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Abstract

TiO,(110) single crystals and titania thin films on Mo(1 10), bare and precovered by Li atoms, were exposed to
water at 120 K. During the adsorption process metastable impact electron spectroscopy (MIES) and ultraviolet
photoemission spectroscopy (UPS)(Hel and II) spectra were collected in situ. Spectroscopic and temperature-pro-
grammed desorption data were obtained during the annealing of water multilayers grown at 120 K.

For the adsorption on the bare TiO, surface we conclude that an initial dissociative adsorption at defect sites is
followed by molecular adsorption up to multilayer formation. From the exposure dependence of the MIES and UPS
signals we conclude that, even before the completion of the first adlayer, no isolated water molecules are sampled, and
strong lateral interaction between adjacent adsorbates stabilizes molecular water.

On TiO,(110), precovered by about 1 ML of Li atoms, water is adsorbed dissociatively both at 120 K and at room
temperature until the first, mixed layer consisting of Li and OH species, is completed. On top of the first layer additional
water is adsorbed molecularly. Annealing experiments show that the first layer remains intact when the second layer
forms. © 2001 Elsevier Science B.V. All rights reserved.

Keywords: Metastable induced electron spectroscopy (MIES); Photoelectron spectroscopy; Water; Alkali metals; Titanium oxide

1. Introduction Examples include transportation of ground water

contaminants, electrode phenomena, corrosion,

Ion sorption and chemical reactions at inter-
faces between metal oxides and water are central
features in many natural and industrial processes.
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chok).

and dissolution. For geochemistry and atmo-
spheric chemistry, surfaces of metal oxides are of
particular interest as these compounds are major
components of rocks, soils, and airborne dust
particles. For many oxides it has been found that
water molecules dissociate upon contact with the
surface, forming various types of surface hydroxyl
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groups. It is also well established that these hy-
droxyl groups play a decisive role in many chemical
properties of oxide surfaces, including ion sorp-
tion, dissolution, and catalytic activity [1,2]. De-
spite a great deal of investigation, the adsorption of
water on oxide surfaces is still poorly understood.

Titania (TiO;) has attracted particular atten-
tion. Initially this derived from the observation of
the photoelectrolysis of water on rutile TiO, sur-
faces [3], but it rapidly became apparent that a
wealth of scientific challenges is present in the
study of TiO, surface chemistry. Now TiO, is
widely used as support for metal catalysts, as a
sensor material, and in powder form as a catalyst,
pigment and opacifier.

For a long time theoreticians were unanimous
in predicting dissociation at all coverages [4-6].
Very recently molecular adsorption [7], or mixed
molecular and dissociative adsorption [8,9] have
been proposed, and the obvious discrepancy with
experimental results (see below) could be partly
remedied. Lindan et al. [8,9] predict that isolated
water molecules adsorb dissociatively, but with
increasing coverage intermolecular hydrogen bond-
ing stabilizes a mixed (molecular and dissociated)
configuration with respect to complete dissocia-
tion. Stefanovich and Truong [7] claim that iso-
lated molecular species adsorb with the molecule
oriented perpendicularly to the surface and the O
atom pointing towards 5-fold coordinated Ti ca-
tions. In their opinion, previous calculations lead
to dissociation because of the use of periodic
boundary conditions with high adsorbate cover-
ages which might result in distorted adsorbate
geometries and several kcal/mol errors in the ad-
sorption energy.

The experimental situation is also far from being
clear. Studies of microcrystalline powders [10] indi-
cate that water dissociation occurs on TiO, surfaces
and that the (1 10) surface is the most active. Single
crystal UHV studies have been performed with a
wide variety of experimental techniques includ-
ing temperature-programmed desorption (TPD),
ultraviolet and X-ray photoemission spectro-
scopies (UPS and XPS), high-resolution electron-
energy loss spectroscopy (HREELS) and work
function measurements (WF). Several schemes
of water adsorption have been proposed: on the

(110) surface water adsorbs molecularly and only
dissociates at defect sites [11], dissociatively at low
coverages and thereafter molecularly [12], either
dissociatively or molecularly depending on tem-
perature [13], or that the surface is inert [1].

In the present study we investigate the adsorp-
tion of water on rutile TiO,(110) single crystals
with metastable impact electron spectroscopy
(MIES), UPS(Hel and IT) and TPD. Besides giving
information about the desorbing species, the TPD
data allow us to correlate the various MIES and
UPS results with the water coverage. The UPS
data enable us to compare our data with previous
studies on this system. MIES, due to its high sur-
face sensitivity, is a powerful tool to investigate the
early stage of water adsorption, as already dem-
onstrated for water adsorption on MgO [14,15]. In
that case, water forms hydrogen-bonded clusters,
far before the completion of the first adlayer.

In order to establish criteria for the conditions
under which water adsorption takes place in form
of hydroxyl species, we have also studied water
adsorption on TiO,(1 10) precovered by Li atoms.

2. Apparatus

The apparatus (1), employed for the studies on
TiO,(110), has been described previously [16-18].
Briefly, it is equipped with a cold-cathode gas
discharge source for the production of metastable
He*(*S/'S) (E* = 19.8/20.6 eV) atoms with ther-
mal kinetic energy and Hel photons (E* = 21.2 eV)
as a source for UPS. The intensity ratio 3S/'S is
found to be 7:1. Additionally, the apparatus is
equipped with XPS, Auger electron spectroscopy
(AES) and a UPS(Hel and II) source (type HIS 13,
Omicron).

Metastable and photon contributions within the
beam were separated by means of a time-of-flight
method using a mechanical chopper. MIES and
UPS spectra were acquired with incident photon/
metastable beams 45° with respect to the surface
normal; electrons emitted in the direction normal
to the surface are analyzed. Collection of a set of
MIES/UPS spectra requires approximately 100 s.
The measurements were performed using a hemi-
spherical analyzer (Leybold EA10/100) with an
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energy resolution of 250 meV for MIES/UPS.
Since the metallic crystal support and the analyzer
are in electrical contact, the Fermi energy appears
at a constant energy and permits the WF change of
the surface to be measured directly from the low
energy cut-off of the electron spectra.

The apparatus (2) was employed by us previ-
ously for the study of water interaction with MgO
using TPD and electron spectroscopy, and has
also been described previously [19]. Briefly, it is
equipped with a MIES/UPS source of the same
type as in (1). The availability of MIES in (1) and
(2) enables us to crosslink the data obtained in the
two experiments. Additionally, the sample prepa-
ration could be controlled by XPS, AES and
LEED. TPD is available for the absolute calibra-
tion of the water coverage.

In both (1) and (2) the sample could be cooled
with LN, to 120 and 100 K, respectively. The
temperature was measured with a thermocouple in
direct contact with the front of the TiO, single
crystal (or the Mo(110) substrate employed in
(2)). The MIES and TPD studies with (2) were
carried out on thin titania films grown on Mo-
(110). Titania layers with a thickness of a few
nanometers were prepared by coadsorption of Ti
and oxygen (O, pressure in the UHV chamber:
9 x 10~7 Torr) on a Mo(1 1 0) substrate held at 700
K. The Ti was evaporated from a Ti wire (purity:
99.999%) wrapped around a tungsten wire. The as-
prepared film was annealed at 1000 K for about
60 s. Thin films prepared in the way described
above were investigated by Oh et al. [20] and Guo
et al. [21]. LEED revealed that ultrathin films are
oriented in the (001) direction. However, no
LEED pattern was obtained from our thick films.
From the fact that the (110) surface is the most
stable one and from the comparison with previous
TPD data [22], we do not expect that our films are
well ordered and preferentially oriented in the
(110) direction. No chemical impurities of our
films could be detected with AES.

The polished TiO,(110) single crystals were in-
troduced into the UHV chamber and annealed at
approximately 800 K for several hours. This pro-
cedure was successfully used in Ref. [21]. The single
crystal showed an (1 x 1) LEED pattern; a small
contamination of carbon was indicated by AES.

However, we decided to prepare the crystal without
sputtering to avoid the introduction of defects [21].

The sample could be exposed to Li atoms
evaporated from a commercial dispenser source
(SAES Getters). The relation between evaporation
time and alkali coverage can be established via the
relation between WF and coverage (for details see
Ref. [23)).

The surface was exposed to water by backfilling
the chamber. The water was cleaned by several
freeze—pump-thaw cycles. The cleanliness of the
water was checked with a quadrupole mass spec-
trometer. With (1) H,O was used for the experi-
ments on the TiO, single crystals, whereas with (2)
D,0 (CIL, 99.9%) was used. The relative amount
of surface-adsorbed water can be estimated on the
basis of the TPD spectra obtained with (2). This
relationship was employed to correlate the spectra
collected with (1) and (2). All exposures given in
the following refer to apparatus (1).

3. Experimental results

This section starts with the identification of
spectral features caused by OH and H,O species
on titania as obtained by MIES and UPS and their
comparison with the corresponding spectral fea-
tures available from literature. Then, a presenta-
tion of our MIES, UPS and TPD results for the
water adsorption on TiO, single crystals and films
follows. In general, the MIES and UPS spectra of
the as-prepared TiO, films are very similar to those
for TiO, single crystals. Therefore, we do not
present the corresponding film spectra which are
documented elsewhere [24].

All results are presented as function of the
binding energy, Ep, of the emitted electrons.
Electrons from the Fermi level would appear at
Ez =0 eV in the MIES and UPS(Hel and II)
spectra. The change of the WF with exposure is
determined from the cut-off of the MIES and Hel
spectra at high-binding energies.

3.1. Signature of water species on titania

In Table 1 we have collected the information
obtained so far with MIES and UPS(Hel and II)
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Table 1

Water-induced features for H,O/TiO, and MgO as observed with MIES and UPS. If not otherwise stated, data are from the present

work. Energies are in eV with respect to the Fermi level

Surface Technique 1b; 3a, 1b, In 3o
Li/TiO5(110) + H,O MIES 9.3 11.5 15

H,O/TiO,(110) MIES 7.8 10.0 13.2

H,O/TiO,(110) UPS(Hel) 7.9 11.2 13.5

H,O/TiO,(110) UPS(Hell) 7.8 9.8 13.2

H,O/TiO,(film) MIES 8.0 10.2 14.1

H,O/Ni(221) [33] UPS(Hel) 6.7 8.9 11.7 5.1 8.2
H,0/Ni(775) [33] UPS(Hel) 6.3 8.2 12.7

H,0/MgO(film) [34] MIES 7.2 9.2 13.6

Na/MgO(film) + H,O 100 K [34] MIES 8.0 11.7
Li/TiO,(110) + H,O 300 K MIES 7.2 11.2
H,0/TiO,(110) + Li 100 K MIES 6.9 11.1
0.1 ML Li/Ni(775) + H,O [33] UPS(Hel) 4.9 9
H,O Li coad. Ni(775) [33] UPS(Hel) 5.9 9.2
K/Ni(775) + H,O [33] UPS(Hel) 4.7 8.3

for water interacting with oxide surfaces, MgO
and TiO; in particular. Typically, molecular water
produces the features, 1b;, 3a;, and 1b,. In gen-
eral, these spectra and those for water multilayers,
i.e. for amorphous solid water (ASW), look rather
similar. When compared to gaseous water, they
appear considerably broadened showing relatively
flat structures with three local maxima (Ref. [25]
and references cited therein). It should be noticed
that the photoelectron spectra for liquid water and
ASW are rather similar [26]. OH species produce
two features 3o and lm whose separation is be-
tween 3.7 and 5.4 eV depending on the chemical
environment of the OH species. For comparison
we have also included some results for water in-
teracting with metals.

The results obtained when exposing water to an
alkali-precovered titania surface are particularly
illuminating because OH (H,O) features dominate
at low (high) exposures, respectively (see below).
This fact allows us to establish their relative en-
ergetic positions.

3.2. Water adsorption at 120 K

3.2.1. Electron spectroscopic results for bare TiO,
Fig. 1(a) presents MIES spectra of the bare
TiO,(110) surface at 120 K exposed to water. Up
to 2 L the surface was exposed to 0.135 Langmuir
per spectrum, thereafter an exposure of 0.5

Langmuir per spectrum was chosen. The difference
spectra for 0 to 2 L, obtained by subtracting the
spectrum for the bare surface without additional
scaling (bottom in Fig. 1b), are shown in Fig. 1(b).
They show clearly that the main pathway is mo-
lecular adsorption at all exposures. However, from
the behavior of the WF during the cycle of flashing
and cooling to 120 K, dosing water and heating
the surface, we conclude that during the cooling
procedure some contaminants must have adsorbed
on the surface.

The structure seen initially (up to 0.5 L) in the
difference spectra can be interpreted as a super-
position of molecular and hydroxyl features. The
arrows indicate where the hydroxyl peaks 1t and
3o should occur with respect to the molecular
features according to our results for OH formation
on Li precovered titania (see below and Table 1).
In particular, 1t may account for the asymmetry
of 1by, and 3o could contribute to 3a;. A rough
estimate for an eventual OH coverage of the sur-
face can be derived as follows: the molecular
contribution is removed from the difference spec-
trum with the presumably largest OH contribution
(spectrum 4 from the bottom) by subtracting the
top spectrum of Fig. 1(b), normalized at 8 eV. This
yields an OH coverage of at most 5% at this point.

The WF drops by about 0.5 eV from 4.9 eV
within 1.5 L and stays roughly constant thereafter
(see Fig. 3). For exposure > 2 L only rather weak
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(a)

MIES
H,0/TiO,
at 120K

countrate /arb. units

2L

(b)

H,0
2 MIES
1b, 3a, 1b X Difference Spectra
for H,0/TiO,(110)
at 120K

countrate /arb. units

E, /eV

Fig. 1. (a) MIES spectra for TiO,(1 1 0) exposed to water at 120 K (see text for the acronyms). (b) MIES-difference spectra for the first
2 L of Fig. 1(a). Contributions to the spectra from the bare titania surface are removed.

substrate emission can be detected, indicating that
surface oxygen is largely shielded from the inter-
action with the He* probe atoms. Above 4 L sur-
face oxygen is apparently no longer accessible to
He*.

Hel and II UPS spectra for bare titania (see Fig.
2(a) and (b)) were collected under the same con-
ditions. Hel spectra could be obtained in two

(a)
H,O
15, 5a 1b UPS (Hel)

—— H,0/TiO,(110)
‘A at 120K

14,8L

count rate /arb. units

3,5L

0,7L
OL

_'E_"l'l'l'l'l
20 18 16 14 12 10 8 6 4 2 0 -2 -4

T T T T 1 71

Ey eV

ways, namely (a) quasi-simultaneously with the
MIES spectra because the MIES source can also
serve as a source for Hel photons, and (b) by using
the commercial UV lamp as source for both Hel
and II. The Hel data obtained with the two
sources agree well with each other and with litera-
ture spectra. Weak band gap emission seen with
Hel around Eg = 1.2 eV, denoted by Ti(3d), can

(b)

UPS (Hell)
H,0/TiO,(110)
at 120K

2
z
3
g
s
[0}

© F H,0

= 14,8L
3
Q
o

3,5L
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"""""" oL
LI AL L L ) LML L L L L L
20 18 16 14 12 10 8 6 4 2 0 -2 -4

E, eV

Fig. 2. (a) UPS(Hel) spectra for TiO,(1 1 0) exposed to water at 120 K. (b) UPS(Hell) spectra for TiO,(1 1 0) exposed to water at 120 K.
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be attributed to reduced Ti**(3d) cations, proba-
bly related to oxygen vacancies in the bridging
oxygen rows, and was discussed previously when
studying alkali adsorption on titania [23].

Emission from molecular water dominates the
spectra. At low exposures, between 1 and 2.5 L in
particular, some contribution of OH species can-
not be excluded, though. The main differences
between the UPS and MIES spectra are the rela-
tive intensities and the shape of the three water
induced peaks, and that the substrate emission can
be seen for larger exposures (beyond 4 L in Hell
and up to at least 14 L in Hel) than for MIES
reflecting the finite escape depth of the photo-
emitted electrons.

The exposure dependence of the substrate emis-
sion, O(2p), the water-induced (molecular) features
(H,0), and the WF is shown in Fig. 3. A corre-
lation is observed between the initial drop of
WF, the increase of the water-induced signals, and
the decrease of O(2p): H,O roughly levels off at 12
L whereas the WF saturates around 2 L. The
saturation of the WF, the 240 K TPD peak, and

AWF/eV[ MIES(1b,)
0 =
2 OfUPS 1b
0.2 -f}lh ’,,o' (1b,)
| e
04 |} »* £
06 | BN, JPNINVINVIN AAAAAAAAN g
‘ * oA S
08 ¢ WF (MIES) x
g
0-._‘
L
. *eee, O020) (Hel)
......lII L
0(2p) (Hell)™ ™ —m—4

0 2 4 6 8 10 12 14
Exposure /L

Fig. 3. Exposure dependence of the WF and various spectral
features in the MIES and UPS spectra for H,O/TiO,. WEF:
work function with respect to bare TiO,; O(2p): valence band
emission; 1b;: molecular water as seen with MIES or UPS;
Solid line: simulation of the MIES 1b, signal.

the growth of the 165 K peak in the TPD spectra
coincide. At this coverage the intensity of the
water-induced features is about 50% of its final
value. Therefore, we correlate 2 L on apparatus (1)
to 0.5 ML. In UPS, however, the substrate O(2p)
emission is still rather strong. The exposure de-
pendence of H,0, as seen with MIES, is linear up
to around 0.5 ML and grows nonlinearly at higher
coverages. The nonlinear rise of the MIES signal
beyond 0.5 ML is inconsistent with layer-by-layer
growth. Unlike the MIES results, the exposure
dependence of the water-induced signals in UPS
remains linear over a wide exposure range.

3.2.2. Electron spectroscopy results for TiO;, pre-
covered by Li atoms

The MIES spectra for TiO,(1 1 0) precovered by
about 1 ML Li and exposed to water at 120 K are
shown in Fig. 4. The presence of Li on the surface
manifests itself in the structure denoted by Li(2s).
It is due to the Auger deexcitation (involving
the Li2s electrons) of He* probe atoms. The two

H,0 MIES
1b, 3a, 1b, Li/TiO,(110) +H,0
at 120K
\~/”////

\ AN E.

\\
/N

N/ H,O
QV/' \f 4,251

|

L

72

count rate /arb. units

2L2,75L

OLOG122()1
LA B RN L DL RELAN NN NEL AN NN BELAN BRLAN L |
20 18 16 14 12 10 8 6 4 2 2 -4
E;leV

o

Fig. 4. MIES spectra for a Li-precovered TiO,(110) surface
exposed to water at 120 K (see text for the symbols and acro-
nyms).
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features 17 and 36 develop during water exposure.
An inspection of Table 1 shows that they are due
to OH species resulting from dissociative water
adsorption. Interestingly, molecular adsorption has
been reported for water adsorption on a Li film at
room temperature [25]. Above 1.5 L the spectrum
changes: apparently, 1m and 36 become attenuated
gradually, and beyond 2.5 L the spectra are
dominated by the three molecular features 1b,
3a;, and 1b, already familiar from the water ex-
posed bare TiO,(1 10) (see Fig. 1).

Provided that the position of the OH features is
only weakly dependent on the chemical environ-
ment of the hydroxyl species, the results for the Li/
TiO, system are helpful for the interpretation of
the spectra of Fig. 1: they allow us to position the
OH features relative to those for molecular water.
Accordingly, 1 and 36 can be expected in Fig. 1
at the positions indicated by arrows. This makes it
understandable that, for exposures below 0.5 L,
small amounts of OH species are hard to identify
on the bare titania substrate for the reasons that
It overlaps with the, still present, O(2p) emission
from the titania valence band, and 3c overlaps
with the 3a, feature of H,O.

UPS(Hel and II) and MIES spectra for Li/
TiOy(1 10) (for details see Ref. [24]) show the same
behavior: OH formation occurs during the initial
stage of water exposure as indicated by the growth
of 1t and 3c. At exposures beyond 2 L these OH
features become, to a large extent, replaced by the
three peaks 1by, 3a;, and 1b,, similar to those from
Fig. 1. However, both Hel and II indicate that the
mixed layer grown initially, in contact with the
substrate, remains intact at large exposures and
is apparently topped by a water film: during the
formation of the second layer the spectra still show
emission from Ix ionization around 5.5 eV. For
the 3 L exposure the Hell spectrum is character-
istic for ASW [25], and for 12 L there is no
structure different from ASW at all.

3.3. Water desorption by annealing to 600 K:
electron spectroscopy and TPD results

TPD spectra were collected from titania films
with different coverages of water in the tempera-
ture range between 100 and 600 K (for details see

Ref. [24]). For the mass 20 signal (D,0O) three
different structures are visible. At low coverages a
state around 240 K becomes populated. Then, an
additional peak appears at 165 K, and finally the
155 K peak related to water multilayer formation
starts to grow. Generally, our TPD results are in
good agreement with those of Henderson [I11].
TPD will be helpful for the following interpreta-
tion of our spectroscopic results.

Fig. 5(a) shows the MIES spectra of an ASW
film (film thickness approx. 8 L) during annealing;
the corresponding difference spectra obtained in
the same way as those of Fig. 1(b) are shown in
Fig. 5(b). Around 155 K multilayer water desorbs,
and the intensities of 1b;, 3a;, and 1b, decrease
sharply. In the difference spectra the molecular
features can be identified up to 220 K. Between
150 and 160 K the 3a, feature appears best re-
solved which may be indication for structural
changes in the water film occurring during the
multilayer desorption. During multilayer desorp-
tion 1b; develops a shoulder in the difference
spectra. We attribute it to the presence of hydroxyl
groups. They are responsible for the shoulder (1),
and contribute to the 3a; peak around 10.5 eV
(30). Above 220 K no clear features attributable to
OH or molecular water can be identified.

As expected, the ASW film on Li/TiO, desorbs
around 155 K. The first mixed layer consisting of
Li and OH, however, remains stable up to 400 K.
This proves that the mixed layer, containing the
OH species, remained intact when the second and
the following layers of molecular species formed.

4. Discussion

Lindan et al. [9] reported first principle calcu-
lations for water adsorption on rutile(l110) in
which the consequences of interactions between
adsorbed water molecules were taken into account
explicitly. They predict that, because of hydrogen
bonding, a monolayer of water contains both
molecular and dissociated species. Our interpre-
tation of the MIES and UPS spectra is guided by
their results. In particular, the shape and exposure
dependence of the water-induced spectral features
can be explained best when assuming a strong
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(a)

H,0 MIES
3a, 1b,

1b,
H,0/TiO,(110)

annealing to 600K]

count rate /arb. units
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E; eV
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H,0
o, 3 b MIES

Difference Spectra
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Fig. 5. (a) MIES spectra recorded during the annealing of an ASW film grown on TiO, at 120 K. (b) MIES-difference spectra from the
results of Fig. 5(a). Contributions to the spectra from the bare titania surface are removed.

lateral interaction between the adsorbed mole-
cules.

We have already stated that for exposures < 0.5
L the difference spectra suggest that molecular
water and OH groups are present simultancously.
In the following we confine ourselves to the regime
where molecular adsorption dominates.

The initial WF drop is caused by water nucle-
ation at Ti sites [12]. Consequently, water nucle-
ation at Ti sites is complete around 2 L where the
WF saturates at about 4.3 eV. At larger exposures,
additional sites will become populated. This pic-
ture is consistent with the decrease in the O2p in-
tensity in UPS.

TPD has shown that the sticking probability of
water at 120 K is constant [11]. Consequently, the
coverage, both in MIES and UPS, initially in-
creases linearly. The linear exposure dependence
seen with MIES up to 2 L is compatible with a
preferential adsorption at Ti** sites in good
agreement with TPD (see Ref. [11], Fig. 4). The
nonlinear exposure dependence of the water fea-
tures beyond 2 L is inconsistent with layer-by-layer
growth. This suggests the formation of 3D water
clusters for exposures of 2 L. According to TPD
the beginning of multilayer formation starts before
the 170 K peak is saturated, in good agreement

with 3D water cluster formation above 2 L as
determined from MIES. The small difference in the
desorption temperatures of the 155 and 170 K
states supports the possible formation of clusters.
However, it is noteworthy that the amount of
multilayer water with respect to that adsorbed in
the 170 K state is much higher as seen in MIES
than in TPD. This discrepancy can be explained in
the following manner: in MIES the state is ob-
served after adsorption. In TPD the situation is
somewhat different because desorption of the
molecules is observed for rising temperatures.
Therefore, it is possible that part of the multilayer
water is converted into the slightly thermody-
namically favored 170 K state.

Another important finding is that no systematic
variation is seen in the shape of the water-induced
features over the range of submonolayer coverages
to ASW. Moreover, the discrepancy with theory
still exists that first principle calculations (except
Ref. [7]) predict that isolated water species would
be adsorbed as hydroxyl species on titania sur-
faces. Both facts can be explained conveniently if
we assume that lateral interaction between adja-
cent water molecules is also important during the
2D growth (below 2 L), and is required to stabilize
the molecular water species. Consequently, even at
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low exposures, the adsorbed species find a local
environment similar to that of ASW.

Our finding of a strong lateral interaction be-
tween adjacent water species on titania will remove
the discrepancy between the theoretical and ex-
perimental results because so far, except for Ref.
[9], theory has only studied the interaction of iso-
lated water species with titania. In this case, hy-
droxyls are found to be the most stable adsorbed
species. However, this is obviously not the situ-
ation studied experimentally: here, the lateral in-
teraction between the adsorbed species is quite
important, and may, even for low exposures, be
responsible for the stabilization of molecular
water. Recently, first principle calculations have
been carried out for a (1 x 1) water overlayer on
TiO,(110) [27] where the lateral interaction be-
tween the water molecules in the water rows is
taken into account. Indeed, molecular adsorption
is found to be energetically favored in this situa-
tion.

Fig. 3 displays a simulation (solid line) of the
(1by) signal, as seen with MIES, made as follows:
2D growth for <2.5 L would imply that the MIES
signal rises linearly because the number of ad-
sorbed molecules increases linearly with exposure,
as long as the sticking coefficient is constant.
Above 2.5 L it is supposed that the sticking
probability for water on top of the bridging oxy-
gen is equal to that on top of an already adsorbed
one. This picture is supported by the fact that the
desorption temperature of these two species is al-
most identical. Under these assumptions an ex-
ponential decrease of the number of substrate sites
available for water adsorption with exposure is
predicted.

The water interaction with MgO was studied
with LEED and HAS [28] and with MIES, UPS,
and TPD [14,19]. The following conclusions im-
portant for the interpretation of the present data
come from that work: water exposure to MgO at
100 K leads to molecular adsorption, lateral in-
teraction is already important during the 2D
growth phase, and water is adsorbed, even before
the first adlayer is complete, in form of 3D mo-
lecular clusters held together by the strong hy-
drogen bonding between the water species. The
valence band spectra, including their exposure

dependence, are rather similar to the present re-
sults adding support for strong lateral interaction
between water species on titania in the sub-
monolayer regime.

MIES spectra for multilayer water formation
on a CCl, film were reported in Ref. [29]. Clearly,
because CCly is highly hydrophobic, film forma-
tion in that case must be caused by lateral hy-
drogen bonding. Again the spectra are rather
similar to those observed in the present work. The
rather similar results obtained for TiO,, MgO, and
CCly strongly suggest that in all three cases the
growth mode of the water film is rather similar.

Further evidence for the suggested importance
of lateral interactions at sub-monolayer coverages
comes from the Hell results for water on Ag(111)
[30]. As in the present case very similar spectra
were reported for ASW and monolayers; more-
over, the reported spectra are similar to ours for
water/titania. In that case it is well known that
hydrogen-bonded water species exist in the first
adlayer [25]. Caused by these lateral interactions,
3a,, in particular, appears reduced in intensity and
severely broadened. This adds support to our
suggestion that the close similarity of ASW and
sub-monolayer spectra for TiO, is also caused by
lateral interactions between the adsorbed species.

The inspection of the difference spectra in Figs.
1(b) and 5(b) reveals that the intensity of hydroxyl
features seen after the ASW desorption is larger
than that found during the initial stage of the
water exposure of the surface. Consistent with
theory it was found for MgO [15] that dissociative
adsorption of water at the MgO-ASW interface
is energetically more favorable than molecular
adsorption [15]. The stabilization of charged
hydroxyl species was found to be due to the
polarization of the surrounding solvent. The ob-
servation of OH intensity in Fig. 5 after the mul-
tilayer desorption suggests that some hydroxyl
formation takes place at the ASW-TiO, interface.

The results for Li/TiO, + H,O furnish addi-
tional information on the water—surface interac-
tion. On the basis of the available experimental
and theoretical information on the adsorption site
of potassium atoms on TiO,(110) and (100)
surfaces (see Refs. [31,32]), we expect that the Li
species occupy specific surface sites close to or on
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top of the bridging oxygen rows. Upon water ex-
posure the intensity of Li(2s) in the MIES spectra
disappears quickly indicating that the Li2s elec-
tron is involved in the bonding of water to the Li
precovered titania surface. Soon after Li(2s) has
disappeared in the MIES spectra no further hy-
droxyl formation is observed. Most likely this is
caused by a blocking of the reaction pathway be-
cause no 2sLi electrons are available anymore.
The transfer of the 2s electron to the OH species
suggests the formation of a (Li—OH)-hydroxide
species. The finding that Li dissociates water effi-
ciently is not surprising because alkali metals are
well known in chemistry as electron donors; liquid
water reacts instantly with alkali metals leading to
the formation of hydroxides and the evolution of
H,.

Once the mixed adlayer consisting of Li and
hydroxyl species is completed, additional water is
adsorbed molecularly on top of this layer. The
MIES and UPS spectra for multilayer water on Li/
TiO, resemble those for ASW closely. Therefore, it
appears likely that strong hydrogen bonding be-
tween the water species is responsible for molecu-
lar adsorption in the second and following layers.

We find [24] that Li deposition on ASW gives
rise to a destabilization of molecularly adsorbed
water: deposition of more than about 0.3 ML of Li
leads to the formation of hydroxyl groups, at least
in the proximity of Li. This finding again under-
lines the strong influence of Li on the dissociation
of water: molecular water decays when proximate
to coadsorbed Li species, because the stabilizing
action of the hydrogen bonding with adjacent
water molecules is reduced or even completely
absent under these conditions.

5. Summary

We report electron spectroscopy (MIES and
UPS(Hel and II)) and TPD results for water ad-
sorption on bare and Li-precovered TiO,, ru-
tile(1 1 0) and films grown on Mo(110) at 120 K.
For the adsorption on the bare TiO, surface we
conclude that, apart from an eventual dissociative
adsorption at defect sites which accounts for less
than about 5% surface coverage, the adsorption is

molecular up to multilayer formation. Combining
the information from the exposure dependence of
the MIES and UPS signals and the TPD results we
conclude that, even before the completion of the
first adlayer, strong lateral interaction between
adjacent species exists and stabilizes molecular
water.

On TiO,(110), precovered by about 1 ML of Li
atoms, water is adsorbed dissociatively until the
first mixed layer consisting of Li and OH species, is
completed. A direct transfer of the Li2s electron to
the hydroxyl species, compatible with hydroxide
formation, takes place during the dissociation
process. On top of the first layer, additional water
is adsorbed molecularly.
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