tendency to form microfacets as revealed by
STM snd LEED studizs [B2Fir], 03Terl].

Large high-quality rutile single crystals are readily commercizlly available which is not the case for
anatase. Therefore, most studies have been performed on the rutile modification of TiO; although anatase
appears to exhibit higher catalytic activity. Investigations have been performed for the (101) and (001)
surfaces of anatase, Usually naturzl single crystals or thin films (grown on natural crystals) were used for
the studies [03Diel].

{a) stoichiometric
rutile TiO,(110) (b) TiO5 unit cell

@ oxygen Fig. 15. (a) stucture of the rutile
A Ti;(110) surface. (b} unit cell of rutile
& titanium TiO,,

Table 16. Overview of investigations of the interaction of gases with well ordered TiO, surfaces

Adsorbates Method References
Substrate: anatase TiO;(001)

HCOOI STM, NC-ATM 02Tan2
HCOOH, CH,COOII STM, TDS (02Tanl
HDO:F{D OH, HODC-COO07,  Theory: periodic Hartree-Fock calculations  95Fahl
CO4™

H-0 Theory: SINDO1 95Brel

H; O Theory: DFT DEVit]

Substrate: anatase TiO;(010)
HDDlC—CDGH, HOOC-COO™,  Theory: perindic Hartree-Fock caleulations 95Fahkl
G0~ .

Substrate: anatase TiO-(101)

HCOOH, HCOOH+0OH Theory: DFT 00vitl

H,0, H.5, HI Theary: molecular dynamics 985all

.0, CHO0H TDS, XPS 03Her]

H0 Theory: DFT 98Vitl, 03Till
cis(CO)-trans(T-Ru-(4,4'-dicar- Theory: DET 02Haul

boxylate-2, 2" -bipyrdine)(COL1;

Substrate: rutile TiO.(100)

C.HLS AES, TIPS, XPS, electron and M-ray O7Razl
irradiation
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Adsorbates Method References
CyHls AES, UPS, XIS, electron and X-ray O98Razl
irradiation

20y UPS, MIES 01Bral
H0 UPS, XPS G9Wan]
H.8, MeSH Theory: periodic Hartree-Fock calculations  96Fahl
HOOC-COOH, HOOC-COO",  Theory: periodic Hartree-Fock calculations  95Fahl
C;04" -
maleic anhydride TDS, Theory: PM3 OoWill
NH; Theory: periodic Hartree-Fock caleulations  96Marl
NH;, (CH;);NH, C;HNH, XPS, TDS 03Farl
S50, NEXAFES S6Razl
Substrate: rutile TiO,(001)
gerylic acid TDS, XI5, scanning kinetic spectroscopy 017Tit1
CH;COOH photoreaction 03Will
H.0 TDS B6Henl
tert-butylacetylene TDS 95Piel
trimethylsilyl acetylene TDS, XP5 0125hel
cyclooctatetragne TDS, NEXAFS 01Shel
benzaldehyde NEXAFS, TDS 00Shel
Substrate: rutile TiO,(110)
2,2-bipyridine-4,4’- XPS, NEXAFS, Theory: INDO 09Patl
dicarboeyclic acid
2,2 -bipyridine-4,4’- NEXAFS, Theory: ZINDO 00Perl
dicarbocyclic acid
2,2’—hipyﬁdine'4,4'~ MEXAFS, Theory: DFT 030del
dicarbocyclic acid
isonicotinic acid, nicotinic acid, XAS,STM 035ch2, 0138chl
picolinie acid
2-propancl+oxygen photocatalysis, molecular beam, XPS 08Bri3, 98Bril, 00Bril
CDyl photon irradiation, REMPI 96Holl
C;H;0D, tetraoxysilane, pre and TDS B6Gaml
post-adsorption of H,O
CH.I, CH3Br UV photodesorption, mass spectrometry 98Kim!
CHS,I TDS, UV photodesorption 00K im] :
CH,OH TDS, ESD, electron irradiation 98Hen3 :
CH,OH TDS, XPS 03Far2 i
CH;0H Theory: DFT, pseudopotential 9EBatl
CH;0H, CHy0H+H.0, TDS, HREELS, LEED 09Hen2
CHyOHAO; '
CH,0H, HCOOH 5TM 03Terl
HCOOH XP3 96Idr]
HCOOH XPD 98Thel, 97Chal
HCOCH XPD, XPs, LEED, TDS, HREELS 98Chal
HCOOH TDS, S8IMS, HREELS 97Henl
HCOOH XPS, IRAS, LEED S0Hayl

- HCOOH HEEELS 00Chal
HCOOH molecular beam, STM, LEED 02Bowl
HCOOH STM 00Benl
HCOOH UPS, XPS, Theory: ab fnitio cluster 97Wanl
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Adsorbates Method References

HCOOH Theory: DFT 00Kacl, 00Kac2

HCOOH, 0,, CsHsN STM 98Iwal

HCOOH, OH STM, NC-AFM 01Iwal, 960nil

HCOOH, CH;COOH, NEXAFS 01Gut3

C,H;COOH '

HCOOH, CH;COOH NC-AFM 99Fuk1, 01Sasl

DCOOD XPS, TDS 03Wanl

DCOOD TDS, LEED, AES, XPS, UPS 940nil

CH;COOH, C¢H;COOH STM, LEED 99Guo2

CH;COOH, CF;COOH NC-AFM 01Sas2

CH,;COOH UPS 97Cocl

CH;COOH LEED, ESDIAD 97Guol

CH;COOH, DCOOH ST™M ' 98Egd1

CH;COOH NC-AFM 00Fuk1

CH,COOH Temperature jump STM 960ni3

C¢H;COOH STM, ESDIAD, LEED 97Guo2

CsHsN STM, NC-AFM 99Suz1

C,7H3sCOOH AFM, photo degradation 99Sawl

benzene, naphtalene, anthracene NEXAFS, XPS, TDS 02Reil

glycine o PES, photon damage 99Sorl, 00Sor2

CH,S XPS, TDS, Theory: DFT 03Liul

Cl, ST™M 98Diel

Cco Theory: ab initio cluster calculations, band ~ 96Pacl
structure calculations

CcO Theory: FLAPW 01Yanl

Cco Theory: DFT, pseudopotential 98Sorl

CO Theory: periodic Hartree-Fock 96Reil

co ESD, AES 95Torl

CO DS 95Linl

CO molecular beam 03Kunl

CO+0, TDS, PID 96Lin2

CO, H,0 Theory: DFT 99Cas4

CO, H,0, H,S Theory: DFT 98Cas2

CO,+H,0 TDS, SSIMS, HREELS 98Henl1

CO, TDS 03Thol

CrO.Cly TDS, A®, AES, SSIMS, XPS 98Alal

FPTSI[(3,3,3- TDS, XPS, SSIMS 98Gaml

trifluoropropyl)trimethoxysilane]
20
H,0
H0
H,0
H,0
H,0
H,0
H,0
H,0
H,0
H,0
H,0
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370 1.9 Adsorption on oxide surfaces
Adsorbates Method References K
H,0 TDS, XPS, 94Hugl &
H,0, O; TDS 98Epl1
Hzﬂ, CO;}, NHJ, DH Thﬁﬂr}": Hartree-Fock ggMdl
H,0, liquid and vapor UPs, XP3 95Wanl
H,0 TDS, molecular beam scatiering 98Bri2
H.0, CH;0H, H;0;, HCOOH Theory: DFT G8Bat2
HOOC-COOH, HOOC-COO™,  Theory: periodic Hartree-Fock calculations  95Fahl
G047
Na Theory: ab initio cluster calculations O8Ritl, 99Rit3
N2 Theory: Monte Carlo simulations 99RI2
NO UV photochemistry, TOF mass (0Rus1

spectrometry /
NO, CO, H,CO Theory: Hartree-Fock, MP2 01Lil
NO TDS, Theory: DFT, pseudopotential 00Sorl
NH; Theory; periodic Hartree-Fock calculations  96Marl
NH; APECS 005l
N0 SHG, XPs 975hul
NO; XPS, NEXAFS, Theory: DFT 01Rod2
N0y PES 2Chal
0, SHG, XPS 058hul
0 STM 960ni2, 8Dic2
0; TDS, ELS, isotopic labeling, sticking O99Hen]

coefficient
,, O+H0 TDS, S5IM3S, EELS 01Perl
0 Theory: DET 995hul
OH APS 96Bull
OH Theory: slab calculations 95Gonl, 93Nogl
OH. H ion scattering 01Fujl
H,5 UuPs 898mil
H;S, MeSH Theory: periodic Hartree-Foclk calculations  96Fahl
50 NEXAFS 89Thol
50, XPS 01Sayl
S0, XPS, UPS, PSD 97Roml
504 Theory: DFT 03Zhal
{RK{CO),Cl}, ST™M 01Benl
RA({CH;CO),CH)L(CO),, XPS, TDS (00Eval
Rh(CO),Cl
merocyanine dye NEXAFS, STM 02Matl

For Ti(y a number of adsorbates has been studied, partly in preat detail Some systems will be
discussed in the following and for the remaining systems the reader may consult the references listed in

Table 16,

3.9.14.1 CO adsorption

Only a limited number of adsorption studies has been performed for CO on TiO; Linsebigler et al
[95Linl] performed a TDS study for CO adsorption on stoichiometric and reduced rutile TiOy(110). CO
desorption was found to oceur at 170 K for low coverage. With increasing coverage the desorption
temperature shifted to about 135 K as shown in Fig 7.16a. From these data an adsorption energy of 9.9
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kcal/mol was determined for the zero. coverage limit. CO was found to desorb molecularly and no CO,
formation was observed (if CO is co-adsorbed with O, on a TiO»(110) surface with oxygen vacancies,
CO, may be formed upon irradiationi with light with Av 2 3.1 eV [96Lin2]). The shift of the CO
desorption peak with increasing coverage was attributed to lateral interactions which were found to have
an energy of about 2.2 kcal/mol at a relative coverage of 0.68 ML. The authors estimated that the
maximum CO density at the surface is about half of the density of in-plane titanium atoms which were
named as the CO.adsorption sites.

Fig 7.16b demonstrates that defects on the surface lead to more strongly bound CO molecules. The
desorption peaks tail up to 350 K. Pre-adsorbed oxygen was found to suppress these desorption states.
Since the CO maximum coverage was the same as for the stoichiometric surface the authors of the TDS
study [95Lin1] concluded that the CO adsorption sites are the same in both cases and that the additional
binding energy observed for the reduced surface is provided by interaction of the oxygen end of the CO
molecules with a neighboring vacancy site. A molecular beam study for CO on rutile TiO»(110) was
performed by Kunat and Burghaus [03Kun1] as a function of incidence angle, kinetic energy and surface
temperature. For an impact energy of 0.05 eV an initial sticking probability (this is the sticking coefficient
for vanishing coverage) of S = 0.84+0.05 was obtained. The sticking coefficient was found to decrease
with increasing kinetic energy towards a value of S = 0.110.05 for a kinetic energy of 0.57 eV.
Temperature dependent measurements revealed that the initial sticking coefficient is independent of the
temperature which was interpreted as an indication of non-activated adsorption. The dependence of the
initial sticking coefficient on the angle is a function of the kinetic energy: for small kinetic energies the
initial sticking coefficient is only weakly dependent on the incidence angle whereas for energies above
0.5 eV normal energy scaling takes place. For normal incidence the sticking coefficient S(8) is nearly
independent of the coverage 8: S(6)~S, independent of the incidence energy. For grazing incidence and a
kinetic energy of 0.52 eV auto-catalytic behavior (increase of S(#) with increasing 8) was observed for
incidence along [ITO] whereas for incidence along [001] the adsorption probability was found to decrease
slightly with increasing incidence angle. From the temperature dependence of the saturation coverage the
authors derived a heat of adsorption of E;= (7.2-1.68) kcal/mol using a frequency factor of v;= 1x107
s~ which is not far from the value determined with thermal desorption spectroscopy [95Lin1].

Thermal desorption of €20 ~ ("®0thermal desorption from A
from the oxidized Ti0,(110) surface - pre-annealed or oxidized Ti0,(110) surface
-9 . T=105K I -10 Tags=105K
Iz x10 A dTfdr=05K/s 1x10 A d1/de=05K/s
' = 3
3 2 £p=86%10" (O/cm?
S =3
g 12 /2 2
g a 7.1x10 * CO/cm E pre - annealed
3 b 14x 10" CO/cm’ 4
2 ¢ 21x 10" CO/em’ &
S d 36x 10" co/em’ S}
e 8.6x 10" CO/em? _
£ 14x 10" cO/cm’
g 2.1 10" CO/em?
b a
100 150 200 250 300 350 400 100 150 200 250 300 350 400
a Temperature [K] b Temperature [K]

Fig. 16. (a): Thermal desorption spectra of C'*0 on rutile TiO,(110) after adsorption at 105 K. (b): Comparison of
TDS spectra of CO on stoichiometric and annealed TiO,(110); [95Lin1].
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The interaction of water with TiO; is technologically interesting since TiO; is active for water photolysis.
The chemical activity of TiO,(110) for water dissociation (without photon irradiation) is low according to : o
most experimenta] results, It appears that there is some activity for dissociation at defect sites whereas the e
regular surface is inert with respect to H;O dissociation. ki
Henderson [96Hen2], Brinkley et al [98Bri2] and Hugenschmidt et al [94Hugl] have published TDS e B |
data of water on TiOs(110). The data provided by Henderson are shown in Fig. 17, The desorption : Foper
maxima at 155 K, 174 K and 270 K are attributed to multilayer, bilayer, and monolayer water,
respectively. According to [98Bri2] the monolayer coverage is 5.2x10"™ cm™ and the condensation : =
i coefficient of water is about 1. Water vibrations are found at 1625 and 3420-3505 cm™ [96Hen2]. The g
three publications agree that only a very small concentration of hydroxyl groups forms on the surface.
According to [94Hug1] surface hydroxyl groups were detected with a concentration of ~1%, desorbing at hE
500 K. With HREELS the O-H vibrational energy was determined to be 3690 cm™ [96Hen2]. It was = 5=
suggested that the hydroxyl groups bond to oxygen vacancies. The experimentally observed low activity B
of Ti0(110) for water dissociations is at variance with many theoretical publications which propose that i
water should dissociate also on regular TiO;(110) sites (see the references in Table 16). ; g

3.9.14.2 H;O adsorption _ *“*{-I ”‘]J
|

3.9.14.3 HCOOH ad ti : = -2
adsorption i

The adsorption of a number of organic molecules on TiO,(110) has been studied and formic acid was
surely one of the most often investigated molecules which is at least partially due to the activity of titania
for the photo-assisted decomposition of organic molecules, An electron-hole pair may be created in Ti0,
upon irradiation with sunlight. The charge carriers may travel to the surface and attack water and oxygen
forming radicals which may oxidize adsorbed organic molecules. Such & process may be used for
purification, envirommental eleaning, ete.

On Ti0;(110) formic acid decomposition into formate+hydrogen occurs already at low temperature:

HCOOH,,, + 0,0 — HCOO 4 + HyuOpr (2) £

TPD of water adsorbed on TiD; (110) at 135 K

155

Waler expasure o W e

{molacules fom®, x10) moterules/on’, x10")
128

183 31

3
15

15.1

e = 18 QM5 shgnal faie)

18 OMS signal fauw)

mee
&

Fig. 17. TDS spectra of H:0 on TiO:(110);
[96Hen2].

150 200 150 300 350 400
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(2x1) overlayer

Bi—dentale formate

(110 Hydroxyls formed Formate minority
' upon formic acid species at oxygen
dissociation vacancies

Fig. 18. Structure of HCOO ions on TiO, (110); [03Diel].

At higher temperature further decomposition may occur [97Hen1, 940nil, 03Diel, 01Iwal}:

HCOOH — CO, + H, (dehydrogenation) 3)
and _
HCOOH — CO + H,0 (dehydration) . 4

Formate forms a (2x1) phase on TiO,(110) with a nominal coverage of 0.5 molecules per TiO(100)
surface unit cell. The geometrical parameters of this layer have been investigated with NEXAFS and
XPD [97Chal, 01Gut3] (for the innermolecular angles and distances see Fig. 18). Apart from molecules
adsorbing on regular (2x1) sites also defect adsorption as shown in Fig, 18 has been observed. The latter
molecules are adsorbed with their molecular plane parallel to [ITO] and bind to oxygen defects. With

infrared spectroscopy the vibrational energies of the HCOO groups were determined to be V,om(0OCO) =
1566 cm™ and V4,(OCO) = 1363 cm™ for the molecules with their molecular plane parallel to the [001]
direction and Vqm(OCO) = 1535 cm™! and Vym(OCO) = 1393 cm™ for the other species [99Hay!1].
Deviations in the NEXAFS data [01Gut3] from the expected results for the ideal (2x1) structure were also
explained by the existence of the minority species. Co-adsorbed molecular HCOOH which is found at
formate coverages above 0.5 was shown to desorb at 164 K [97Hen1].

Formate groups on TiO»(110) were imaged with STM and non-contact-AFM [98Iwal, 00Benl,
0lIwal, 99Fuk], 01Sas1]. Fig. 19 shows a set of STM images obtained by Onishi et al [960nil] at room
temperature. Here scanning with high bias voltage was used to remove part of the formate molecules. Fig.
19 shows that the hole is mainly filled up by diffusion of molecules along the titanium rows. The bottom
row of images shows the mobilization of a single formate ion by the moving formate ion front.
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Fig. 19, Serial topogrphs of 2
manipulated (2x1) formate layer,
Before the first image was
recorded the sample was scanned
with & high voltage to form a hole
in the covered ares and the scans
{a), (b) and (c) were taken 15, 26,
and 35 minutes later. The small
area scans show the incorporation
of an isclated molecole into the
migrating monolayer, () and (f)
were recorded 296 and 666 5 afler
(d} was recorded. Larpe areas:
(29x28 nm’); small areas: (6.8x6.8
nm’); [960nil].

Table 17. The relative amount of desarbing species observed
with TDS (see Fig. 20) of o (2¢1) formate overlayer on
mie TiO,(110); [940nil].
4 x4 Temperature [K]  Product Relative amount
350 DCOOD 16
3 032 0 g*o ;u
— z
B 570 CO 16
@ CO, 11
3 » D;0 5
' D &
48 %7 DCooD 7
r\/\\_____N--‘ 48 x4 Fig, 20, Thermal desorption spectm of DEOOD oo TiO(110).
i i i mie=4: Dy, 20: 1,0, 28: CO, 44: CO; , 48: DCOOD; [940mnil ],
200 400 600 800

Temperature [K]

Thermal desorption spectra of DCOOD on TiOy(110) are displayed in Fig. 20 [01Iwal)]. These data
show that the formate layer decomposes via the dehydration pathway (equation 4) as well as via
dehyidrogenation (equation 3) with the main desorption occurring at about 570 K. The relative intensities
of the desorbing species are listed in Table 17.

Iwasawa et al [01Iwal] investigated the catalytic decomposition of DCOOD on TiOy(110) by
determining turnover frequencies us a function of temperature for different pressures (see Fig. 21). The
figure shows that for temperatures below —500 K dehydrogenation is dominant whereas at higher
temperature dehydration is more importanl. The debydration process was assumed to be unimolecular
with an activation energy of 120 kJ/mol and a pre-exponential factor of 2x107" s, Since the
dehydrogenation rate depends significantly on the gas pressure this process was assumed to be
bimolecular (under the participation of another DCOOD molecule) with an activation energy of 13
kJ/mol. According to Diebold [03Diel] these processes are

DCOO0,,, = COgs * O Das

DCDODE,. 4 Dmlum — DCOO0, 4+ D0y {j]

for dehydration with the unimolecular decomposition of DCOOD being the rate defermining step and for
dehydrogenation the following process was proposed:

DCO0,4, + DCOOD g5 — CO;, gas + Dy, gas + DCOOL, (6)
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3.9.14.4 CH3COOH adsorption

Similar to the case of HCOOH, CH;COOH decomposes on TiO,(110), forming a (2x1) superstructure of
acetate ions. Structural properties of the adsorbate were studied with ESDIAD by Guo et al [97Guol]. In
the angular distribution of desorbing H" ions contributions due to hydrogen bonded to the substrate and to
hydrogen resulting from C-H bond rugture could be identified. It was proposed that the acetate ions bond
to the fivefold-coordinated surface Ti*" ions in a bridging geometry (bidentate) with the molecular plane
parallel to the surface normal. It was also proposed that the adsorbate induced forces lead to a pairing of
surface Ti*" cations along [001]. NEXAFS investigations performed by Gutiérrez-Sosa and coworkers
[01Gut3] indicate that the acetate groups stand upright on the surface with an overall twist angle of 26+5°
of the molecular plane with respect to [001].

Onishi et al [960ni3] monitored the decomposition of acetate with STM as a function of time at
different temperatures. From the time dependent decrease of the acetate induced features in the STM
images the authors computed a unimolecular reaction rate of (4+1)x107° s7'. The authors assumed
decomposition via ketene formation according to :

CH3COO,¢; — CH;COpgys HFOH, 44 @)
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3.9.15 V,0;

V.0 exhibits corundum structure (like CryOs, see Fig. 2) with lattice parameters of @ = 5.105 A and
b=14.449 A for the non-primitive hexagonal unit cell [65Wycl]. The oxidation state of the vanadium
ions is 3+ which means that formally two 3d clectrons are left to the vanadium ions. Thin films grown on
Au(111), Pd(111) or W(110) are (0001} criented and show good crystalline order [03Dupl, 048chl].
Cutting a single crystal along (0001) followed by sputtering and annealing in UHV has also been used to
prepare & (0001)-oriented surface [01Tol2]. V;0;(1012) has been prepared by cleavage of a V;0; single
crystal in UHV [89Smil]. A large part of the studies of V,0 was motivated by its physical properties,
especially the phase transition from antiferromagnetic insulating below 150 K to paramagnetic metallic at
room temperature. This phase transforms into a paramagnetic insulating phase above 500 K [02DiM1,
T0McW1, 69McW 1], Studies of the chemical activity of V;0; surfaces are largely motivated by the use
of vanadium oxide based catalysts for different reactions.

Only a few adsorption studies have been performed for V05 surfaces. Some of them are discussed in
the following. An overview is given in Table 18.

Table 18. Overview of investigations of the interaction of gases with well ordered V105 surfaces

Adsorbates Method References
Substrate:; V,05(0001)

HaO XPS, UPS, work function 01Tol2
Substrate:

VO (0001)/W(110)

Oy HREELS, [RAS, ARUPS, XIS, NEXAFS 03Dupl
Substrate: V,0,(1012)

20, o LIPS, XPS i BOSmil
H:0, Oy Ups B3Kurl

3.9.15.1 O, adsorption

Diupuis et al [03Dupl] have shown that V;0,(0001) is terminated by a layer of vanadyl groups under
typical UHV conditions, These groups are strongly bonded and cannot be removed thermally, but by
electron irradiation. The vanadyl layer may be re-established by dosing the surface with oxygen followed
by annealing, At low temperature a molecular negatively charged oxygen species was found on the
surface, V,0y(1012) prepared by in-vacuo cleavage was found to interact strongly with oxygen
[B3Kurl]. It was reported that oxygen increases the surface oxidation state, possibly by forming O1 ions,

3.9.15.2 H,0 adsorption

Water adsorption on V>0,(0001) was sudied between 180 K and room temperature [01Tol2]. Molecular
adsorption was observed at 180 K for doses less than 1000 L whereas at larger doses also OH formation
became obvious. At room temperature only hydroxyl formation was observed. Newer results for H;O on
VaD4(0001) layers on W(110) and Au(111) [06Abul] show that the interaction with water depends on the
termination of the V305(0001) surfice: a surface terminated by vanadyl groups does not dissociate water
to form hydroxyl groups whereas a surface where the vanadyl groups have been removed prior to water
adsorption dissociates water and hydroxyl groups are observed. For V20,(1012) it was found that water
dissociates to form hydroxyl groups on nearly perfect as well as on ion-bombarded surfaces [83Kurl].
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3.9.16 V105

The unit cell of the V,Os lattice is orthorhombic with lattice constants of @ = 11.519 A, b=3.564 A and
¢ =4.373 A [65Wycl]. Three different types of oxygen atoms are found in the V;0s lattice: singly
coordinated vanadyl oxygen atoms [O(1)] twofold [O(2)] and threefold bridging [O(3)] atoms (see Fig.
22). The oxidation state of the vanadium atoms is 5+ which means that formally no 3d electrons are left to
the vanadium ions. All adsorption studies discussed here have been performed for the (001) surface. V20s
cleaves easily along this plane since the lattice consists of weakly interacting planes parallel to (001).
Therefore, and because no simple recipe for the preparation of well-ordered V,0s surfaces under UHV
conditions is known, most studies have been performed for cleaved single crystal surfaces. Vanadium
oxides are catalytically active for a number of oxidation reactions which was the motivation for most of
the performed adsorption studies. .

Only a few adsorption studies have been performed for V,0s surfaces. Some of them are discussed in
the following. An overview is given in Table 19. :

Table 19. Overview of investigations of the interaction of gases with well ordered V,Os surfaces

Adsorbates Method References

Substrate: V,05(001)

CsHs XPS, SEM 79Fiel

CO0, SO, UPS, XPS 94Zhal - -

CH;0H Theory: extended Hiickel 99Sam1

CH;0H oxidation Theory: extended Hiickel = - 97Saml

C;H,, C,Hg Theory: molecular mechanics 00Kaml, 00Kam2

H,H ARUPS, Theory: DFT 99Her3

H,, H ARUPS, HREELS, XPS 02Tepl

H, H, C;H;, C:Hz Theory: DFT, ZINDO 99Witl

H,, C;H; Theory: DFT, Hartree-Fock, INDO-type 96Witl

H;O Theory: ZINDO/1 99Ran}t

H0 TDS: poly-cristalline V,0s, Theory: O00Ranl
ZINDO/1

NH, Theory: DFT 00Yinl

Substrate: V,05(010) :

CH;0H Theory: extended Hiickel - 99Saml

3.9.16.1 CO and SO, adsorption

Zhang and Henrich [94Zhal] used XPS and ARUPS to study the interaction of CO and SO, with
V,05(001) for UHV-cleaved V,05(001) with a low density of defects and for reduced V,05(001). Both
adsorbates interact only weakly with the UHV-cleaved surface at room temperature. CO seems to induce
some reduction of the surface after dosing large amounts (>10° L). O, was found to partially re-oxidize
the reduced surface and molecular as well as dissociative adsorption were observed for SO, on the
reduced surface. The reduced surface appeared to be inert with respect to interaction with CO at room
temperature. ‘

3.9.16.2 H; and H adsorption
The interaction of molecular and atomic hydrogen with UHV-cleaved V,05(001) was studied by Tepper
et al using HREELS, ARUPS and XPS [02Tepl]. Both adsorbates led to a reduction of the surface: while

a few Langmuirs of atomic¢ hydrogen wére sufficient to induce a considerable surface reduction, ten
thousands of Langmuirs of motecular hydrogen were needed to induce significant effects. Formation of
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hydroxyl groups was not observed in thess experiments. From vibrational data of the reduced surface and
from a comparison of an ARUPS spectrum of the reduced swrface with a caleulated density of states
[99Her3] indications could be found that preferentially twofold bridging oxygen atoms are remaoved from
the V50:(001) surface during the first stage of reduction by hydrogen atoms.

O(1) ©2) O3
el

-

W50 unit cell
-

Fip. 22, Left: structure of the V,0.,(001)
surface, Right: unit cell of V,0..

3.9.17 ZnO

Zine oxide crystallizes in the hexagonal wurtzite structure. Sinee this structure does not exhibit an inver-
sion center, a disk cut from a single crystal along the hexagonal basal plane has two structurally different

surfaces. The hexagonal surfaces ZnO(0001)-0 (often also called ZuD(G'DDT}-D} and ZnO(0001)-Zn are
the most often studied ones (see Fig. 23a and b). Some studies have also been performed for the
ZnO(1010) surface. The ZnO(D001)-Zn and the ZaO(0001)-O surface are terminated by zinc and
oxygen layers, respectively, and exhibit different chemical properties, A special point to note is that these
surfaces are polar which means that they are encrgetically unstable if not special surface conditions like
adsorption, reconstruction, charge-rearrangement or similar stabilizes them. There are reports that under
typical UHV conditions the non-reconstrueted ZnO(0001 )-O surface may be terminated by a layer of
hydrogen atoms which stabilizes it [02Kunl, 035tal, 03Kun2]. The hydrogen-free surface was found to
exhibit a (1x3) reconstruction, For the zinc terminated surface STM revealed the presence of nanosized
islands with triangular holes exhibiting oxygen terminated step edges [03Dull, 02Dull]. It was suggested
that the oxygen terminated step edges provide the necessary stabilization for the Zn0O(0001)-Zn surface.

Usually disks cut off from a single crystal rod are used as samples. These are prepared by polishing
followed by sputtering and annealing cycles as well as oxygen treatment after introduction into the UHV
chamber. Since the oxygen and the zinc terminated surfaces behave chemically different they may be dif-
ferentiated by chemical methods. Chemical etching with HCl may be employed [65K el ].

Zn0 is one of the most often studied oxides which is due to its importance in the field of catalysis.
Cw/Zn0 catalysts are widely used for the synthesis of methanol via CO hydrogenation and for the water-
gas shift reaction.

In the following we give an overview of results for some adsorption systems. For the remaining
systems the reader may consult the references listed in Table 20,

(a} ZnO(0001)-Zn (b) ZnO(OOOT)-O  (c) hexagenal unit cell
: N W WA e

& e

Fig. 23. Structure of Zn0,
(8): zinc  terminated
Zn{0001}-Zn.

(b): oxygen terminated
Zn0{ 0001 -0,

{c): hexagonal unit ¢ell of
Znl.

Lapdoli-Harnatein
MNew Hegins 1II/42A35




Ref. p. 389]

3.9 Adsorption on oxide surfaces

Table 20. Overview of investigations of the interaction of pases with well ordered Zn0 surfaces

Adsorbates Methed - Eeferenoes
Substrate: ZnO(0001), ZnO{ 0001 )

CH;, H-C=C, Cl, PF; Theory: INDO/S 89R0dl
C;Hy, methylacetylene, allene  UPS 9V ehl
methylacetylene, allene HREELS 03Pat]
CH;0H XS, NEXAFS, CFS, Theory: SCF-Xo-8W  98Jonl
CH,0H, OH Waveguide CARS 94Wij1
HCOOII HREELS 97Crol, 98Thol
HCOOH NEXAFS 01Gu2
HOOOH, HCOOD TS, XPS G4ludl
CHsN TDS, XPS, NEXAFS 00Hov]
C:Hg, phenal MNEXATFS 01 Gull
Cl LEED, AES, A T6lopl
Cl, HCOOH 158, XPS, work function, TDS 00Gral
Crystal violet Phatocurrent measurements 84Clal
CO molecular beam 00Becl
Co HAS, molecular beam O0Rec?
CO, C{Hyp 'HAS, molecular beam, XPS 00Bec3
50) Theory: Monte Carlo 01Burl
Cco  EELS, TCS 94Moll, 95Moll
CO, CO, NEXAFS, IRAS 96Gutl
CO, NH,; Theory: DFT 94Casl, 95Cas2
CO, HCOOH TDS 98Yosl
CO, CO,, HCOOH STM, XPS 02Linl
CO ARUPS 81McCl1
CO, CO, UPS, XPS 88Au2-
co Theory: INDO 87Rod1
co Theory: MNDO, AM1, PM3 96Mar3
CO NEXAFS 99Lin2
co Theory: SCF-Xa-SW 98Jon2
NH;, CsH;N, H,CO, HCOO,  Theory: INDO/S 88Rod1
H;CO '

H,0, H,S, HCN Theory: DFT 95Cas1
H,0, H;S, HCN, CH,0H, Theory: LCAO-LDF 96Casl
CH,SH

H,0, H,S Theory: DFT 97Cas2
H,0, H,S, HCN, CH;0H, - Theory: DFT 97Cas2
CH;SH .

H,0, D,0 TDS, ARUPS 83Zwil
H,O Theory: INDO/S 88Rod2
H;0 Theory: DFT , 01Wanl
H, Theory: ab initio cluster calculations 96Nybl
H, LEED, HAS 01Becl
SO, XPS, NEXAFS 99Rod2
SO, NO, XPS, NEXAFS 01Rod1
Xe 'LEED, TDS, ARUPS 84Gutl
Substrate: ZnO(1010) : -

HCOOH HREELS 97Crol
HCOOH, CO,, H+CO, UPS, XPS 88Aul
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Adsorbates Method N References
CHs TDS, LEED, UPS - 81Pos!
CsHg, CsHsN NEXAFS X 93Wall
CH,OH XPS, NEXAFS, CFS, Theory: SCF-Xa-SW  98Jonl
benzotriazole, Indazole, NEXAFS . 95Wall
benzimidazole, 1- '
methylbenzotriazole
Cl Theory: INDO/S ' 89Rod1
co ARUPS . 80Sayl
Co ~ TDS ' 94Gel
CO, H, CO+H ARUPS, UPS 80DAm1
CO, CO+H HREELS, AES : 97Guo3
CO, H, Theory: DFT 97Cas2
CO, COy surface conductivity, surface potental, TDS, 79Hotl
LEED '
CO,C0,, 0, H,, H surface conductivity, charge transfer, Theory: 82Gopl
SINDO
CO, Ha Theory; DFT 99Cas3, 98Casl
Cco Theory: MNDO, AMI, PM3 O6Mar3
COy UPS 80Gop2
H. Theory: ab initio cluster caleulations SaNybl
H; Theory: periodic Harlree-Fock caleulations 99 Zapl
H-0, D0 TDS, ARUPS © B3Zwil
0., CO, CO, TDS, adsorption isotherms, UPS, XPS, ESR, 80Gopl, 85Gopl
conductivity
NO - TDS, UPS BdZwil
Oz TDS, LEED, ESR, AES, A¢, surface 77Gopl, 78Gopl,
conductivity 76Gopl
NH; Theory 99Cas2
OH+ RA(CO)(m-C3Hy) HREELS 90Yaml
52 XIS, Theory: SCF cluster caleulations 97Cha2
Xe LEED, TDS, ARUPS B4Gutl
Substrate: ZnO(1120)
I Theory; ab initio cluster calculations G6Nyhl

3.9.17.1 CO adsorption

CO adsorption on the basal surfaces of ZnO as well as on Zn(1010) has been studied employing
different methods. CO adsorbs weakly on ZnO( 0001 -0 and ZnO(0001)-Zn with the heat of adsorption

being (7-280q) keal/mol (@en = CO coverage) on both surfaces as revealed by molecular beam studies
employing the King and Wells method [00Bec2, 00Becl, 00Bec3]. From He reflectivity measurements it
was concluded that CO prefers defect sites, but with increasing coverage also regular sites are occupied,
Precursor mediated adsorplion was found to occur for both surfaces as concluded from the coverage
dependence of the sticking coefficient. A sticling coefficient which increases with coverage was
observed for both surfaces, but the effect was found to be especially pronounced for ZnO{0001)-Zn. This
observation was interpreted as an indication of adsorbate-assisted adsorption. For ZnO(0001)-Zn the
angular dependence of ARUPS intensities has been employed to study the molecular orientation of
molecules adsorbed at 80 K [81MceCl1]. It was found that the molecules are standing upright on the
surface. With XPS Cls and Ols binding energies of 291.8 ¢V and of 337.9 eV, respectively, were
determined for CO on ZnO{0001)-£n for an adsorption temperature of 73 K [00Bec3].
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Carbonate formation following CO dosage onto ZnO( OOOT)-O was observed at 120 K [02Linl,
88Au2] and 130 K [99Lin2, 96Gutl]. The surface coverage is small at 130 K. Using XPS the maximum
CO coverage was determined to be 0.04 ML [99Lin2]. For carbonate resulting from CO dosage the
coverage was studied as a function of substrate annealing temperature and oxygen treatment, leading to
the result that carborate formation from adsorbed CO mainly occurs on defect sites [02Lin1]. The
coverage varied from 0.2 ML for a surface annealed at 1070 K to nearly zero for 1370 K annealing
temperature. With angular dependent NEXAFS it was shown that the CO molecular axis is tilted by
17+10° with respect to the surface normal for CO adsorbed at 130 K [99Lin2]. With NEXAFS the Cls
—>m* excitation energy for CO was foundto be 287.740.2 eV and for carbonate an energy of 290.410.2 eV
has been reported [99Lin2]. Reported corelevel binding energies as obtained with XPS are 288.6 eV for
the Cls level of adsorbed CO and 290 eV and 532.5 eV for the Cls and Ols level of carbonate,
respectively [88Au2].

Less studies have been performed for CO adsorption onto ZnO(1010). For low temperature
adsorption (T ~77 K) at an ambient CO pressure of 1x1078 Torr the formation of a dense layer with near-
monolayer coverage was reported [80Sayl]. The heat of adsorption was reported to be ~12 kcal/mol
[80Sayl, 80DAm1]. The adsorption geometry of the CO molecules was determined via the angular
dependence of the CO 4o intensity in angular resolved photoelectron spectra which gave a tilting angle of
about 30° with respect to the surface normal [80Say]1, 80DAm1].

The "adsorption of CO on ZnO(1010) has also been studied at room temperature. After exposing the
surface to 100 Pa of CO for 15 min a CO desorption peak was detected around 360 K [94Gel]. In
contrast to the results of Ge and Meller [94Gel] who only found smiall amounts of desorbing CO,, Hotan,
Gopel and Gaul [79Hot1] detected exclusively CO, with TDS. However, in the latter case the applied CO
pressure was much smaller (1.3x10‘5 Pa). Coverage and chemical identity of the adsorbed species were
not studied.

3.9.17.2 CO, adsorption

The adsorption of carbon dioxide on ZnO( 0001)-O was studied with XPS and NEXAFS [02Linl,
88Au2,.96Gutl]. CO, was found to be transformed into carbonate at the oxygen vacancies at step edges
[02Lin1]. Above 150 K all physisorbed CO, is desorbed and at temperatures above 400 K the carbonate
signal vanishes [88Au2]. The carbonate molecules stand upright on the surface with an angle of about 30°
between the surface normal and the molecular plane as concluded from NEXAFS data obtained after
exposing ZnO( 0001 )-O to CO, at 130 K [96Gut1]. The Cls —7* resonance was found at 29010.2 eV.
With XPS the carbonate Cls binding energy was determined to be 290.3 eV [88Au2]. The Cls binding
energy of physisorbed CO, was found to be 291.8 eV.

CO, adsorption on ZnO(1010) was studied with XPS and UPS [88Aul, 80Gop2]. Formation of a
surface carbonate occurs already at 100 K. Physisorbed CO, was observed up to about 150 K and the
carbonate was found to disappear until 400 K. As determined from XPS intensities the carbonate
coverage was 6= 0.1 ML. Cls binding energies of 290.4 and 291.8 eV were measured for the carbonate
and the physisorbed CO,, respectively. .

3.9.17.3 CH3;0H adsorption

Methanol adsorption on ZnO(0001)-Zn and Zn0(1010) was studied using NEXAFS and XPS. On both
surfaces a methoxide spécies characterized by a Cls binding energy of 290.2 eV was observed [98Jonl].
Formate forms on ZnO(0001)-Zn after annealing above 220 K. This species was found to be stable even
at 523 K which is the methanol synthesis temperature. No formate formation was observed on
ZnO(1010). From the energy of the G shape resonance (295.5 V) as determined with NEXAFS a C-O
bond length of the methoxy groups of 1.39 A was estimated [98Jon1].
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3.9.17.4 HCOOH adsorption

HCOOH adsorption was studied on ZnO(0001)-Zn, Znt( 00071)-0 and ZnO(1010). On ZnO( 0001 )-0
HCOOH was found to adsorb dissociatively (HCOOH — [HCOO] + H") on surface defects [02Linl,
01Gut2], With XPS the saturation coverage was studied as a function of the annealing temperature of the
substrate and oxygen treatment [02Lin1]. For an annealing temperature of 1070 K a surface coverage of
about 0.3 was found which dropped to 0.1 for an annealing temperature of 1370 K. This observation was
explained as to result from the decreasing number of surface defects with increasing substrate annealing
temperature. From STM results the authors concluded that adsorption preferably occurs on cus zing
cations at step edges. The Cls corelevel of the surface formate was detected at 289.6£0.3 eV. B

NEXAFS was used to study the geometry of the adsorbed formate ions [01Gut2] on ZnO(0001)-0.
From the dependence of the intensity of the Cls 2b; resonance at 288.3 eV on the light incidence angle o
tilting angle of 55£5° with respect to the surface normal was estimated. Other (weaker) Cls resonances
were identified at 291.8 eV (Ta;), 297.8 eV (8a,) and 301.4 eV (5by).

Ludviksson et al investigated the adsorption of formic acid on ZnO(0001 )-O with thermal desorption
spectroscopy [94Ludl]. Desorption of molecularly adsorbed HCOOH was found to occur below 200 K
with a small tail extending to higher temperatures. CO and CO; formation due to the decomposition of
adsorbed formate (HCOO — €O, + H and HCOO — CO+OH) was found at 550 K. A large part of the
hydrogen resulting from the formic acid decomposition was assumed to dissolve into the bulk.

HREELS data for HCOOH adsorption onto ZnO( 0001 -0 at 300 K have been obtained by Crook et
al [97Cro1] and Thornton et al [98Thol]. Vibrational modes of formate were observed at 750 em™
(5(0COY), 1080 e (R(CH)), 1371 em™ (v(OCO)), 1605 em™ (v,(OCO)) and 2928 cm™ (v(CH)). A
hydroxyl vibration was not observed which was supposed to result from hydrogen dissolution into the
bulle.

For the zinc terminated ZnO(0001)-Zn surface HCOOH adsorption was studied with TDS by Yoshi-
hara et al [98Y0s1] and Grant et al [00Gral]. HCOOH desorption occurs at 200 K (multilayer) and 370 K
(molecularly chemisorbed formic acid) [98Yos!]. Between =350 K and 450 K also H; adsorption was
ohserved which was attributed to desorption of hydrogen originating from the decomposition of formic
acid on the surface (HCOOH — HCOO+H). At about 575 K desorption peaks of CO, H;0, CO; and H;
showed up which was attributed to the dissociation of formate via the reactions HCOO — CO; + H and
HCOO — CO+0H.

The HCOOH adsorption on ZnO(1010) at 300 K was studied with HREELS by Crook et al
[97Crol]. Again formate formation was observed, Vibrational losses of the adsorbed formate were found
at 1040 em™* (r(CH)), 1363 e (v,(0CO)), 1573 em™ (vi(OCO)) and 2895 em™ (v(CH)). The fate of
hydrogen atoms originating from the formic acid decomposition was not clear. An increase of the OH-
induced TR absorption-intensity was observed afler dosage of HCOOH but no comparably strong OD
vibration was found in the spectra after exposure to DCOOD. The authors argued that this observation
may be due to isotopic exchange effects and to the fact that the OD vibration would be partially hidden by
the v,{(0CO) overtone. XPS spectra for HCOOH adsorption onto Zn0(1010) were published by Au et al
[88Aul]. Upon adsorption a species with a Cls binding energy of 289.9 eV was observed. The position of
the C1s peak did not depend an the dose nor on the annealing temperature and was visible even at 590 K,
but with significantly reduced intensity.

3.9.18 Tables of selected adsorbate properties

Selected results of the studies discussed in the previous sections are summarized in the following tables.
Table 21 gives an overview of desorption temperatures and adsorbate-substrate binding energies, Table
22 lists sticking coefficients and coverages, Table 23 collects vibrational data and Table 24 lists corelevel
binding energies and NEXAFS excitation energies.
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3.9 Adsorption on oxide surfaces

94Mar
94Menl

94Men2

94Moll
94Nygl
940nil
94Pacl
94Panl
94Petl

94Pugl
94Rohl

94Scal
94Szul
94Vesl
94Wijl

94Winl

94Zhal
95Al1

95Beal
95Benl

95Brel
95Bril
95Capl

95Cap2
95Casl
95Cas2
95Conl

95Fahl
95Fail
95Fanl
95Ferl
95Gerl
95Ger2

95Gonl
95Hasl
95Has2

95Heil
95Hei2
95Hin1
95Lakl1
95Lanl
95Linl
95Marl
95Mejl

95Mol1

Martins, I.B.L., Longo, E., Igualda, J.A., Beltran, A.A.: An. Fis. 90(3) (1994) 187-189.
Menges, M., Baumeister, B., Al-Shamery, K., Freund, H.-J., Fischer, C., Andresen, P.: J.
Chem. Phys. 101 (1994) 3318.

Menges, M., Baumeister, B., Al-Shamery, K., Freund, H.-J., Fischer, C., Andresen, P.: Surf.
Sci. 316 (1994) 103.

Megiller, P.J., Komolov, S.A., Lazneva, E.F.: Appl. Surf. Sci. 82/83 (1994) 569.

Nygren, M.A., Pettersson, L.G.M.: Chem. Phys. Lett. 230 (1994) 456.

Onishi, H., Aruga, T., Iwasawa, Y.: J. Catal. 146 (1994) 557.

Pacchioni, G., Ricart, J.M.,, Illas, F.: J. Am. Chem. Soc. 116 (1994) 10152.

Panella, V., Suzanne, J., Hoang, P.N.M., Girardet, C.: J. Phys. I (France) 4 (1994) 905.
Pettersson, L.G.M.: Theor. Chim. Acta 87 (1994) 293.

Pugh, S., Gillan, M.J.: Surf. Sci. 320 (1994) 331. ) :

Robhr, F., Wirth, K., Libuda, J., Cappus, D., Biumer, M., Freund, H.-J.: Surf. Sci. 315 (1994)
L977. K '

Scamehorn, C.A., Harrison, N.M., McCarthy, M.L: J. Chem. Phys. 101 (1994) 1547.

Szuber, J.: Phys. Status Solidi 185 (1994) KO. ;

Vesecky, S.M., Xu, X., Goodman, D.W.: J. Vac. Sci. Technol. A 12 (1994) 2114. .
Wijekoon, W.M.K.P., Koenig, E.-W., Hetherinton IIl, W.M., Salzman, W.R.: ‘Appl. Surf. Sci.
81 (1994) 347. ' _
Winkelmann, F., Wohlrab, S., Libuda, J., Baumer, M., Cappus, D., Menges, M., Al-Shamery,
K., Kuhlenbeck, H., Freund, H.-J.: Surf. Sci. 307-309 (1994) 1148. '
Zhang, Z., Henrich, V.E.: Surf. Sci. 321 (1994) 133.

Allouche, A., Cora, F., Girardet, C.: Chem. Phys. 201 (1995) 59.

Beauport, I., Al-Shamery, K.: SPIE - Int. Soc. Opt. Eng. 2547 (1995) 176.

Bender, M., Ehrlich, D., Yakovkin, LN., Rohr, F., Baumer, M., Kuhlenbeck, H., Freund, H.-
J.: J. Phys. Condens. Matter 7 (1995) 5289. _

Bredow, T., Jug, K.: Surf. Sci. 327 (1995) 398. A

Briquez, S., Lakhlifi, A., Picaud, S., Girardet, C.: Chem. Phys. 194 (1995) 65.

Cappus, D., HaBel, M., Neuhaus, E., Heber, M., Rohr, F., Freund, H.-J.: Surf. Sci. 337 (1995)
268. o . : . ~

Cappus, D., Klinkmann, J., Kuhlenbeck, H., Freund, H.-J.: Surf, Sci. 325 (1995) L421.
Casarin, M., Maccato, C., Tondello, E., Vittadini, A.: Surf, Sci. 343 (1995) 115.

Casarin, M., Tondello, E., Vittadini, A.: Inorg. Chim. Acta 235 (1995) 151.

Condon, N.G., Leibsle, F.M., Lennie, AR., Murray, P.W., Vaughan, D.J., Thomton, G.:
Phys. Rev. Lett. 75 (1995) 1961. .

Fahmi, A., Minot, C., Fourre, P., Nortier, P.: Surf. Sci. 343 (1995) 261.

Fairbrother, D.H., Briggman, K.A., Stair, P.C., Weitz, E.: J. Chem. Phys. 102 (1995) 7267.
Fang, J.-Y., Guo, H.: Chem. Phys. Lett. 235 (1995) 341. : :

Ferro, Y., Allouche, A., Cora, F., Pisani, C., Girardet, C.: Surf, Sci. 325 (1995) 139.

Gercher, V.A., Cox, D.F.: Surf. Sci. 322 (1995) 177. -

Gerlach, R., Glebov, A., Lange, G., Toennies, JP., Weiss, H.: Surf. Sci. 331-333 (1995)
1490. '

Goniakowski, J., Noguera, C.: Surf. Sci. 330 (1995) 337.

Hassel, M., Freund, H.-J.: Surf. Sci. 325 (1995) 163.

Haflel, M., Kuhlenbeck, H., Freund, H.-J., Shi, S., Freitag, A., Staemmler, V., Liitkehoff, S.,
Neumann, M.: Chem. Phys. Lett. 240 (1995) 205. .

Heidberg, J., Kandel, M., Meine, D., Wildt, U.: Surf. Sci. 331-333 (1995) 1467.

Heidberg, J., Redlich, B., Wetter, D.: Ber. Bunsenges. Phys. Chem. 99 (1995) 1333.
Hintenender, M., Rebentrost, F., Kosloff, R., Gerber, R.B.: Surf. Sci. 331-333 (1995) 1486.
Lakhlifi, A., Picaud, S., Girardet, C., Allouche, A.: Chem. Phys: 201 (1995) 73..

Langel, W., Parrinello, M.: J. Phys. Chem. 102 (1995) 3240.

Linsebigler, A., Lu, G., Yateés jr, J.T.: J. Chem. Phys. 103 (1995) 9438.

Martins, J.B.L., Longo, E., Andres, J., Taft, C.A.: J. Mol. Struct. 335 (1995) 167.

Mejias, J.A., Marquez, A.M., Sanz, J.F., Fernandez-Garcia, M., Ricart, J.M., Sousa, C., Illas,
F.: Surf. Sci. 327 (1995) 59. 4

Meiller, P.J., Komolov, S.A., Lazneva, E.F., Pedersen, E.H.: Surf. Sci. 323 (1995) 102.

Landolt-Bérnstein
New Series I11/42A5




Sttt

Exvmipe e

3.9 Adsorption on oxide surfaces 393

95Nakl
95Neyl
95Picl
95Piel

95Ranl-

~ 95Refl

958eil
95Setl
95Shul

958nil
95Stel
‘95Torl
95Wail
95Wall

95Wan1
95Xul
95Xu2
95Xu3
96AII1
96AIS1
96Ancl
96Ban1
96Ban2

96Beal
96Bea2
96Berl
96Bull
96Casl
96Corl

96Dill

96Eic1
96Fahl
96Ferl
96Fer2

96Fer3
96Frel

96Fre2
96Gaml1
96Girl
96Gonl
96Gool
96Gutl

96Hav1
96Heil

96Henl
96Hen2

Nakatsuji, H., Yoshimoto, M., Hada, M., Domen, K., Hirose, C.: Surf, Sci. 336 (1995) 232. -
Neyman, K.M., Ruzankin, S.P., Résch, N.: Chem. Phys. Lett. 246 (1995) 546.

Picaud, S., Briquez, S., Lakhlifi, A., Girardet, C.: J. Chem. Phys. 102 (1995) 7229.

Pierce, K.G., Barteau, M.A..: Surf. Sci. 326 (1995) L473.

Rantala, T.S., Golovanov, V., Lantto, V.: Sens. Actuators B 24-25 (1995) 532.

Refson, K., Wogelius, R.A., Fraser, D.G., Payne, M.C., Lee, M.H., Milman, V.: Phys. Rev. B
52 (1995) 10823. ,

Seideman, T., Guo, H.: J. Chem. Phys. 103 (1995) 2745.

Setzler, J.V., Huang, Z.-H., Guo, H.: J. Chem. Phys. 103 (1995) 4300.

Shultz, AN., Jang, W., Hethetington III, W.M., Baer, D.R., Wang, L.-Q., Engelhard, M.H.:
Surf, Sci. 339 (1995) 114. :

Snis, A., Panas, I.: J. Chem. Phys. 103 (1995) 7926.

Stefanovich, E.V., Truong, T.N.: J. Chiem. Phys. 102 (1995) 5071.

Torquemada, M.C., de Segovia, J.L., Roman, E.: Surf, Sci. 337 (1995) 31.

Wainhaus, S.B., Burroughs; J.A., Hanley, L.: Surf. Sci. 344 (1995) 122,

Walsh, J.F., Dhariwal, H.S., Gutierrez-Sosa, A., Lindsay, R., Thornton, G., Oldman, R.J.:
Nucl. Instrum. Methods Phys. Res. Sect. B 97 (1995) 392.

Wang, L.-Q., Baer, D.R., Engelhard, M.H., Shultz, A.N.: Surf, Sci. 344 (1995) 237.

Xu, C., Goodman, D.W.: J. Chem. Soc. Faraday Trans. 91 (1995) 3709.

Xu, C., Koel, BE.: J. Chem. Phys. 102 (1995) 8158.

Xu, X, L, X., Wang, N.Q., Zhang; Q.E.: Chem. Phys. Lett. 235 (1995) 541.

Allouche, A.: J. Phys. Chem. 100 (1996) 1820.

Al-Shamery, K.: Appl. Phys. A 63 (1996) 509.

Anchell, J.L., Hess, A.C.: I. Phys. Chem. 100 (1996) 18317.

Bandara, A., Kubota, J., Wada, A., Domen, K., Hirose, C.: Surf. Sci. 364 (1996) 1.580.
Bandara, A., Kubota, J., Wada, A., Domen, K., Hirose, C.: J. Phys. Chem. B 100 (1996)
14962,

Beauport, 1., Al-Shamery, K., Freund, H.-J.: Surf, Sci. 363 (1996) 252.

Beauport, 1., Al-Shamery, K., Freund, H.-J.: Chem. Phys. Lett. 256 (1996) 641.

Bertrams, T., Neddermeyer, H.: J. Vac: Sci. Technol: B 14 (1996) 1141, -

Bullock, E.L., Patthey, L., Steinemann, S.G.: Surf, Sci. 352-354 (1996) 504.

Casarin, M., Maccato, C., Tabacchi, G., Vittadini, A.: Surf. Sci. 352-354 (1996) 341.

Comell, R.M., Schwertmann, U.:. The iron oxides-structure, properties, reaction, occurrences
and uses, Weinheim: VCH Publishers, 1996.

Dillmann, B., Rohr, F., Seiferth, O., Klivenyi, G., Bender, M., Homann, K., Yakovkin, LN,
Ehrlich, D., Bdumer, M., Kuhlenbeck, H., Freund, H.-J.: Faraday Discuss. Chem. Soc. 105
(1996) 295. '

Eichhom, G., Richter, M., Al-Shamery, K., Zacharias, H.; Surf, Sci. 368 (1996) 67.

Fahmi, A., Ahdjoudj, J., Minot, C.: Surf, Sci. 352-354 (1996) 529.

Fernandez-Garcia, M., Conésa, J.C., Illas, F.: Surf, Sci. 349 (1996) 207.

Ferty, D., Glebov, A., Senz, V., Suzanne, J., Toennies, J.P., Weiss, H.: J. Chem. Phys. 105
(1996) 1697. S ‘

Ferry, D., Suzanne, J.: Surf.'Sci. 345 (1996) L19.

Freund, H.-J., Dillmann, B., Seiferth, O., Klivenyi, G., Bender, M., Ehrlich, D., Hemmerich,
L, Cappus, D.: Catal. Today 32 (1996) 1.

Freund, H.-J., Kuhlenbeck, H., Staemmler, V. Rep. Prog. Phys. 59 (1996) 283.

Gamble, L., Jung, L.S., Campbell, C.T.: Surf, Sci. 348 (1996) 1.

Girardet, C., Hoang, P.N.M., Picaud, S.: Phys. Rev. B 53 (1996) 16615.

Goniakowski, J., Gillan, M.1.: Surf, Sci. 350 (1996) 145.

Goodman, D.W.: J. Vac. Sci. Technol. A 14 (1996) 1526.

Gutierrez-Sosa, A., Crook, S., Hagq, S., Lindsay, R., Ludviksson, A., Parker, S., Campbell,
C.T., Thornton, G.: Faraday Discuss. Chem. Soc. 105 (1996) 355.

Havighorst, M., Prager, M., Coddens, G.: Chem. Phys. Lett. 259 (1996) 1.

Heidberg, J., Redlich, B.: Surf. Sci. 368 (1996) 140.

Henderson, M.A..: Langmuir 12 (1 996) 5093.

Henderson, M.A.: Surf. Sci. 355 (1996) 151.

Landolt-Barnstein
N_ew Scries I11/42A5



SYTH/III 593§ MIN
urssuIgg-1jopus g

"€5 (L66T) 087 HoT SAYJ WY 'Y “THIPENIA D ‘0Je00BIN “IN ‘ULIese)

: '1Z (L661) €LE 10§ Fmg "D Tworyooed “J, ‘Moparg

‘19€ (L66T) T0T € Wy 'sAyg [ :*D ‘0soXH Y ‘Wowo( “V BpeM “[ ‘@oqny “V ‘erepueqg
‘1€ (L661) L8E 10§ 3§

" ‘ouey “D ‘asomyy “Y ‘momo( “V ‘epem N ‘@puQ “f ‘@oqny “§ Tgseqo(q “V ‘erepueq
5Ly (L661) 697 1T ‘sAY “TaYD "H'T “ISHIH “V'N Ty “g'S ‘Smarpuy

*66€1 (9661) I V TOUYISL, ‘10§ "0BA °f *M"d UewmpooD “S'M GO0 “O ‘0¥

"162 (9661) 8T Aepo], Tere) "M"( ‘TewpooDd “D ‘Y

'68 (9661) 7€ A=pOL, TereD N “OMIM

"¢€T (9661) L9E 108 JMS ' ‘WD “V I ‘PIsuemAzg

"66SLT (9661) 00T TIYD 'sAYd 'f "M ' ‘Tewpoon “Q ‘ond “D'S 1eeng

6671

(9661) SOT "SAYd 'woy) [ -'@'d ‘Aey “vy"S 9okor “gY “prug “D ‘Fueny] “[‘W ‘TeWLLS

, "0vZ (9661)

SOT “sAqq woyD °f r@'d Ay <D ‘Sweny “S WU “D'd ‘Wepousqe( Y ‘Apeadg
: ‘L€€ (9661) LYE 108 30§ 'S'd

‘sndeqg “W'D"T ‘wossinad “f-"H ‘punerd “f ‘UURI{UIT “q ‘sndde) “JN NooqUITUQUOS
71811 (9661) ¥S € "AY "SAUJ "V d ‘goH “IW'D “UeLIN “IN ‘esne)) “d JprequIoy

. ‘615 (9661) 99€ '10S S 'Y

‘zongupoy ‘Y ‘eAouese) “D TOWOYL, < T'd ‘NOOWM “YD TAMN “d'S ‘9ueH “H ‘ezey
: ‘79841 (9661) 00F WY "SAYJ °[ :'{] OHOD “I'[ ‘SYOA “S'H ‘emnd
"T171(9661) 0S€ 108 JmnS :'d-'( ‘quiono) “[ ‘outrezng “A ‘e[[oUed

86 (9661) SST BT SAYJ "woy) :*H ‘OfSwELD “W'V ‘WeLd] “O ‘TUomooed

"6ST (9661) 0SE 198 Jang :'S'd ‘sndeq “W'V ‘Wend “D TOmoed

7856 (9661) 00T WY 'SAYJ [.:" A ‘emesem] “T-3 ‘mojng “ X ‘mondeurex “H ‘TYSWO

‘16L (9661) 9L 1T "AY 'SAYJ =" X ‘emesem] “H ‘TSHO

"¢LL (9661) 8SE-LSE ‘108 ‘FnS X ‘emesem] “H ‘TYSHO

"$67 (9661) 00T "W3YD 'sAyqd

' TV MO “H'A KBD “A “epumusels “y Swrenl “D7T ‘Tossiped VN UAIBAN
- : "6£€6 (9661) SOT "SAUd "WayD [ 'N'D"T ‘WOssINJ V' ‘WIBAN
“$181 (9661) 00T "WAYD ‘SAUJ *f D] ‘TossInad V' ‘WIBAN

‘$506 (9661)

00T W) ‘SAUJ T TV ‘THOU “H'A ‘AeD “IW'D"T ‘Tossiondd “y N ‘WeIBAN “W BIoqAN
‘€5LL (9661) SOY "sAud wey) °f :°[d ‘waIoQ “ X ‘eunfeyeN

€87 (9661) 9F€ ‘108 JINS :*d-'f ‘Wenaglg “V'IN ‘9A0H UBA “D JOUIN

‘68691

(9661) 00T oY ‘SAYJ °[ @'f ‘SE[OYOIN V"D “WOYamIeds “X['D ‘101usyos “TIW “AqEDIN
647 (9661) £9€ 1oM1S O °f VD Yel “[ ‘serpuy “f ‘03u0T “T g [ ‘SUBITEN

‘¢67 (9661) 8SE-LSE ‘10§ NG :°d ‘Wouuay “V ‘assey)) “H ‘¥oAouoppaN Y ‘O1reN

‘6%9 (966T) S9€ 198 "Fng D youry “I ‘fprofpqy “V ‘SHAONTEN

"1£99 (9661) 00T WoYD "SAGJ °f "L “If sareX “D N “V “1[31qasT ]

"0bT

(9661) 197 o1 *sAug WeyD " “TeMD “I[ “OPUS[OH “JA'N ‘WOSHIEH “('f "d ‘UEPWT
'L (9661) 6§T BT "SAYd WD "M [BUET

“ILYT (966T) SOT "SK4q "Twoq) [ D IpTentD Y WHPFT

‘19¢ (9661) 89€ 10§ 'JMS "D ‘eSOIH “Y ‘WomWO( “V ‘BPEM “V ‘erepued “[ ‘T0qNy

-0£00T (9661) POT “SAYd WOy *f :"A “Jorwrmoryg “f ‘Bepary “[-'H ‘Punei] “1, Iunry

6ST (9661) LL TOUST Je[oy 2s070adS WOROIH “f " A, “IO[IIMIEIS “ L] “ UL

‘.I_.H ‘p’[IﬂQ.I_»_I[ ‘.‘I, ‘IOMIO(I ‘.V ‘ngues t.l ‘OSS}'}I ‘.X ‘MOH G.CI (sndd.eo ‘.f ‘UU'GUIS[TI‘_[DI
6875 (9661) SO "SAYJ WY °f D ‘1ompneD Y Bnf

o ' "08¥ (9661)

pSE-7SE 19S HMS I'D ‘WOWOYL, “T'd “ROOUIM “f'd ‘TewpreH “'V ‘W “O'S ‘WM
‘6 (9661) 8¥E ‘98 'JMS YA ‘Tedped “S°A “IpreasnT “H ‘SSHp]

681 (9661) 9¥€ 108 TS IH ‘AM “D'd “TEIS “['S “WeIED “d'A WqI0H

: 197 (9661) 09€ 1S FInS *D 19prenD “§ ‘Ppneotd “N'N'd ‘BueoH

‘LYETT (9661) SOT "SAUd WAYD “f "€ “19qI8D Y POISOY “ ISONUIN “IN ISPUSUSIULE

sooryIms aprxo uo uondiospy 6°¢

Is8DL6
121dL6
cuedL6

TR L6
TPUVL6
70X96
1nX96
IMO96
142896
11896

11896
12dS96

199596
119996

128996
[ndo6
Taed96
28496
19ed96
EMO9%6
(410
11096

£34AN96
73AN96
184N96

194N96
17eN96
TUIN96

TOPNG6
£ 96
CTeN96
1TEN96

o6

Turg96
TueI96
17®7196
19396
InI96

1173196
130496

14196

13pI96
TI9H96
TBOH96
[WHO6

1413



SYZP/IIL 591198 MON
upRsureg-3[opusy

16271 (L66T) TLE "1OS ‘NS :°Y ‘Zulol

7 ‘sowme “S WM “A ‘P[UWRES “V [ ‘SefoN “f-'H ‘punelg “W ‘rowmpg “J ‘Xoy
"16€ (L661) 68€ 108 ‘S " ‘ZuloH

] ‘rowrmel] S T[N “A “Io[uuwerng “yf ‘seilo]y “[-"H ‘Punsi] “N ‘wumeg “Jg 1oy
‘ob16 (L661) LOT "sAYd "may) [ =YD “af eoIguap

“H “I9[S19D “S'd ‘Heqqoy “N) “PIOgRI( “f Y UeA “I ‘wyny “'S “rpoamiey) “V'[ ‘zondupoy
1Y

(L661) 06€ IS FmS "V zon3upoy ‘Y ‘eaouese) “H ‘ummou “Td ‘Boomip “H ‘ezey
"€ (L661) 6 21BN ‘suapuo)) 'sAqq ‘[ -'H ‘euing “D ‘susppo) “W Is10ySiaey “W ‘1o8eig
"0L1 (L661) YE€T € BoIsAY{ 'H “Tounng “D ‘Susppo) “W Is104SiaeH “I 393e1g

"Ly91 (L661) STV Touyd],

8 0BA [ UA’d ‘Olsompey “SY ANV ‘WA ‘SUgMN ‘W' ‘Aspuny “H'S ‘AmqioaQ
€11 (L661) 08 1OS NS 'Y ‘Mofre) D ‘preyory “H'A ‘AeD “V'W ‘BI8AN

"GET (L66I) 901 "00S

tusq:) SSIIOSIC[ A'epme_q ‘W Im[[l{) ‘NW'N KIOSUIBH ‘S sa;’eg T J,eosnw C[ 'd lmpm"I
"901 (L661) Y8E 198 JnS : f-H‘P‘mOI:I ‘N

‘wossualre]y N ‘Foumgq “y'd ‘Io[imynig “S ‘UossIopuy “y Topues “W uel “f ‘epnqry
"TLE - OVE ‘L661

‘IOTADS]H “tHEpIolSUTY ‘(*spo) ‘4’ ‘Lrupoop v ' ‘Sury “seoerms prjos Jo sorsAyd Jeoruayo
oL ‘| TOA ‘siofe] ferxends urgienin Jo sontodord pue moln) Ul ‘sojensqns OIffelow
U0 SWIJIJ SPIXO UIjenIn Jo ssp,xstJd oTIONO9[9 PuR SXonng °f-"H ‘punarg “H “osquapynyy
"6ST (L66T) 61T V 'TeseD TOIN [ ='A “Io[wwiael§ “[ ‘Seyrarg “[-'H ‘punalg “1, ‘younyy

“TvT (L661) 971 mosay "uSe ‘[

rf-"H ‘puneig “H ‘wuewel “1, ‘Jounyy “ Jopusyoaq “H ‘ZuaIYos “I 9sSry “I' ‘Ienely]
"€LE (L66T) PLE 10§ FmS [ WeID “N"T Yoraozo5ues]

'L€9 (L66T) THZ-6£T WO 108 "IN [ ‘Te[[LD) “N T YoraoIojue|

"691 (L661) 9LE 10§ FnG "W TR[ID “ N YoIaozoyuesy

€11 (L66T) 61T V 'Te18D O [ "D ‘Iompnap 3 ‘3nf

‘172 (L661) 10T & 'wsqa "SAY4 [ V' ‘TOSISpUSH

‘1€

(L66T) TOT "WYD sAYq 7 *[-'H ‘Punel] “g ‘TUBwi “O “THIFISS “J Moy “T qouamwsH
"6€ (L661) STT 10§ Jm§ '1ddy :'["d ‘J[IgIN D ‘ond

“T (L661) €6€ ‘198 FmS "I'H ‘Swemm “I ‘s¥00D “O ‘onH

Y62 (L66T) 90T SAYJ WY °f "IN'H ‘SWelIM “T ‘S3jooD “O ‘ond

"L¥8L (L661) 90T "SAYd "woy) [ D°( “1Aue[od ¢ Aq‘p&eH TS ‘paLren

:$T€ (L661) SLE 'S FIng D epIend “W'N'd ‘SueoH [ ‘oumezng “( ‘41194

"LETY (L661)

8L N9 "A9Y SAUJ VA 9A0H UBA “J-f ‘menoqrg “f ‘slmvms NN ‘Sueoy “q ‘Ausg
‘$€9 (L661)

6LE-LLE ‘OS JInG IH ‘SSIOM “d[ ‘SOMA0], “[ ‘oumezng “A ‘Zuog “V ‘A0qQe[D “ ‘AuIag
‘9907 (L661) LOT 'SAYd "wWeyD f "D ‘TuoIjaoed “W'V ‘LIelag

‘18 (L661) 611V TereD “[ON [ A ‘Se[il “D'[ ‘eseuo)) “I ‘BloIeD-Z3puenioq

"T€EL

(L661) 901 "woyD SAUd °f T M “oseH “d'M “Ieprouydg “D7 sseH ‘g ‘o) smms op
‘61 (L661) T8E '10S 'JmS "D ‘mojwIoy], “H ‘Temireyq “S Yoor)

*£59T1 (L661) 61 01maTL) OAODN] :( ‘S[[Idns “A “Je1sno)

'$885T (L661) SS € A9Y

'sAqd D ‘wojmioy] “f( ‘weysneA “9'V ‘9“1“9’1 “1 ‘Ijred “W'd “o[sqe] “O'N ‘wopuo)
"6€1

(L661) 6LE-LLE 198 ‘Fng :"T[ ‘e1a039g ap H‘uvmou NH ‘swennm “0 ‘ond “q’1 ‘S¥90D
"09801 (L661) TOT & w2y "sA¥q °f [ JoqIH ¢ VI ‘zon3upoy “S TpaAImE)

‘18 (L66I) L9T #T "sAYq won) S “Ad[ped Y ‘Stad “'H'D ‘Wepad ¢ ‘[ ‘STRION “J
‘ezunzux “g 9q01 “Z ‘BuEM “S'D TEUUSH “['A ‘WY “S “WeSeqNAANL “V'S ‘sIequIey)
‘6,011 (L661) L8E 'TOS 'JNS 'Y ‘TUIPENIA “W ‘TLIese)

18 (L661) 6LE-LLE 108 JINS 'V “TWPEHIA D ‘0yeo%BN “N ‘TLIESED

THOUL6
T90UL6
TPOYL6
1204L6
TeidL6
Te3dL6

19A0L6
184NL6

TWIL6
19vI1L6

1SSPL6
101DL6
ImoDL6

Tu0DL6

190DL6
CBUDLG

Te4DL6
£SEDL6
TSeDL6

S6€ sooeyIns oprxo uo uondiospy 6'¢




SYZP/IIL 891395 MaN
UISSUIQg-3[opus T

i 'C9T

(8661) 787 (WoLBurgse ;) 20uIOS A “HOAIPTY “V ‘rmommy) “q'm “IopIouyog “OY ‘ssel
966 (8661) 91 V "TOUYO3L, "I9S "9BA™'[ *p\"(T “WewIpoog) A ‘raydwey] “p ‘ary “r “iosunn
"€0€ (8661) STp ‘19§ Mg *M" “Tewpoon “A “roydway] “0) ‘nry “r ‘1935UND

: L9 (8661) 0ET "SAYJ "WAYD AN ‘Sweoyy “f poquungy “D 9eprenn
"TE6TT (8661) LS € ASY "SAyq :'§ ‘Pneslq v “Iorumrepy “I'N'd ‘Sueoy “) 9oprenp

"1LT1 (8661) I8 11T "A%Y 'sAYq [ ‘oummezng [ “DISMONEIIOD) ] ‘ouepiorn

'9ESY (8661) TOT & ™o)D "sAqq °r 1) ‘froqdwe) “ vy ‘WOSIOPUSY] T ‘Ojquren

"101 (8661) 60¥ 10S JIng

¥f ‘outrezng “g ‘werpIua(y ] ‘0EpIOD) “O) GeprenD “W'N'd ‘Sueory “S ‘pnedlq “( ‘Aurog
"€€€ (8661) EXP/TIY TOS TS ' ‘PIOGEIT “V'IN ‘UosISpuOY “q'H'D ‘Wopad “S'm Sundy
"800, (8661) ZOT

g 'wor) ‘sAqq [ 'S ‘98100 “VN ‘Meqlo], “VIN ‘mozewme) ¢ WOS[ON “M[ “wepy
"LIE (866T) 68T 19T SAYJ "woy) 'Y ‘SeLreyory Y AIOWEYS-TY “IN ‘Toyony “O ‘wroqyorg
'69% (8661) 8 WOYD "IN °[ "K' ‘SSUOL “DY Y[opSH

: "LET (866T) T1p 108 ‘Hng g “e8rep “\
"PIUIYOS A “HNSUSGSH “D ‘ISPTeuce “Jy ‘wyny I ‘pnomgepy “f ‘wewyaY “n) ‘proger(y
'S0 (8661) 18 1o "A0y 'SAYq Ay oSG 1 “Ploger

Yri1 (8661) #1 MnwSueT g ‘reyg “yY ‘Suayorq

"TO6ET (8661) 8S € A%y "sAYJ :"D'S “Ioxred “H'N ‘M7 Op

'SST (8661) 067 1T "sAYq woy) 3N ‘Sueyzd) we “y ‘g ‘woy)

"I8€(8661) § 1T "A%Y JIS 'S “WESTHMASY, “[" X ‘WIY “V'IN “WOSISPUIY “V'S ‘SIoqueq))
"SYLOT (866T) TOT & "WoyD "SAYJ 'f 'Y THIPENIA D) “0Je00BIy “JN ‘mLresey

"T8YS (8661) LE WY "S10U] : "y THIPEPIA D) ‘0Je00B]N “J\ Uireser)

"9 (8661) S6€ 10§ FInG Y[ ‘wosMUOQ “g"1, ‘sumg

" 10071 (8661) ST# 108 Jng L JoSug “q ‘Aopfung

: "262 (8661) S6€ 198 ‘Jmg

7V Ieyosmgonzg ©y ‘IaJenog “p “omuen “q Tered “1, ‘o8ug “W QA q ‘Aopuug .

'965L (8661) TOT € "Wy "SAYJ [ 'V THIPEBIA “D) ‘0}e00Ely “F- 1 ‘urrese,) “d “Aspjaug

: ) 28 (8661) 10¥ ‘19§ Jmg =], ‘Moparg

'9€€ (8661) 60 198 JING "W ‘TR D) ‘ossary “g'S ‘soreq

"L10T (8661) TOY € "Wy 'sAYq '[ "D ‘@ssary “[' WeqD “d'S ‘sereq

"LSL (8661) $0p-T0¥% S JINS 1"V ‘epons “D ‘pneusy “y Iiqreg

"IT1 (8661) 20X

€ "Wy 'sAuq ' ' H'D “Uepad “S'D WewnsH “(I'd ‘BJURNARY “VJ WOSIOPUSY “Iy ‘urely
. "YO1 (8661) ¥0b-T0V 19 JIm§ :*D Jouny “f ‘fpnofpyy

"9z€ (L661) T8€ 108 JmS 7 I3IY0S “M ‘sstopm “( ‘Todioyosy

"YELY

(L66T) 90T "sA4d "ot °f D ‘@S0 Y “USWO( “V ‘BPeAy “N ‘©qEURIEM “K ‘ojommemre
"TYE (L661) S9T 1oT "SAGJ oY) " M"( “TBWPOOD D) Ny

€15 (L661) LLT o1

"sAqd "weyD [~'H ‘PUna1 “I “IPwmpg “H “[ooqua[qny] [ ‘epnqr “O ‘GIONsg ‘Y T0M
"LIT

(L66T) S8E 10§ Jng “M'[ ‘Ao[eH “d'g ‘Aey “Y'V ‘Kwpog ‘Y[ ‘peismy “H UPULISSEA
"TS€

(L66T) 08€ 198 ‘g “H'IN - ‘PreqroSug ' ovg “N'V “ZInys 4~y ‘SLos “O-"1 ‘Buem
"08L (L661) 6LE-LLE 1S JINS " -" M “ToPISUGS “N) ‘ZISH “J “IIOwEA

"8€ (L661) 6LE-LLE 1O JIng :'H “IomeT “( prequadeq “d'f ‘QmOMOp “J IS[oqeil,

"86€0T (L661) T0T & "WoY) "sAYJ °( "y Bnf “D “IOWPNLD “Y°A ‘AOIUIORALL

"68C (L661) 8 WnoeA "D “NIdwoz) “[ ‘Toqnzs

"0v1 (L661) 06€ 1S JIg 1y ‘Zo[ezuoD “[ “eIs[0)) “T ‘B1A0TaS op “ ‘BLIOG

‘1 (L661) T6€

Tog Jms “HW ‘preqresug “O-"1 ‘Suem “W'd ‘Weg “W'A ‘T U0ISULOWSH “N'V ‘ZInys
"€8T (L661) 8T V 'TE1ED O 'f 'H SOy, ] ‘orequren) “*y ‘wen [ ‘qroqures

"L6S

(L661) 8% WnoEA ] TeUffel “D eMm0) “V'[ ‘0Fen-UnIEN “T[ ‘B1A080S op “f ‘Wemoy

ISBH86
cmnge
TunHge6

D86

I1D86

I01D86
TureHg6

139486
119986

181986
191986
1P3486

3186
191a86
19186
I'19P86
1°4D86
129086
758086
158D86
110g86
tUEg86

Tugse
1186
121986
aedse
1redg6
11eg86

I2TV86
IPUIV86
195ZL6

1wex /6
InX26

1TOM L6
ISeM /L6

[TBM L6
TUBA L6
TerLL6
IRLL6
InzsL6
1108.L6

TMqSL6
[weg/6

TWoYL6

sooryms oprxo uo uondIospy '

96¢



3.9 Adsorption on oxide surfaces 397

98Hayl
98Henl
98Hen2
98Hen3
98Herl

98Hsil
98Twal
98Joh1
98Jonl
98Jon2
98Kiml
98Kt
98Kit2
98Klul
98Kl1u2
98Larl
98Lazl
98Linl
98Liul

98Liu2
98Liu3
98Liu4
98Liu5
98Marl

98Matl
98Nell

98Nisl
980vil
980vi2
98Poul
98Pral

98Ranl
98Razl

98Reil
98Ritl
98Sell
98Slol
988Snil
98Sni2
98Soel
98Sorl
98Thel

98Thil
98Thol
98Toll
98Vanl
98Van2
98Vitl
98Vogl

Hayden, B.E., King, A., Newton, M.A..: Surf. Sci. 397 (1998) 306.

Henderson, M.A.: Surf. Sci. 400 (1998) 203.

Henderson, M.A., Joyce, S.A., Rustad, J.A.: Surf. Sci. 417 (1998) 66.

Henderson, M.A., Otero-Tapia, S., Castro, M.E.: Surf. Sci. 412/413 (1998) 252.

Hermansson, K., Baudin, M., Ensing, B., Alfredsson, M., Wojcik, M.: J. Chem. Phys. 109
(1998) 7515. '

Hsiao, G.S., Erley, W., Ibach, H.: Surf. Sci. 405 (1998) L465.

Iwasawa, Y.: Surf. Sci. 402-404 (1998) 8,

Johnson, M.A., Stefanovich, E.V., Truong, T.N.: J. Phys. Chem. B 102 (1998) 6391.

Jones, P.M., May, J.A.,, Reitz, J.B., Solomon, E.L: J. Am. Chem. Soc. 120 (1998) 1506.
Jones, P.M., May, J.A., Solomon, E.I: Inorg. Chim. Acta 275-276 (1998) 327.

Kim, S.H., Stair, P., E.-Weitz: J. Chem. Phys. 108 (1998) 5080.

Kitakatsu, N., Maurice, V., Hinnen, C., Marcus, P.: Surf. Sci. 407 (1998) 36.

Kitakatsu, N., Maurice, V., Marcus, P.: Surf. Sci. 411 (1998) 215.

Kliiner, T., Freund, H.-J., Staemmler, V., Kosloff, R.: Phys. Rev. Lett. 80 (1998) 5208.
Kliiner, T., Thiel, S., Freund, H.-J., Staemmler, V.: Chem. Phys. Lett. 294 (1998) 413.
Larese, J.Z.: Physica B 248 (1998) 297. :

Lazneva, E.F., Komolov, S.A., Maller, P.J.: Phys. Low-Dim. Struct 7/8 (1998) 147.

Lindan, P.J.D.; Harrison, N.M.: Phys. Rev. Lett. 80 (1998) 762.

Liu, P., Kendelewicz, T., Brown jr., G.E., Nelson, E.J;, Chambers, S.A.: Surf, Sci. 417 (1998)
53, . . :

Liu, P., Kendelewicz, T., Brown jr., G.E., Parks, G.A.: Surf. Sci. 412/413 (1998) 287.

Liu, P., Kendelewicz, T., Brown jr., G.E., Parks, G.A., Pianetta, P.: Surf. Sci. 416 (1998) 326.
Liu, P., Kendelewicz, T., Gordon jr, G.E.: Surf. Sci. 412/413 (1998) 315.

Liu, P., Kendelewicz, T., Nelson, E.J., Brown jr., G.E.: Surf. Sci. 415 (1998) 156.

Marmier, A., Hoang, P.N.M., Picaud, S., Girardet, C., Lynden-Bell, RM.: J. Chem. Phys.
109 (1998) 3245. )

Matsumoto, T., Bandara, A., Kubota, J., Hirose, C., Domen, K.: J. Phys. Chem. B 102 (1998)
2979. ,

Nelson, C.E., Elam, J.W., Cameron, M.A., Tolbert, M.A., George, S.M.: Surf. Sci. 416
(1998) 341. .

Nishimura, S.Y., Gibbons, R.F., Tro, N.J.: J. Phys. Chem. B 102 (1998) 6831.

Oviedo, J., Calzado, C.J., Sanz, J.F.: J. Chem. Phys 108 (1998) 4219.

Oviedo, ., Sanz, J.F.: Surf. Sci. 397 (1998) 23.

Pouthier, V., Ramseyer, C., Girardet, C.: J. Chem. Phys. 108 (1998) 6502.

Prager, M., Havighorst, M., Biittner, H., Langel, W.: Physica B 241-253 (1998) 262.

Ranke, W., Weiss, W.: Surf. Sci. 414 (1998) 236.

Raza, H., Wincott, P.L., Thornton, G., Casanova, R., Rodriguez, A.: Surf. Sci. 402-404
(1998) 710.

Reissner, R., Radke, U., Schulze, M., Umbach, E.: Surf, Sci. 402-404 (1998) 71.

Rittner, F., Fink, R., Boddenberg, B., Staemmler, V.: Phys. Rev. B 57 (1998) 4160.

Selloni, A., Vittadini, A., Gritzel, M.: Surf. Sci. 402-404 (1998) 219.

Sloan, D., Sun, Y.-M., White, J.M.: J. Phys. Chem. B 102 (1998) 6825.

Snis, A., Miettinen, H.: J. Phys. Chem. B 102 (1998) 2555.

Snis, A., Panas, I.: Surf. Sci. 412/413 (1998) 477.

Soetens, J.C., Millot, C., Hoang, P.N.M., Girardet, C.: Surf. Sci, 419 (1998) 48.

Sorescu, D.C., Yates jr, J.T.: J. Phys. Chem. B 102 (1998) 4556.

Thevuthasan, S., Herman, G.S., Kim, Y.J., Chambers, S.A., Peden, CH.F., Wang, Z.,
Ynzunza, R.X., Tober, E.D., Morais, J., Fadley, C.S.: Surf. Sci. 401 (1998) 261.

Thiel, S., Kliiner, T., Wilde, M., Al-Shamery, K., Freund, H.-J.: Chem. Phys. 228 (1998) 18s5.
Thornton, G., Crook, S., Chang, Z.: Surf. Sci. 415 (1998) 122. :
Toledano, D.S., Dufresne, E.R., Henrich, V.E.: J. Vac. Sci. Technol. A 16 (1998) 1050.

Van Hove, M.A., Somorjai, G.A.: J. Mol. Catal. A 131 (1998) 243,

Vanolli, F., Heiz, U., Schneider, W.-D.: Surf. Sci. 414 (1998) 261.

" Vittadini, A., Selloni, A., Rotzinger, F.P., Gritzel, M.: Phys. Rev. Lett. 81 (1998) 2954.

Vogtenhuber, D., Podlouck'y, R., Redinger, J.: Surf. Sci. 402-404 (1998) 798.

L‘a;ndolt-Bdmstein
New Series ITI/42A5



SVIP/III $91198 maN
uresuIgg-3jopusT

: '0v€ (6661) 88T Te1eD °f “H'S ‘AMGIOAQ “I'Q SUMA  [[UNG6
8512 (6661) SY ImwBue] ;- ‘WaWO( ) @SOIH “N'[ ‘OPuOY “f “ejoquy[ 1. ‘ojoumnsiely  [IBIN66
"L595 (6661) €01 & "WwoyD "shyq °f ') ‘Bueyy “N Swep “X NX “X N 707I66
"ELEE (6661) €0T d "wogD shyq °( =) ‘Bueyz “N Swep “X nY “X ‘n] 166
' , : "TET (6661) 6EP 108 Jang
“LD ‘feqdure) g “Idjred “y ‘WosSYIAPI] D “GojWIOy], “V ‘@soS-zausnny “y ‘Kespury o166
| ‘10¥1 (6661) ST¥ "1OS
S IdQ JIpooy, “W'V ‘megsperg “Q Feyos “y ‘Sroqio] g JougSumeg “y ‘Aespwr]  [uryes
VLT (6661) SEP-EEY ‘108 JING =M ‘SSIOM “M “OYuey D ‘sryny “X ‘qdoso;  zsore6
"S61 (6661) PTE NT 'SAUJ WAGD) "M ‘SSIOM “TA “TOURI “ M ‘oYuey O sy “X ‘qdosof  [soreA
"T6€¢€ (6661) €01 Ty
SAYd [ TM'Q “TRWPOOD “f WISUND “N'L ‘SUONIL “A°H YOIAOUEJSlS VI ‘WOSIGOr  ZHOL66
_ "LYT8 (6661) 6S € "ASY 'sAqd "7’ ‘asare] “g'd ‘UOSUYOf  [YOr66
"S%C (6661) 6686 OUSY{ “Je[oy "os01j00dS UOROSY [ :'f-'H ‘PUNSI] “I “Yooquajmy ¢V
“1eMIYsI0D “W Jous[g “g “ddo[, “v ‘NIeqeney) “y OMIZNIQ ‘I OPIM I UIBWISH  gIEEG
: ‘tep (6661)
€01-TOT "WouaYq “Je[oy 950100dS WONOR [ V'S ‘90kof “g'H ‘[PIUEQON “S'D CPWISY  ZI9E66
"€66€ (6661) ST IMuBueT ', TH'D ‘WIPad “V'S ‘SIoqurey)) [ & “WrY “§'D ‘TeuLol 119H66
"€1€
(6661) ¥I1 "00§ "Wty ‘ssnosi(] Aepereg g ‘Onse) “§ ‘eide-010}Q “VJN ‘UOSISPUSH  ZUSHE6
: , "87€S (6661) €01
€ "woy) "sAqq °f ) PIOGRIA “A'H'D “WOpad “TD ‘SUpHed “S'M ‘Sundg “V'IN ‘TOSIOPUSH  [USE66
"€0T (6661) €0T € "WoyD ‘sAYJ °f 'V ‘WOIMIN “V ‘Bury “g'g ‘WopAeH [APH66
: 22 (6661) SEH-EEY 108 MG IW'H ‘SWenIpm “O ‘onp  zonDge
"61 (6661) €2k "I9S JInS ['d ‘WO “H'd ‘WRIGIN “D ‘onD  [onDge
"86ST (6661) 01T SAUd oY) °f M °( ‘TEWPOOD “f ‘ZPMS “D ‘NI “[ IISTRD  [UNDEE
65T (6661) 0T ‘108 Jmg ddy & ‘emesem] “H WSO “T-Y oM 1366
"6€Z (6661) LEY ‘10§ Jg [V ‘ou0)S “Q ISA¥Sug  [Sugee
'98€ (6661) TTT 'SAuq "oy °f ' ‘SeHeyoez “Y ‘AISWeYS Ty “IN ‘ISWoRg “O ‘WOYYOlT  [O1H66
"LYTT (6661) 9 T a0y Jng gD ‘If umorg X ‘ouire]) “J ‘Zomme[opusy “SD) ‘Slkoq  1£0CI66
"6¥€ (6661) 8TH-LTY
S FmS D ‘9soMy “S°S ‘OuBy “y ‘Bpep “ BPUQ “[ ‘©)oqny “V ‘erepueq Y ‘WOWOQ [WOE6
L8291 (6661) 09 € A% 'sAud g’ ‘dnuquoN “¥ eoned 1 (4166
'6LS (6661) 0 Aepol ‘TeyeD g “If wesq “g-q ‘Ios1oy “H ‘Susq)  19YD66
961 (6661) THT 108 Jng '[ddy :"y TOPEnIA “O ‘O1RO0BIN “I “ULIESED  HSEDE6
261 (6661) THI 10§ Jmg ‘1ddy "y ‘TmpentA ) ‘0jesory “IN ‘TESE)  £5B)66
"€0% (6661) 00€ BT "SAYJ oY) Y “TUIPENIA “)) “OBO0BIN “J “ULIESED  75BDG6
V91 (6661) THI ‘10§ Jaug [ddy 'V “TOIpenIA “N ‘03eSIA <D ‘OfeoorIy “I ‘ULESE)  [SBDG6
"LETT (6661) 9 19T “ASY Jmg 7D If umolg L, ‘Zoms[opuay S ‘9fhoq “X ‘BLIe)  [1mDEGE
"€1T (6661) 0€Y ‘108 JmMS 'Y ‘menag [ ‘saIpuy “ ‘PnieIee)  I1BDG66
"LL (6661) 66 A% "W “['[ ‘ereyoeZ “ TN ‘ASUOf,
“V'd TsuafIaag “H'Y ‘woseaN “I'W ‘AqeDo “D ‘ToIeN “W TZIBID “M ( ‘Tempoon
“v ‘Aupag “D ‘woiseId8E “T@ WD “H'M Aese) “T'A ‘Goumey “H'D “if umorg [oige6
"LET (6661) 0EY 108 Jmg "D ‘TUONosed “IN'VY ‘Zonbrey “I ‘moperg  [21g66
' "688¢ (6661)
€0T g "woy) 'sAYq [ DY ‘SSEH “d'M IOPISUYIS “T'M OseH “IN'G’S ‘oisog “Y ‘uoyod  I10€66
' "1€€ (6661) 8TH-LTH
‘10§ ‘Jang D ‘esony “3 ‘wemo( “§'S ‘ouvy “y ‘epem Y ‘@puQ ‘[ ‘eloqny “V ‘erepueg [wege6
‘7S (6661) 0S AEpo, "TereD D I0ULA “V ‘sHaorelq “r ‘lprofpyy  1pYves6
"LTST(6661) 0EY 108 yng i [ ‘o[dng “q ‘noLGY  11qVe66
"9056 (8661) 80T "SAUJ "Wy °f Y “[30[Y0S “M ‘SSTOM “M ‘ouey (] ‘TedIoyosZ , 195786
‘06011 (8661) 9T¥
10§ g D ‘esony “Y ‘wowrod “v ‘epem “I ‘BpuQ “f ‘‘wjoqny “I ‘Bpoms “I ‘emeznk [zZnxge
"95T (8661) LOY "OS Jng 1°D ‘Troqdure) “[ ‘eIeymysox S0X86
761 (8661) TLTE Bud 1dQ 008 10 - HIJS :'[-'H ‘Punax Y ‘AIswreyS-1y “I ‘OPIIM  IIM86
. "STT (8661) TS BT TereD Y [30[YoS “( ‘[odIoYoSZ “ M ‘SSIOM  [19M86
soorgIns opixo uo uondiospy 6°¢ 86¢



SVEZY/IIL $e19g MaN
upeIsuIQg-}[opue |

'8¢5t (0007) 19 4 "y "sAUd "D ‘TIom "n ‘sneydmg “) ‘seog ‘;L “Iojoag

"6801 (0007) 81 V JOUIL, 19S "9BA [ D TIOM “N sneqﬁm& D seoa "L ‘10309

'950971 (0007) 29 € "A%Y 'sAq{ ;"D ‘Pneusy ) “©ndoW “V ‘1olqreq

"L68T (oooz) ¥8 o1

A9y 'sAYJ D ‘pneusyf g ‘I0Igony Iy ‘siaed ¢ H Fosquaryny D) ‘BIMVON “V ‘Wiqreqg

"€ve€ (0007) $OJ g wWeyD "sAYg [ O ‘Tarens(g-1q ¢SS ‘Ausg ¢ 0-TS ‘pownyy

"6v (000T) Spp 10§ 3mS Y ‘Bnr L, mmmOH 'q opomsmv

‘1 (6661) TTh WS ‘1S D'V ‘ssoH “A'[ ayvf 'd ‘[odez

"$09 (6661) 89 € "sAyd 1ddy : " ‘Aroureyg-[y “y ‘Suisaryog “oH ‘woyyory ¢ H ‘seLreqoez
'98¢ (666T) LEY 10§ FNG "'A X0 “M W 9°qV “D'S Jox

661 (6661)

SEP-EEP 0§ JMS Y eary ¥ 4981 S ‘meqs “A'N ‘mospreqory “S ‘bey “y'D ‘spoom
"8€1T(6661) 0T ‘108 ‘JIng :°D ‘UOJWIOY,

“LA Feueqq “Td Noomm “vO ‘TAM “V'S WoookeH “d'S ‘OMEBH “dV ‘PeoYpoom
"€6S (6661) 0S Aepo, Tere) Y ‘ZIeoJ, “3] ‘UnewWal “IN ‘OFIM

"8ST1 (6661) TT1 SAUJ "WoyD °f :'(~'H ‘Puns1g “3 ‘Aisureqs-1v “O ‘YHJIOS “IA OPIM

"€6 (6661) €LT (&) 1prjoS smess

'SAYq (-"H ‘punerg “H Yooquoqny “M) ‘[oHEH “W ‘03upoy-zon3upoy Y ‘TqEPUSIYIIM
"06 (6661) €TF "I9S

g -y ‘punary “H Yooquomyny “N ‘TeuEH “W oﬁupou-zsnﬁupm d TYEPUSIYIIM
09 (6661) 0v¥

'S JmS N pregedug “¥'d ‘Red “N'V ‘ANYS “X'd ®qMS “4°Y ‘Stag “O-1 ‘Suem
12T (6661) ppT "sAUd "way) ) Jeprenn “§ ‘pnedsid D ‘wqnoL

‘96T (6661) TTH 108 JINS " ‘UAIBAN “[Y ‘0ated Y WaUpoL

"SE1 (6661) 8T "[eUY 0BI9IUY JIng X ‘esmeseam] “H ‘WSO “I-" ‘Mg “S ‘Pnzng

"€79 (6661) 667 12T SAUd "Woy) N1 ‘Suoniy, “A'H YoIA0ULIS

"€4S (6661) SEY-EEY 108 JIS T @IA0598 op “W'H ‘SWBIIA “H ‘Tewoy “H ‘euos

"6£5071 (6661) 0T "SAYd way) °f :°d"D ‘Yoequasi() “N ‘rewmyng “D ‘ngs

'€9¢ (6661)

pIT 00§ WYY 'ssnosi(] Aepered Ay ‘ssiom “M ‘oxuey “X ‘gdesof “I'S ‘AOUIpINTIEqS
‘9.1 (6661) 1Ty ‘WS JmS

'Y “eurgooaz “( ‘oueieog “~H ‘Punar] “O ‘IAUeAIr “g ‘wuewiq I ‘IMIOM “O ‘qtle;se§
621 (6661

P 00§ WoyD "SSnOsI( Aepere, M ‘ISASULISpPIN “Y TOUIIN “L ‘sweniag ] ‘Uenseqos
"155¢€ (6661) ST ImwdueT-: "y ‘ojowrysey “v “eunysifng “J ‘emefunmeg

67 (6661) 6€1 V 'TeiBD O ‘[ 'H ‘sewoy], 7] ‘orequien “f ‘yroqures

‘00% (6661) TP 198 ‘Png W Ty 'S ‘TpaAIIRY)) I, YesI[ “V'[ ‘Zondupoy

"£L08 (6661) TTT "SAYd "wmoq) °f 'S “Tpaarmieq) L, est( “v'[ ‘Zon3upoy

"6¥i1 (6661) ST Immdue] A ‘Iormmams “4 Ui “d ‘Sraqueppod “ 4 ‘Tounry

'ost1 (6661) ST nnmﬂrm’l"vm ofeals [N ‘welog “g ‘Sraquoppog “J ‘Feminy

"18 (6661) TEY 108 JMS "M sswm ‘W 18Ry

‘86¥ (6661) TP 198 ‘Hng 'Y nueweN “H'd oW “Tf 91119°IA VA ‘eouRy

‘141 (6661) PIT 90S WY "ssnosi(] Aepereq "' PUIPOOM Ty SoWOOT “IN'V
‘megspelq “S Tureyny “O ‘Peyos ¥ Bioqiey “d ‘omgSumeq “y ‘Aespury “W Nojod
"€€£8 (6661) 09 € 'AdY 'sAqd ' ‘dmoma “], ‘ooyn( “D prenn s pnesld

€15 (6661) TS ABPOL TEIED) V'S *SIGUIEED)

“— X WY “VIN wosepueH “a'd ‘Ae “Z'1 AonﬁvaI 'S'D ‘wewdy “I'HD ‘Ueped
"E16S

(6661) OTT "sAqd "woy) °f 'N ‘UOSSUSME “S nstm"l 'H mreqﬁels v'd Jelrmma “y

‘WoSIONd 'V ‘SueyselS ¢ ‘SoI9ISsABA Y TRULINSOM d “WossIdg “H ‘omsusy “I ‘Kayned

¢S (6661) 0§ Aepo], TereD W'V ‘Helsq “D ‘Tuoryaseq

"80€T1

(6661) €01 € @YD sAqq [ ] ‘oraoxepuny * ' ‘APUnH ‘' ‘SUMA “H'S ‘AmgIea0

'616€ (6661) T8 BT 'A9Y sAYd "W ‘SnI9PO

“L1L6 (6661)

€07 € "way) 'sAuq °f "N ‘011, “[D ‘WoIs[ey “L'W ‘GHeoH “N'd ‘GOHPIV “A’S BINWIYSIN

93400
199400
red00

17200
WYy 00
TTYV00
1dez66
198766
110X 66

CO0M66

100M 66
11M66
T'M66

TIM66
19IM66

T M66
InoL66
IPO.L66
121866

191566
110566
InYS66

184S66
119566

192566
[MEBS66
TUeS66
TPOU66
IPOY66

213: (13
arde66
1IRA66
19ed66

110466
191d66

1P2d66
12d66
192466

19A066
19P066

ISING6

66€ soogyInS SPIxo uo uondiospy 59




SVTP/IIL 891198 MaN
uresuIg-3]0pue]

'881 (0007) YSp 108 S T ‘erao8ag ap WE[‘SIHFTIIIAA g uewou '] ‘e19]0) “H ‘BHOS

80t (oooz) 0T € W) sAqq (rLf “If s “ND ‘nsmy “D( “nosaiog

LILY (0007) ¥01

g 'w@oy) sAyd [ W ‘TSMomD Oy ‘ssel “Z ‘ury “Ff ‘OfFef ‘' “OSUoIy [ ‘IopAug
'L6901 (0002) €1t "sAqqd Wy °f TS ‘VeqIny ¢ AR ‘Dlsukireg M “NIS

‘€

(0007) €9 £epo], ‘Te1e) V' ‘nespeqg “O°f ‘way) “r uf Bug “S'A IpmAsn’I gV ‘ueys
'621 (0007) 8ST “Te¥8D TOIN [ ="M ‘SSIOM “S Aompmqmqs

"€€16 (0007) TYT "sAyd "wmay) °f acx‘xovr AV ‘1qeqres

"62L1 (0007) ¥OT & Wy "sAyq =1 “af se:wA "N ‘nsoy

€81 (oooz) 9SH-pSp 198 FINS I ‘9Z[nydS Y ‘Ioussioy

611 (0007)

€9¥ '1OS Jng :“ ‘orequen “H ‘sewoy] “J ‘Tewry “g-g ‘elow “Tf ‘OJUOIA “V'A ‘BOURY
'SY6E (0002) 711 s&qd weyg) [ -] ‘Aoyned ¢ N ‘rorsseq ¢ N‘uossummw H‘uqvqﬁats

“O ‘Suey “N'[ ‘®eUS,0 S ‘WeIBIepes [ WPeuYos “y'd ‘ormgnig “§ euny “d ‘uossiag

"LLT (0007) L 1o "A9Y Jmg "D ‘Tuorgooed

LY (0007) L8T (uoy3urgse ) sousiog - PE “V ‘apuweSIop

“d eﬁmA N PEIgRs “F TWaiSpum] “§ 9puop “dV ‘weuospos (A ‘W “H RA0

95 (0007) €9Y-791 ‘WS ‘Jmng [ddy D ‘pnendy “y mqma "D ‘Bnooy

vS (oooz) 19¥ ‘19§ ‘Jm§ ' ‘THOIYaoed “JN ‘00uBII-S[[O

. °5€ (0007) 82€ N7 "sAq W) - [d ‘TepU]

15 (0002) LSY 'OS FANS VH'S “AMGI2A0 “¥' SHHMA “[] “OIA0xTpuy

‘11 (0002) 97€ W] "shyq

woy) ) SmIM “H WIS “M°d POWY “['W ‘Tosugof “I'I ‘uegong * W Frpo10y
LLY (0002) Sp¥ 108 FMS “H APLM “O'd ‘TEIS “H'S W

k43 (0007) €S¥ 1S

Jmg y'§ ‘staquey) “rg ‘wospN “d'D Ul umorg “gD ‘9lkod “d MIT “I ‘ZOIMS[puI
‘vLE (0007) 9SP-bSp 108 ‘g X ‘emesedeN “H ‘pmzns 31 ‘ereqe], "1 ‘oqemey]

*LL (0002) TI/1T Tere) ‘dog, =" ‘swioeq ¢ IJJOpmH "y ‘Todurgy]

*6901 (0007) T 'sAqd "wey) 'way) sAYJ W ‘swseq “V ‘xnomy M ‘Toduogyy

161 (0007) T9¥ ‘10§ Jing "3 ‘@mdeIay, “d ‘TONOE

"0L€ (0007) 991 10§ ‘g ‘[ddy :"y ‘ermyeIa], “d ‘T

PIES (oooz) rALTUFE | waYY WA

sK4d Y G90TYOS “D FIOM “M SSIOM “M ‘YUY Y TISMOPIN “ ‘unm “X ‘qdesog
"$7z€ (0007) POT & WoYD "SAYJ 'f " M ‘SSIOM “ M ‘ouey “ X ‘gdesof

"60T¢

(0002 z ‘sAyd way) wey) ‘sAUd M Nlmsuoig ueA “gf ‘moxreyg V ‘Iyoy “g ‘seuof
7697 (0002) $0T "g "WwogD sAYd °f T M ‘oseH “Y ‘Buog “Aq Uil

'606€ (0002) ZIT 'sA4d wWoy)

T D TIOM “A ‘To[mummse)s “3] ‘SSIop “f ‘S19QIV “IN “TUNM D ‘TIsmazo[oy S ‘[9A0H
‘€1 (0007) 6¥F 108 MG 'Y'S ‘s1quey) “V N UOSIOPUSH

*£75S (0007) $OT & WY "SAYJ °f "M ‘THORIPUY 'V ‘TUOLIND .M “I3PIOUGog “D 73 ‘SseH

"8ELS

(0002) YOI € "woYD SAYJ T A" “‘WempooD “§ Yogosiry [ ‘ZAm§ “O MY “f ‘I93sund
*1£ (0007) 8S¥ '10§ Jng 1D ‘Teqdure) “v ‘wossrmef “ MV JIeID

‘61L7T1 (000T) ¥9¥ 108 Jmg : A‘vmvseMI T- ‘mng

"691 (oooz) 79% ‘19§ "HINS VA ‘TOMMaN “H'd ‘UopAey “[ ‘sueAq

‘€19 (0007)

L "B "ASY FMG UM ‘Nensusqoy] 'cha qransusqey “O ‘qrind “I T1 “N PIogRId
6

(0007) ZS¥ 10§ JNg 'O ‘9ssAny “M°D TWosIEM “O'S “Ienred V[ ‘ToMnd “H'N mnse”{ op
; 89 (0007) 79¥ '1°S 3ms ooy H “Z ‘Bueq)d

“z£ZS (0002) 6€ "wey) “S101u] 1y ‘TUIPBHIA “D “0Je00B]q “IA ‘ULIESE)

"0£86 (0007) ¥0T 9 ot sAgd °r L 193113 " “Aoprung

"06€ (0002) 9S¥-bS¥ 108 JI0S W m{MOJ& '@y ‘g “d ‘euog “yd ‘peuusg

“b£€9 (0002) €T 'SAYd "WYD [ D ‘TIOM N ‘sneydmg “D ‘seog “IN ‘yeury “1, Ioxdeg

N saoe}Ins oprxo wo uondospy 6°¢

10500
110500

1£us00
INIS00

199S00
124500
11es00
15400
1193400

172900

112400
19ed00

124000
[20N00
TIPIN00

19rI00
U100

1107100
THr3100

1U92100
TMEZ00
CurE3I00
Twe00
%3100
193100

SO[00
150£00

[uo£00
1400

TAOHO0
TUSHO00
ISeH00

1mHoo
181000
1nA00
18AH00

191100

1'12P00
184000
158200

11400
TU2€00
£99400

00y



SVLH/ILL 591398 maN
ursismieg-3jopue ]

'6LCT1(1002) LLY 10§ FmS "N ‘TR “] ‘Zo[ezuoD I, YesI[ “J Zolsgd “y'[ ZonSupoy .

, 981¥
(1002) ¥IT 'sA4d ‘WY [ 'V ‘BIEW “T ‘Zo[ezuoD “JN ‘Zerod ¢ "L esnf “vr ZGUBUPOI}I
"L656 (1002)

€T1 "00§ WAYD WY f I'Y DIEN “[ YeloAq “f >19qu "D ‘m’I "L “fesnf “y'f ‘zendupoy
"Ly (1002) L9T “TereD "JOW °f :'f “feroaq ¢ 'S rpeAqu:) “1 “yeszy ¢ Vi ‘ZenSupoy

"11 (1007) 6L¥ 108 ‘Jang '(-"H ‘PUNSI “Q “GUIIaE « A “IO[WIoe)S w‘&m[&J

"968¢ (1007) SOT d "Way) "SAYJ [ "V Al ‘UOSIOPUSY ¢ "TO ‘supjiad

.12 (1007) 06¥ 08 FmS [N tmmo [ ‘opaIs0

"12(1000) 1LY 108 3§ [ddy 'S 98100 “y N “MOqIOL “ M [ ‘el “H'D “UOS[ON
"1000T (1007) SOT € "Wy "sAqd [ Y uawoa ‘H rqsv&eqox "L ‘eI

*6Z (1007) 8L 10§ JIMS " A"V PIMPRY) “D THOT0ed “IN oouel&-snaw

96T (1002) 20T &) [ “IN ‘TN Y

I[P “f ‘Uuewgy “H ‘10AQ “W ‘ddeny “q X ‘wry “S Ipuap “H ‘ssup] “H uremA'et{peW
6% (1007) THE W1 "sAud wey) A BueqZ T MM L T1

TT1 (1007) ¥X TereD "do, " TBQIYOS “M ST “ M “SSTop & BTV D) ‘Srymy

'TSLE (1007) SOT g "Wy "sAyq

.f :.9 ‘IJ'IH (.H ‘.IQAO ‘.}I («.[qoo.ef ‘.D ‘u.e& c.r Ggu.em ‘.S ‘1puam ‘.&.V ‘IIQIIOSJ.IQS G.G.A (mm
"61¥STT (1007) €9 € 'A9Y "sAyd :'H “AQ “d'V ‘BoUO0S)IOS “(@ A Wy

"YIT1 (1007) € 'sAyd "wayD ‘way) sAYq : "y ‘ISQMUOS “M “ONUTRY “M ‘SSIOM D “Io[eney
€91 (1007) ¥1 TereD "doy, :'I-3 ‘Tomg “H ‘TYsTQ “ X ‘eMesem]

101980 (1007) L8 BT "A9Y "SAY{ V" T'D ‘yuowme] “JA ‘[eosed

“d'@ Prupoop “H-[ ‘Buey “TY ‘sewool, “§ ‘oeg “W O[04 “ TN “I-T ‘GooH
' "€91 (1007) ILY ‘oS JnS =D

‘aowIoY [, “I'd ‘BoouIp “T ‘Aespur] “H ‘ezey “d ‘0UR[OOSH-ZAUIMRIN VY “@S0S-Zalanng
"1 (1007) LLY "10S ‘0§ (Y ‘wewp[O “1'D Teqdwe) ¢S ‘IojTed “[ “BIeyysox

“0 ‘aojuIoy ], “y') ‘v Yy ‘Aespury “JV ‘pesqpoom “IN'L ‘SueAY VY ‘BSOS-ZIIdNng
'€8LE (1002) sot g

maq:) S&I{CI [ {) ‘uoa,moql lo uaqdum;) Q S .195[.112& ]/\[L SIIBAE[ V BSOS ZQ.UQHI’[{)
= ‘91,7 (1002)

6L 1o 'sAyq ddy 1 ‘oexy <Y ‘emQ “J, ‘ounyQ “j ‘wmzmul W vme&mex L ‘omtfng
"9ZPSTT (1007) #9 € "A9Y "SAYJ [ ‘TIsmoxeruoen “J “Iyoooury

"85001 (1007) $1T sAqd.wroy) f "D Ty “ ‘1qo0e[ “f ‘Suwep “ XD Ueq

' , "LyLE (1007) SOT &
Wy sAYd [ @'d ‘Ae3 “SY WS “d ‘epody “y's ‘evkof “y'D Tewmry “7 Jereuyo(
'$62 (1007) 6Ly 10§ Jng °d ‘03uerd) “V ‘euryoosy “y ‘1s2A0( Y ‘UMmE(

691 (1007) 6Ly 108 JMS "N Yosoy “H ‘IeSmzQuy “N'Y ‘wewhaN “§ ‘1)

"€5€ (1007) 8 1] "A9Y ‘Hng ) ‘snegdmg

'8L (1007) 9LY '108 ‘FIng " A ‘Iydmay “] ‘osnerg

"€2Z (1007) L8P 108 Jm§ o[ ‘SueAg “]y ‘Toymog “qd PIUS “ VW ToMaN “yy ‘pouueg
» 7081

(1007) 98¢ ‘198 Fng D ‘fIom “N ‘snegdmg <) ‘seog “W wun}l 'S ‘[oAQH “L ‘I1exjoag
"1L5€ (0007) T "SAYd "woy) ‘way) 'sAyq 7] Suepm “df ‘OH “D°[ Fue], ¢ :I‘Bmqu

"€bZP (0007) T "SA4d meq:) "Wy $AYq 'Y ‘0jowreAnA “H ‘UeH X ‘WX

' *LLY (0002)

9T€ BT 'SAY woyD IF ‘Pnzng 3 ‘TRqR “§ ‘RIMOWNS & ‘emesedeN “X Tyonfewreg
*01€01 (0002) #0T g "woyD “sAYyd °f ="M " ‘uewpoon ¢ S qgo “D ‘nx

"Y69L (oooz) 0T € Wog) 'SAYd °f =D TIOM “D ‘TPurey “IW

‘SIIIJIBW M‘SSIQM S SSIGH A Jau:nn({ V D[SAAG[}[IN S({ snﬁeg ‘A I{d980[ ‘W IIIIHM
'90C (0002) 0ZE 1] 'sAyq

Way) [~H ‘PUNeL] “V ®UI o0y “H 0oqUI[NY “f ‘YOS “( ‘OueIROS “Y THOM
*£881 (0007) 81 V "JOUY0S], ‘10§ "0BA 'f 'H ‘SSHP] “T ‘Nory [ ‘985pHoyLL, “N'[ ‘TOS[IM
*00€T (0002) $0T g WD “SAYJ [ W “[PABID “d'A ‘1e8WZioy “V ‘TUO[[SS “V TWPENIA
"807 (0007) €87 € BOtSAYJ :J ‘Ayouel] “D ‘Zuyos “J UWwo) “A ‘osowro] “y ‘9[9us

"68 (0007) L9¥ 108 Jng "y ‘Agoueig “J ‘WwWo) “A ‘0SomI0] “V ‘S[INg

YPOYI0
€POdAI0

POA10
1POY10
194410
138410
[1A010
I1SNT0
[MINTO
TISN10

IPENTO
Y110
Y310

TUN10
Taryio
910
TeM]10

190H10
emnniIo
anbio
moI0

110
JwA10
TTRAT0

190410
TuredIo
D10
1mgio
181410
192g10

19°d10
1n4Z00
TuIX00

[weX00
1X00

1qnM00

11oM00
MO0
TIA00
ZHS00
18500

10% $9OBIINS 9PIX0 WO uondIospy 6°¢




SYTY/III $9t198 MaN
urosurpg-jjopue

= "LET

(2002) S0 10§ FmS 'H “wAQ “H “SSIp] “I ‘ddeuy “@ X ‘wry “d'V ‘wouos)eg g IpuoM -

;. '1(z002) 0L 108 Jmg So1g *p ‘oxuey] “p ‘Sstom

'9LYS (2002) 90T € oY) 'SATJ [ 3 Iqodef “y ‘0ssoJeT X Suep

_ o ¥9 (Z00T) 96 10§ NG '[-'H ‘Punox] “v'I

‘omIe wWq “d ‘9qIryos D ‘oyony “H “ooqueqny -y ‘smdng “g ‘Torgory “g ‘wedday,
. . ‘1128

(2002) 901 g oY) 'shyq [ 'H TSWO “T'H ‘Tenny “X ‘Suery “y ‘eregeses “yyg Jouuey
15T (2002) 90§ 'S JIng :T'H ‘weun[y & ‘Suery “g-y ‘oue].

"T0€ (2002) $81 V ‘TerD TOW °f "V “Tesiteq gV “[[LIoqg

€01’ (Z007) 86¥ 108 3 "N ‘SUOnIL, “A"H “YoIaouejs “A ‘Aofeaodeyg

"ET¥$€0 (2007) $9 € *A9Y 'SAYq 'H “BAQ S Jpusp “I ‘ddery “( & ‘wry “q'V ‘usuos)Iog
i ‘ ' "9%¢ (2007)
PTI "00§ WD WY °f “W ZoIed “X'f “WIY “TV TOWOLI “D'[ ‘WOSTRY “y'[ ‘ZonSupoy
- ; "YOLL

(2002) 9T "sAYd TaYD [ 1D TOM “A “S[IWIBS “V ‘DISMOPTIN “H ‘amonry g ‘groy
’ "€8%¢ (2007) ¥ "sAqd "wogD woy) ‘syq : x ‘gdosor “m ‘axmey

: L€ (2007) SL V "sAqq [ddy :'H ‘w0

_ "€€T (T002) 09€ 1T 'sAUg ‘moy)) | ‘emexery

“M ‘ewedes “N ‘@nsoy “H €0 “L ‘a0 “H ‘Gopuoy “I ‘seleqq “X'V ‘emnsyepy
LIIL

(2002) ¥2I "00§ "woyD Wy °f 'S Yzzr] “y ‘Geidior] -y aprermg “v ‘esog-zouopny
“D ‘ToyWOYL, “['V ‘QUIT “A"] ‘GHOMYSY “D'f ‘S]PImRQ “H NOSUR[OIIN Y ‘Aespury
: "€28T (2007) LYY "SAqq oY) °f i ‘1qo0ef “ £ ‘Suep “y ‘ossoje]
"T0¥180 (200T) 99 € Ay SAYJ D TIOM “() ‘SteySmg “1, ‘Tooag S ToID 119 “I ‘reunyy
: T (2007) 661 ‘1S Jng V"] *D Juoure] “Jy Teoseq
G.(I.CI “gnlpoom ¢-H_.I ‘BW)I ‘.,I.H ‘SQUIOOL ‘.W ‘moIod G-S ‘O‘BH 6.‘1‘.[ ‘ggOH (.W ‘Ignm
SR ' "€L€ (2007) T1S 108 TS ' AN “IN ‘©pneq
"102 (2002) 61§ ‘oS ‘Fing 1) ‘PIogar( “y*T ‘Ieupeog “Q ‘quing

: '662T (Z00T) LIT

'sAqg weYD °f g *SeN] “Q ‘eziry-zenSupmoq 1, ‘Mopalg “O TOMOR] D ‘UNUSEA I
"LET(2007) p¥ 11BN 'SUSPUOD) SAYJ °f :"Y"D “NOIEN “&'N ‘SUDHOJ “S ‘0oneI 1]

"IL (2002) S0S '108 ‘Fmg *['d ‘MBI “A°L “USS[IIN “f ‘OH “T ‘Aapn “Z T 7 Buey)

o "L92 (2002) T1S 10§ Jing

“IY POOBsO V'S “90k0f “M"D WAL “L°Y WY “d’f ‘SHIT “Y ‘GIPY “N “III Suofrme))
: "€S0L (2007) 90T g "Wy "SAYJ °f o, ‘mopaig

"S€v (Z002) TIS 108 FIMS =N SUPHO Y ‘pouuog “J SuoyS “Jy “oxmog

: 62 (2007) 71§ 10§ Jmg 'S ‘soreg

"61SY0 (1007) €9 € "A9Y "sA4q " M"d ‘Tewpoon Q) ‘Sueyz “ ‘np “7 ‘Suex

"€11 (1007) I8% "I98 JINS "D ‘T “I “1q008f “ 4°D) ‘Weq “[ ‘Suepm

"21£T (1007) STI "SAYJ TWSYD [ AN “‘WOSLLIEH “V “Ispuepm

"2€-12 (1007) Tiv 108 NS "T'A “GOLUSY “d F[eao “S'( ‘Oueps[o],

"zL8€ (1007) SOT g "Wy SAYJ 'f 7' A “TOLUSH “§'( ‘0uepajo,

"0212(1007) LT nnwuSuer] | ‘SSUp] “VAL ‘nespreq “['q ‘0Spuomi],

: : : 'L656 (1007) €21 *00S

WYY WY °f A “W[WTNIR)S “Y OIS0y “[-'H pumsig “I, ‘Iounpy “W ‘KaeiAd ©S ORI
€02 (1002) Z6¥ 108 JT0S V"N ‘mespreq “D[ “TOYD “M [ “THPIW “€'V [LIoYS

. "687 (1007) §8Y-78F 10 'JInG 1y “I0USSINY “I ‘OZ[nGos

"2L69 (1007) SOT g "oy sAYJ °f D" ‘SSeH “f IT “ ' A\ JopIoUYoS

'6 (1007) S8F-78 108 JmS :'y'[

‘ofen-unIely “H ‘wemoy “D ‘19onjoed “y ‘Wopon “O ‘oumoqg “d ‘ouemldg “T'(q ‘oSekeg
"90¥121 (1007) ¥9 € Ay "SAYq 'H ‘WSO “H “©Insiap) 'V ‘ereyeses

"1 (1002) SOT g "Way) "sAqq [ 'H ‘TSIUQ “H “exnsiop] “y ‘ereqeses

‘L6vS (1002) SOT

€ "Wy 'sAY{ °f Z'[ ‘9sare] “IN ‘DI T ‘Zo[ezuop I, esiif “J ‘zorsd “V'[ ‘zonSupoy

WM 0
TPMT0
TTeMZ0

1da1z0

CUBLZ0
TweLZ0
1°4SZ0
T84SZ0

113820

1POIT0

119920
[LL2: 1))
194070

TIBINZO

1urTzo
13120
1ans1zo

20
IMeHZ0
1Mmazo

TAIQZ0
IAIdTo
184DT0

1We)z0
191420
140970
13edgzo
[ueXT0
M0
TTeMT0
[ACARLY
110110
TLTO0

JHYULIO0
13UST0
(AL ]
149510

14eS10
TSEST10
ISeS10

£Pod10

soorLmMS OpIX0 U0 UONdIOSPY 6'¢

0y



03Adil

03Bacl
03Diel
03Dull
03Dupl

03Farl
03Far2
03Henl
03Herl
03Kiml

. 03Kull
03Kunl
03Kun2
03Leil
03Liul
03Lob1
03Meyl
030del
030vel
03Paul
03Reul
03Rim1

03Sail
03Schl

03Sch2

03Shal
03Stal

03Terl
03Thol
03Till
03Wanl

03Wan2
03will
03Yul
03Zhal
03Zha2
04Fos1
04Paul
04Schl

; 04Sti1
05Hawl

05Wadl
06Abul

3.9 Adsorption on oxide surfaces 403

Adib, K., Mullins, D.R., Totir, G., Camillone ITI, N., Fitts, J.P., Rim, K.T., Flynn, G.W.,
Osgood jr., R.M.: Surf. Sci. 524 (2003) 113, ' :

Bach, C., Kliiner, T., GroB; A.: Chem. Phys. Lett. 376 (2003) 424.

Diebold, U.: Surf. Sci. Rep. 48 (2003) 53.

Dulub, O., Diebold, U., Kresse, G.: Phys. Rev. Lett. 90 (2003) 016102,

Dupuis, A.-C., Haija, M.A., Richter, B., Kuhlenbeck, H., Freund, H.-J.: Surf. Sci. 539 (2003)
99. .

Farfan-Arribas, E., Madix, R.J.: J. Phys. Chem. B 107 (2003) 3225.

Farfan-Arribas, E., Madix, R.J.: Surf. Sci. 544 (2003) 241.

Henderson, M.A.: Geochim. Cosmochim. Acta 67 (2003) 1055.

Herman, G.S., Dohnalek, Z., Ruzycki, N., Diebold, U.: J. Phys. Chem. B 107 (2003) 3225.
Kim, S.H., Paulus, U.A., Wang, Y., Wintterlin, J., Jacobi, K., Ertl, G.: J. Chem. Phys. 119
(2003) 9729... S

Kulawik, M., Nilius, N., Rust, H.-P., Freund, H.-J.: Phys. Rev. Lett. 91 (2003) 256101.
Kunat, M., Burghaus, U.: Surf. Sci. 544 (2003) 170.

Kunat, M., Burghaus, U., WGIL,C.: Phys. Chem. Chem. Phys. 5 (2003) 4962.

Leist, U., Ranke, W., Al-Shamery, K.: Phys. Chem. Chem. Phys. 5 (2003) 2435.

Liu, G., Rodriguez, J.A., Hrbek, J., Long, B.T., Chen, D.A.: J. Mol. Catal. A 202 (2003) 215.
Lobo, A., Conrad, H.: Surf. Sci. 523 (2003) 279.

Meyer, R., Bumer, M., Shaikhutdinov, S.K., Freund, H.-J.: Surf. Sci. 546 (2003) L813.
Odelius, M., Persson, P., Lune¢ll, S.: Surf. Sci. 529 (2003) 47.

Over, H., Muhler, M.; Prog. Surf. Sci. 72 (2003) 3.

Paulus, U.A., Wang, Y., Jacobi, K., Ertl, G.: Surf. Sci. 547 (2003) 349.

-Reuter, K., Scheffler, M.: Phys. Rev. B 68 (2003) 045407.

Rim, K.T., Fitts, J.P., Miiller, T., Adib, K., Camillone III, N., Osgood, R.M., Joyce, S.A.,
Flynn, G.W.: Surf. Sci. 541 (2003) 59.

Saidi, S., Trabelsi, M., Chefi, C., Coulomb, J.P.: Surf. Sci. 532-535 (2003) 431.

Schnadt, J., O'Shea, J.N., Pattliey, L., Schiessling, J., Krempasky, J., Shi, M., Martensson, N,
Brithwiler, P.A.: Surf. Sci. 544 (2003) 74.

Schnadt, J., Schiessling, J., O'Shea, JN., Gray, S.M., Patthey, L., Johansson, M.K.-J., Shi,
M., Krempasky, J., Ahlund, J., Karlsson, P.G., Persson, P., Martensson, N., Brithwiler, P.A.:
Surf. Sci. 540 (2003) 39. o '

Shapovalov, V., Wang, Y., Truong, T.N.: Chem. Phys. Lett. 375 (2003) 321.

Staemmler, V., Fink, K., Meyer, B., Marx, D., Kunat, M., Gil Girol, S., Burghaus, U., Wsll,
C.: Phys. Rev. Lett. 90 (2003) 106102.

Tero, R., Fukui, K.-I., Iwasawa, Y.: J. Phys. Chem. B 107 (2003) 3207.

Thompson, T.L., Diwald, O., Yates, J.T.: J. Phys. Chem. B 107 (2003) 11700.

Tilocca, A., Selloni, A.: J. Chem. Phys. 119 (2003) 7445.

Wang, Q., Biener, J., Guo, X.-C., Farfan-Arribas, E., Madix, R.J.: J. Phys. Chem. B 107
(2003) 11709.

Wang, Y., Jacobi, K., Ertl, G.: J. Phys. Chem. B 107 (2003) 13918.

Wilson, J.N., Idriss, H.: J. Catal. 214 (2003) 46.

Yu, Y., Guo, Q., Liu, S., Wang, E., Meller, P.J.: Phys. Rev. B 68 (2003) 115414,

Zhang, C., Lindan, P.J.D.: Chem. Phys, Lett. 373 (2003) 15.

Zhang, C., Lindan, P. J.D.: J. Chem. Phys. 119 (2003) 9183.

Foster, M., Passno, D., Rudberg, J.: J. Vac. Sci. Technol. A 22 (2004) 1640.

Paulus, U.A., Bonzel, H.P., Jacobi, K., Ertl, G.: Surf. Sci. 566-568 (2004) 989.

Schoiswohl, J., Sock, M., Surnev, S., Ramsey, M.G., Netzer, F.P., Kresse, G., Andersen, IN.:
Surf. Sci. 555 (2004) 101.

Stierle, A., Renner, F., Streitel, R., Dosch, H., Drube, W., Cowie, B.C.: Science
(Washington) 303 (2004) 1652.

Hawkins, S., Kumi, G., Malyk, S., Reisler, H., Wittig, C.: Chem. Phys. Lett. 404 (2005) 19.
Waddill, G.D., Ozturk, O.: Surf. Sci. 575 (2005) 35.

Haija, M.A., Guimond, S., Uhl, A., Kuhlenbeck, H., Freund, H.-J.: Surf.Sci. 600 (2006) 1040,

Landolt-Borastein
New Series III/42A5






