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Abstract: Recent combined experimental and theoretical studies (Beck et al., Phys. Rev. Lett. 2004, 93,
036104) have provided evidence for Ti=O double-bonded titanyl groups on the reconstructed rutile TiO,-
(011)-(2x1) surface. The adsorption of water on the same surface is now investigated to further probe the
properties of these groups, as well as to confirm their existence. Ultraviolet photoemission experiments
show that water is adsorbed in molecular form at a sample temperature of 110 K. At the same time, the
presence of a 3o state in the photoemission spectra and work function measurements indicate a significant
amount of hydroxyls within the first monolayer of water. At room temperature, scanning tunneling microscopy
(STM) suggests that dissociated water is present, and about 30% of the surface active sites are hydroxylated.
These findings are well explained by total energy density functional theory calculations and Car—Parrinello
molecular dynamics simulations for water adsorption on the titanyl model of TiO,(011)-(2x1). The theoretical
results show that a mixed molecular/dissociative layer is the most stable configuration in the monolayer
regime at low temperatures, while complete dissociation takes place at 250 K. The arrangement of the
protonated mono-coordinated oxygens in the mixed molecular/dissociated layer is consistent with the
observed short-range order of the hydroxyls in the STM images.

I. Introduction dissociation can indeed cause dramatic changes to the chemical
properties of the surface, as recently discussed, e.g., in ref 9.
The question of water adsorption on the rutile (110) surface
the most extensively studied TiGurface-has been especially

everything in the ambient environment; thus, the surface ’ ) ¢
chemistry of water has a great influence in many areas such ascontroversmP.After long debates, it seems now well established
that the adsorption is molecular, with dissociation taking place

corrosion, passivation, and heterogeneous catalysis. In particular, ) 15 e h
the discovery of photochemical water splitting on Zj@ith only at defect site$’” A similar picture also_rlglds for the
potential applications in solar energy conversion, has triggered (101) surface of the Ti@-anatase polymorpi?,*¢ which is
extensive investigation of water on TiGurfaces, one of the the most stable and most frequently exposgd su_rfa_ce in anatase
most important materials for photocatalysis and photoelectro- Nanocrystals. On the other hand, some dlssomalt;ozg has been
chemical cell§-8 A fundamental question on which many €xperimentally observed on rutile Ti00)-1x1,4 and
studies have focused is whether water adsorption is moleculartheoretically predicted on anatase (061).

or dissociative. The existence of Otadicals created by water

The interaction of water with solid surfaces is of great interest
for both basic sciences and applicatidng. Water affects

(9) Cicero, G.; Catellani A.; Galli GPhys. Re. Lett. 2004 93, 016102.
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Figure 1. Model of a TiGy(011) surface. Upper panel: side view along
[110]. The top of the slab shows the geometry of the 12 reconstruction,
the bottom the bulk-terminated x1L) surface. The coordination of surface
atoms is indicated. Lower panel: top view. Thex@ unit cell is indicated.

The purpose of this paper is to explore the nature of water
adsorption on a relatively little investigated Li€urface, namely
the (2x1) reconstructed rutile (011) surface. Given the large
wealth of available information on watetitania interactions,
the interest of studying water adsorption on still another;TiO

have led to the suggestion that=NMD species may be a
characteristic structural motif of many surfaces under certain
oxygen pressure conditiof¥éand have stimulated much interest

in the influence of these species, e.g., on the surface catalytic
activity.

The above observations provide further motivation for our
present study. Prior to our investigation of B{011)-(2x1)2?
double-bonded titanyl groups had been suggested to occur only
at the edges of anatase nanopartiéldsyt not on flat titania
surfaces. Thus, HO species appear to be a unique feature that
distinguish the (011) surface from all other known T&Drfaces,
and may influence its activity in certain photoelectrochemical
experiments. Recent investigations of the dependence of the
photocatalytic activity of rutile TiQon the surface orientation
indeed indicate that the (011) surface has the highest activity
for certain reaction3®2°

To better understand the properties of F(@.1)-(2x1) and
the role of surface titanyls, as well as to confirm their existence,
in this paper we present a combined experimental and theoretical
investigation of water adsorption on stoichiometric and reduced
TiO; (011) surfaces at different temperatures. We use several
experimental techniques, namely ultraviolet photoemission
spectroscopy (UPS), scanning tunneling microscopy (STM), and
low-energy He ion scattering (LEIS), and compare our results
to density functional theory (DFT) calculations for different

surface may seem rather limited. Instead, there are at least twawater coverages. We find that some dissociative adsorption takes
good reasons for which a study of this type is important. A place at low water coverage, independent of temperature and

general reason is that this can help to understand the interactiorfor Poth stoichiometric and reduced surfaces. Support for

of water with TiQ, nanoparticles, which expose different surface dissociation is provided by theory, low-temperature UPS, and
terminations and are often grown in an aqueous environdient. '00M-temperature STM measurements. Low-temperature UPS

In particular, since the rutile (110) and anatase (101) majority SPectra further show that molecular adsorption becomes rapidly
surfaces are fairly unreactive, it is likely that the reactivity of dominant with increasing water coverage. Consistent with this

titania nanoparticles is dominated by minority surfaces like the OPServation, calculations predict that a mixed half molecular

one considered here.

A second, more specific reason for studying the rutile (011)
surface is that we have recently found that F{{@.1) forms a
stable (% 1) reconstruction, in which the surface is terminated
by doubly bonded FO titanyl groups (Figure 1% There is
at present a considerable interest in such meiaygen doubly
bonded M=0O surface species. In addition to theMD species
which are “naturally” present, as a result of simple bulk
termination, on a few oxide surfaces like Mg(@10) and \4Os-
(010)28 recently M=O surface groups have been predicted/

and half dissociated state is energetically favored at monolayer
coverage.

II. Experimental Section: Materials and Setup

All experiments were done under ultra-high-vacuum (UHV) condi-
tions with a base pressure belowk41071° mbar. Polished rutile Ti@
(011) single crystals were obtained from MTI, Inc. They were cleaned
by Art ion sputtering and annealing cycles with annealing temperatures
of 650 °C. The quality of the (1) reconstruction was checked by
LEED and STM. Water was cleaned by repeated fregmanp—thaw
cycles and dosed by backfilling the UHV chamber through a leak valve.

observed to occur also in materials where no such species arerne purity of the water vapor was checked by mass spectrometry.

present in the bulk, particularly on the £»(0001)2* V,Os-
(0001)25 and hematiter-Fe,03(00017° surfaces. These results

(20) Muryn, C. A.; Hardman, P. J.; Crouch, J. J.; Raiker, G. N.; Thornton, G.;
Law, D. S. L.Surf. Sci.1991 251, 747-752.

(21) (a) Chemseddine, A.; Moritz, Eur. J. Inorg. Chem1999 235-245. (b)
Burnside, S. D.; Shklover, V.; Barb€.; Comte, P.; Arendse, F.; Brooks,
K.; Gréazel, M. Chem. Mater1998 10, 2419-2425. (c) Gao, Y.; Elder,
S. A. Mater. Lett. 1999 44, 228-232. (d) Zhang, H.; Finnegan, M.;
Banfield, J. F.Nano Lett.2001, 1, 81—85.

(22) Beck, T. J.; Klust, A.; Batzill, M.; Diebold, U.; Selloni, A.; Di Valentin,
C. Phys. Re. Lett. 2004 93, 036104.

(23) Hermann, K.; Witko, M. InThe Chemical Physics of Solid Surfaces
Woodruff, D. P., Ed.; Elsevier Science: Boca Raton, FL, 2001; Vol. 9,
Oxide Surfaces, pp 136198.

(24) (a) Dillmann, B.; et alFaraday Discuss1996 105 295-315. (b) Seiferth,
O.; Wolter, K.; Dillmann, B.; Klivenyi, G.; Freund, H.-J.; Scarano, D.;
Zecchina, ASurf. Sci1999 421, 176-190. (c) Wang, X.-G.; Smith, J. R.
Phys Re. B 2003 68, 201402(R).

(25) (a) Dupuis, A.-C.; Abu Haija, M.; Richter, B.; Kuhlenbeck, H.; Freund,
H.-J. Surf. Sc¢i.2003 539, 99—-112. (b) Schoiswohl, J.; Sock, M.; Surnev,
S.; Ramsey, M. G.; Netzer, F. P.; Kresse, G.; Andersen, Bux. Sci.
2004 555 101-117.
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Low-energy helium ion scattering (LEIS) was accomplished using
an ion energy of 1225 eV; a He pressure 0k110°6 mbar gave a
sample current of9 nA. Empty-states scanning tunneling microscopy
(STM) images were acquired with positive sample bias voltages. During
STM and LEIS measurements, the sample was kept at room temper-
ature.

The UPS experiments described here were performed at the end
station of the 3m TGM beam line at the Center for Advanced
Microstructures and Devices (CAMD) at Louisiana State University.

(26) (a) Bergmeyer, W.; Schweiger, H.; Wimmer, Bhys. Re. B 2004 69,
195409. (b) Rohrbach, A.; Hafner, J.; Kresse,RBys. Re. B 2004 70,
125426. (c) Lemire, C.; Bertarione, S.; Zecchina, A.; Scarano, D.; Chaka,
A.; Shaikhutdinov, S.; Freund, H.-Phys. Re. Lett. 2005 94, 166101.

(27) Rajh, T.; Nedeljkovic, J. M.; Chen, L. X.; Poluektov, O.; Thurnauer, M.
C. J. Phys. Chem. B999 103 3515-3519.

(28) Rohrer, G. S. IThe Chemical Physics of Solid Surfacéodruff, D. P.,

Ed.; Elsevier Science: Boca Raton, FL, 2001; Vol. 9, Oxide Surfaces, pp
485-513.
(29) Wilson, J. N.; Idriss, HJ. Catal.2003 214, 46.
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the vacuum level). The spectrum has been shifted to compensate for the

Binding Energy (eV)  T;3* work function of TiQ.

Figure 2. Photoemission spectra of a slightly defective (@.1)-(2x1) difference spectra. all spectra were normalized to give the same
after exposing it 6 L of water in 0.3-L steps at 110 K. The inset shows 9! 5P » allsp Wi 1z giv _
the work function of the sample with increasing water coverage. count rate in a region below the valence band that contains no
water-induced features. The difference spectra were then
In this setup, sample cooling with liquid nitrogen was accomplished obtained by subtracting the spectrum of the clean surface from
via a cooling rod attached to a solid copper block. The photoelectrons g5ch subsequent spectrum. A gas-phase water photoemission
were detected by an angle-resolved hemispherical analyzer wifli a spectrum is inset in Figure 3 and compares remarkably well
acceptance angle. An extended description of this setup is available(after shifting the binding energy to account for the work
elsewheré? Spectra shown in this paper were taken at normal emission. . . .
function of TiQ,) to the difference spectra from the water-

The binding energy scales were calibrated using the Fermi level d ¢ v the th f ith bindi
determined from photoemission of the clean Ta sample plate on which covered surface. Consequently, the three features with binding

our sample was mounted. Unless noted otherwise, a photon energy ofenergies of 13.5, 9.8, and 7.4 eV in the difference spectra are
48 eV was used for obtaining the photoemission data. This photon attributed to the 1 3a, and 1h states of molecular water,
energy was chosen because it emphasizes photoemission from Ti-espectively. Their intensity steadily increases with exposure,
derived states through a well-known resonance effect with the Ti 3p indicating multilayer adsorption, which is expected at temper-
states™ It also serves for convenient comparison with previous work atures below 160 K:2 The 1y peak narrows with increasing

on the TiQ(110) surface by Kurtz et &k No evidence for photon-  coverage and shifts to slightly higher binding energies, probably
induced dissociation was observed during these experirfiefitShe because of interactions between the water molecules in the ice
work function of the sample was determined by measuring the low- |aver | the difference spectra, a negative excursion is visible
energy cutoff of the secondary electrons. at the upper edge of the valence band region. This indicates
[ll. Experimental Results that little, if any, additional states due to interaction with water
appear in this region and photoemission from these higher-lying

A. Low-Temperature Adsorption. Figure 1 shows UPS at f the Ti@ surf v att ted by th "
spectra after incremental exposures to water at 110 K, the lowest> ates ot the 11 surface are only attenuated by the water
verlayer. In our previous wofkwe have identified FO states

temperature reached in our experimental setup. These spectrg ;
were taken on a slightly reduced surface; results for a stoichio- of the titanyl groups to be located at the upper edge of the
metric surface are quite similar at this temperature. The intensity valen(?e F)and. These can be seen more clearly at _Iower photon
of the band-gap state (labeledTin Figure 2) at 1.2 eV binding energies; see Figure 1 in the Supporting Information (Sl).

energy can be taken as a measure of the nonstoichiometry of Look||fng ;n greater getan "’:jtt_?e adso:(ptlgnl at l:)hw exlposurﬁs, d
the clean TiQ surface? The inset in Figure 2 shows the work several features are observed. Two peaks below Ihe valence ban

function of the sample decreasing with additional exposure to become noticeable at 13.2 and 11.4 eV at the lowest coverages;

water. This behavior is well reproduced by the DFT calculations see F.|gure.s. 2 and 1-Sl. On the H(010) surface, Kurtz et al.
(see section V.C) have identified the 1bfeature of molecular water and the 3
When dosing water, new states appear below the valence bané)rb'tal of dissociated water to lie at around 13 and 11 eV,

: 5 - ;
region. The water-related features can be seen more clearly ianSpeit“ﬁ% ;[Tﬁ béndtlntg e?erg?/ of lthea%?tateHof OH Isth
the difference spectra in Figure 3. For computation of the close fo that of the gestate o Mmolecuiar water. However, the

relative intensities of the different peaks can be used to
(30) Dowben, P. A.; Lagraffe, D.; Onellion M. Phys.: Condens. Mattéi989 determine if dissociated water is present. Note the traces after
1, 65716581 exposure to 0.3 L of water in Figures 2 and 1-Sl. In these

(31) Bertel, E.; Stockbauer, R.; Madey, T. &urf. Sci.1984 141, 355-387. - . i o .
(32) Weissenrieder, J.; Mikkelson, A.; Andersen, J. N.; Feibelman, P. J.; Held, spectra, the @ OH~ feature at 11.4 eV is higher in intensity

G. Phys. Re. Lett. 2004 93, 196102.
(33) Andersson, K.; Nikitin, A.; Pettersson, L. G. M.; Nilsson A.; Ogasawara, than the_ 1b state of the molecular water located at 13.2 eV,
H. Phys. Re. Lett. 2004 93, 196101. suggesting the presence of hydroxyls. The presence of a 3
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Figure 4. Intensity of the band gap state (labeled'Tin Figures 2 and . . .
1-SI) with increasing water coverage. The different symbols represent gap 2 @nd 1-SI, which happens simultaneously with the appearance

state intensities from different experiments. The inset shows spectra of the of the 3 state. Probably, surface defects are immediately filled
band gap region taken from a clean, nearly perfect sample and after dosingyith dissociated water. Thus, the®Tistate, which is indicative
with 1 L of water. for oxygen vacancies on the slightly reduced, clean surface,
rigidly shifts to the position related to the hydroxyl groups. If

between the band _the 3astates gives rise _to the broad, one adopts such an OH-relatedTitate in the band gap, the
smeared-out feature in the lowest trace of the difference spectra L : . . .
o R . . results in Figure 4 allow an interesting conclusion regarding
in Figure 3. We find indication of dissociated water up to oy : ’ N
the composition of the first layer of water: the3Tiincreases
exposures of 0.4 L. Above 0.6 L, the molecular states become _ . L
. . e o with coverage up to an exposure of 1 L, indicating that
too strong, making the identification of ther 3tate difficult. . . . ) .
dissociated water is continuously formed up to the point where
We conclude that at low coverages, and low temperatures, water,

adsorbs both dissociatively and molecularly on the (0142 the surface is completely covered W|t_h a layer of_water. Further
surface. water exposure leads to the formation of multilayers and an

. - attenuation of the gap state in photoemission. Thus, the Ti
- - ’
The behavior of the band-gap state (labeledi"Tin Figures state may represent a much more sensitive measure of hydroxy-

t2h2no: ls-grll)cls :)Te{ﬁg[::ng' Sn gncf;giiPsleé;meE;gi 'ns\;g?ﬁzlaﬂon than the molecular peaks that are usually invoked to assign
pre €ors € oxygen 1CIES. Y, W the state of adsorbed water on surfaces. It is difficult to quantify
that this peakincreasesin intensity with water dosage, with

maximum intensitv around 1. L- see Figure 4. We have re eatedthe percentage of dissociated water within the first layer.
. Y arot ’ 9 ) €rep However, on the basis of a comparison of our spectra with ones
the experiment with different levels of defect densities. The

iner in intensity and the maximum val r o b of Kurtz et al!? (both data have been taken under similar

increase ensity a € maximu alue appear o be experimental conditions), an approximate value of at least 20%

independent of the number of gap states present on the clear%an be estimated

(s)a:;n g\l/e r?iefr?;(: g:r? d\i/\lf]ateerne(;pos;tr ?H;—rfvg;tivgltse? Zr;lftgstlj)res While the computational results of the electronic density of
; g 9 gy i P " states (DOS) in section V.D generally agree quite well with

Higher water dosages do not affect the position of the state anyipa photoemission spectra, they do not show the splitting-off

further. ,

A hat similar behavior of the band tate has b of a gap state when dissociated water is present. Hence, the
somewhat similar behavior ot the band gap state has eenorigin of an OH-related gap state has to remain somewhat
observed in photoemission experiments by Kurtz € an

speculative. Recent results by Henderson &% pbint toward
TiO2(110): when nearly perfect surfaces were dosed with P Y A

. a possible explanation, however. These authors observed that
massive amounts of water at room temperature, the appearanc

) BV irradiation of an organic overlayer on T¥110) led to the
of a band gap state was observed. On slightly reduced Surf"ches'formation of a T#* state. They assigned this state to the trapping

yvhere. water binds dissociatively to oxygen vacancies, the of a photo-excited electron at the interface between the surface
|nten3|.ty of the band gap .state was not su.ppresse:‘d by theand the overlayer. Possibly, the UV light used in our photo-
format;]or:jog h()j/drquls. Stg ilarly, the P state in XPS is not emission experiment also creates excited electrons that are
quenched by dosing watef. . trapped at hydroxyls at the surface.

A possible explanation of these previous and our present B. Adsorption at Room Temperature. Figure 5 shows an
results could be that the (shifted)3Tistate is related to the empty-states STM image of the TiD11) surface exposed to
presence of hydroxyls at the surface. This would explain why 5 L of water at room temperature. Bright rows along thelo1

" : ) S X
the TE* state is not attepuated in photoemission .experlments, direction in empty-states STM images correspond to the titany
although oxygen vacancies are c_Iea_lrIy covgred W.'th hydroxyls. rows on the clean Tig011)-(2<1) surface?? Dense lines of
It also helps to rationalize the shift in the“Tistate in Figures 00+ water-induced features are observed on these rows. It is
widely accepted that water molecules adsorb on under-

(34) Turner, D. W.; Baker, C.; Baker, A. D.; Brundle, C. Rlolecular
Photoelectron SpectroscopWiley-Interscience: New York, 1970.

(35) Pan, J. M.; Machhoff, B. L.; Diebold, U.; Madey, T.E.Vac. Sci. Technol. (36) Henderson, M. A.; White, J. M.; Uetsuka, H.; Onishi, H.Am. Chem.
1992 10, 2470. S0c.2003 125 14974.
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support these observations and give further insight into the
adsorption process.

IV. Theoretical Section: Calculation Details

The calculations have been performed using the plane-wave-
pseudopotential approach, together with the PereBurke—Ernzerhof
(PBEY)® exchange-correlation functional and ultrasoft pseudopotetitials
(with kinetic energy cutoffs of 25 and 200 Ry for the smooth part of
the electronic wave functions and augmented electron density, respec-
Figure 6. Constant current STM image (84 nn?, Upias= 1.2 V,1 = 0.5 tively). We used the ESPRESSO packiégacluding the CP90 and
nA) of TiO; after exposurea 5 L of water vapor at room temperature. The ~PWSCF codes: CP90, based on the-Rarrinello (CP) approach,

lines mark the center of the zigzag rows of thex(9 reconstruction. was employed for geometry optimizations and molecular dynamics
(MD), limiting the Brillouin zone sampling to th& point, while the
coordinated metal atoms on metal oxidésThe only under- PWSCF cod# was used to perform calculations at a low-symmetry

coordinated Ti atoms on the Ti®11)-(2<1) surface are the  k-point and obtain projected density_ of states and STM images.
five-fold-coordinated [Ti(5)], located in the troughs between the ~ For the surface structure, we considered our recently propose (2
titanyl rows22 The water-induced bright spots on the rows reconstruction modeéf shown in Figure 1. The supercell comprised
observed by STM are located on top of the bright rows of the two (2x 1) surface cells. The optimized bulk lattice parameters are taken

y . P 9 from previous calculations, which were performed using the same
substrate, suggesting that these are hydrogen atoms located o

. ) . Qpproximations as in this wor%.Slab models with both four and six
the titanyl groups. Calculated STM images using the Tersoff Ti layers were used. Except for the lowest layer atoms, which were

Haman approximatictf confirm this assignment; see section  yept fixed in their bulk positions, all atoms were allowed to relax using
V.E. The calculations also confirm that water molecules or a second-order damped dynamics until all components of the residual
hydroxyl groups adsorbed in the troughs of the 02 1)-(2x 1) forces were less than 0.025 eV/A. The use of thicker slabs was found
reconstruction are invisible in the STM images due to geo- toimprove the relative surface energy of the reconstructed JZiO,-
metrical height differences. (011) surface, allowing long-range relaxation of the lattice.
Car—Parrinelld® molecular dynamics simulations at full monolayer

i (ML) coverage were carried out at two different temperatures, namely
after exposurea 5 L of water at room temperature. In addition 110 and 250 K. using a four-layer-thick slab comprising twe: I3

to the zigzag rows formed by the titanyl groups, bright features surface cells. The time stej and the fictitious electronic magswere

can be seen on these r0W§: These featurt_as are nOt_pre_Sent Ofiked at 0.145 fs and 700 au, respectively; the deuterium mass was
the clean surface. The position of these bright spots is slightly yseq for hydrogen atoms, to allow for largernd ot.

off from the center of the zigzag rows, which is marked in Figure )
6. From this we conclude that the bright spots correspond to V- Theoretical Results

atoms adsorbed on the titanyl oxygens. Furthermore, if atitanyl A Molecular Dynamics Simulations. The starting config-
group on one side of the zigzag row is occupied by an adsorbate,yration for the CarParrinelld® MD simulations was a (locally
this adsorbate seems to block adsorption at the neighboringoptimized) structure with a full molecular water layer (four
titanyl groups on the other side of the zigzag row. The adsorbatesmolecules) adsorbed on the five-fold-coordinated Ti atoms of
also have the tendency to form short lines along thel[01  the structural model in Figure 1 (see Figure 7). The total length
direction (parallel to the zigzag rows), covering only one side of each simulation was about 5 ps (35 000 steps).

of the zigzag. The time evolution of selected interatomic distances, shown

The density of the water-induced features seems to saturatéin Figure 8, provides a clear picture of the events occurring
after exposures above 6 L of water. At this exposure, about  along the dynamics. At 110 K, one water molecule transfers a
30% of the titanyl groups are covered with adsorbates. Tem- proton to a titanyl group almost immediately: see the increase
perature-dependent photoemission spectra were taken on thén an Q,—H distance and the decrease in the corresponding
surface during adsorption and desorption. Molecular features Os—H distance (blue curves in the left panels of Figure 8), where
disappear around 200 K, and dissociated water remains on thep,, and Q are the water and titanyl oxygen atoms, respectively.
surface up to temperatures close to 300 K. Further confirmation A second water molecule (red curves) dissociates after less than
of water adsorption at room temperature comes from low-energy a picosecond. This mixed molecutadissociated monolayer (see
ion scattering spectroscopy (LEIS); see the Supporting Informa- Figure 9) is stable in the remaining 4 ps of the 110 K trajectory,
tion. with no further dissociations or recombinations.

Summarizing, our experimental results suggest that water At 250 K, we observe again two dissociations in the first
adsorbs mostly molecularly at low temperatures, with indications picosecond, this time followed by two more dissociations at 1
for dissociative adsorption within the first monolayer. At room and 3.5 ps. Therefore, a full dissociated monolayer (Figure 10)
temperature water adsorbs only dissociatively, and the amountis formed at 250 K, which appears to be stable for the remaining
of dissociation appears to be independent of the oxidation state2 ps (Figure 8, right panels).
of the surface. The significant amount of hydroxylated titanyl
groups found in the STM images suggests that the perfect TiO (38) ggggew, J. P.; Burke, K.; Ernzerhof, Mhys. Re. Lett. 1996 77, 3865
(011)-(2x 1) surface is active with respect to water dissociation. (39) Vanderbilt, D.Phys. Re. B 1990 41, 7892.

Furthermore, STM shows a short-range order of the dissociati_ongflcl’g ggrrbr'fi,';slj.?gg?eclzlg'rsl\g?%sdg%ilfc?rtwtc'c}lgsg.;sgigﬁgzlz'i, p.: Cavazzoni, C.
products. The theoretical results discussed in the next section  Ballabio, G.; Scandolo, S.; Chiarotti, G.; Focher, P.; Pasquarello, A
Laasonen, K.; Trave, A.; Car, R.; Marzari, N.; Kokalj, A., http://

www.pwscf.org.
(37) Tersoff, J.; Hamann, D. RRhys. Re. Lett. 1983 50, 1998. (42) Lazzeri, M.; Vittadini, A.; Selloni, APhys. Re. B 2001, 63, 155409.

Figure 6 shows a high-resolution STM image of Fi@.1)

J. AM. CHEM. SOC. = VOL. 127, NO. 27, 2005 9899



ARTICLES

Di Valentin et al.

Figure 7. Calculated structure of 1 ML of water adsorbed on the 1P
reconstructed Tig{011) surface: (fully) molecular state. Upper panel, side
view; lower panel, top view of the uppermost layer of O and H atoms.

PR 01—
‘g 4 :||l|F||'|||Uq|l|*'.|\'hﬂ|l|n|.l'r"l,l;\|l\lr\”lr‘u‘.l'l\ |
= 1 ! |lI
I 3h |, Y |
-.Oj .J |I| II |_||'| ||I| n'nt | I| ||| A |'|I' || ii'l
T 2"’ | (ML !1| 'Ilr ¥ Ilr |

-

na

R(O,-H) (A)

—

1.2 3 4

12 3 45
t(ps)
Figure 8. Time evolution of selected interatomic distances along the MD
simulations. Left panels, 110 K; right panels, 250 R(O,—H) is the
distance between water oxygen and its two protons for each mol&(Qle-
H) is the distance between titanyl oxygens and the closest hydrogen.
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Thus, these MD simulations indicate a high reactivity of the
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Figure 9. Calculated structure of 1 ML of water adsorbed on the 1P
reconstructed Tigf011) surface: mixed (molecular and dissociated) state.
Upper panel, side view; lower panel, top view of the uppermost layer of O
and H atoms.
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Figure 10. Calculated structure of 1 ML of water adsorbed on the 1P
reconstructed Tigf011) surface: (fully) dissociated state. Upper panel, side
view; lower panel, top view of the uppermost layer of O and H atoms.

surface toward water dissociation. A first intermediate state with the titanyl groups host $l groups. On the other hand, thgHD

a mixed dissociated and molecular water layer is formed and is groups in the mixed monolayer (Figure 9) are formed on the
stable at 110 K, whereas it can be further transformed into a same side of the zigzag chain of titanyls, and the opposite side
full dissociated layer at 250 K. Although no water desorption is devoid of protons, similarly to the STM results discussed
was observed in both 110 and 250 K MD simulations, we cannot above. This suggests a higher stability of conformations with

rule out the possibility of desorption on a longer time scale.

rows of QH aligned on the same side of the zigzag chains. To

The time evolution of the distances shown in Figure 8 (and check this, we considered an alternate mixed-monolayer struc-
a direct inspection of the MD trajectories) shows the presence ture in which two QH groups were located on opposite sides

of two different orientations for the &H hydroxyl: the H atom
can point toward the original () forming a weak hydrogen
bond withR(Ow—H) ~ 2.5 A, or it can point away from it (along
[100]), with R(O,—H) ~ 4 A. These orientations are “frozen”
in the mixed monolayer formed at 110 K, while the much larger
rotational freedom about the FO4—H) axis at 250 K leads

of the chain. This structure turns out to be 0.14 eV less stable
than the structure in Figure 9. Moreover, if a short MD trajectory
at 110 K is started from it, an immediate recombination is
observed, where andB proton is transferred back to an,B®

in the valley, followed by dissociation of another water molecule
to form the more stable mixed ML with & groups on the

to frequent jumps between them for each of the four hydroxyls. same side of the zigzag chain. This confirms the low stability

This behavior suggests the existence of a small energy barrierof the initial structure.

(between 1 and 2 kJ mol) for the rotation along the F B. Total Energy Calculations. Full geometry optimizations

Oy(—H) axis, which can be overcome frequently at 250 K, but \vere performed for molecular, dissociated, and mixed ML

not at the lower temperature. configurations (see Figures 7, 9 and 10, respectively) using a
In the fully dissociated ML, all one-fold oxygens are six-layers-thick slab. For the mixed monolayer we used the

protonated, so that both sides of the zigzag chain formed by configuration obtained from the 110 K MD simulation described
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Table 1. Absolute (Eags) and Relative (Er) Absorption Energies
per Molecule, and Relative Total Energies per (2x2) Supercell
(Acell)a

0 =0.25ML ©=1ML 1

Eags Eel Acel Eads Eel Acel T

Mol  —1.097 0 0 —1.056 0 0 |
Diss —1.274 -0.177 -0.177 —1.098 -0.042 -—0.168
Mix —1.121 -—-0.065 —0.260

aAll values are in eV. Labels Mol, Diss, and Mix denote molecular,
dissociative, and mixed adsorption, respectivély.Denotes the Water
Coverage

above. In this configuration thes® groups are either pointing
upward (‘up’, upper part of the top view in Figure 9) or toward -
the Q,H, forming a hydrogen bond (‘down’, bottom part of the
top view in Figure 9). Further optimization at a low-symmetry
k-point was also performed in order to improve the sampling ) M
of the Brillouin zone. Adsorption energies, calculated with "
respect to the energies of the separated substrate and adsorbate,

are reported in Table 1. . . Lo Figure 11. Total DOS and projected DOS on selected O species for
At full ML coverage the mixed moleculat- dissociative different coverages and structural models of water adsorbed osfOLiD)-

configuration has the largest adsorption energit.(21 eV), (2x1). Panel 1, 0.25 ML of dissociated water; panel 2, 1 ML of dissociated
while molecular adsorption is characterized by the smallest Water: panel 3, 1 ML of molecular water; panel 4, 1 ML of mixed molecular

| 1.056 eV)). Thi . _—— and dissociated water. The energy zero is at the top of the valence band,
energy va Ue(‘ : .e ). This enerQEI'CS comput .'S and the small feature just above it arises from oxygen atoms of the lower,
consistent with what is observed during the MD runs: since at unrelaxed surface of the slab.
low temperature (110 K) the enthalpic term is dominant, the di iated 05 ML h h ed. half
mixed layer is the stable configuration, while at high temperature Issociated at 0. Il coverage, whereas the mixed, ha
(250 K), when the entropic term becomes more relevant molecular and half dissociated, configuration was taken at 1
dissociation of all water molecules on the surface is expected.]'cV"‘ coverage. In this w?%wg gbtaﬂ; =l SMT_ 48, and_ 4'? e\'l/'h
This agrees well with the experimental results, which indicate or water coverages of 0, 0.5, an . respect_|ve y. 1he
a partially dissociated layer at low temperatures and complete F:alc_ulated valugs appear to be larger than the exper imental ones
dissociation at room temperature. It is interesting to note that '; Flc?ure 2, ;Vg'Cth.ay be duel tOIthG DFT Iunde.restlrfnart]_e of ;]he
at high coverage a variety of intermolecular hydrogen bonds is aln lg_ap (23 e 'nHOLg ca _cbu atlr(])ns). n _splte OI t 'S’dt ef
formed between both molecular and dissociated species. Thes&@lculations very well describe the experimental trend o
bonds are highly directional and therefore may lead to the

€ 4 2 0 2

decreasing work function with increasing water coverage, from

stabilization of special configurations, especially in the case of o.lev fqr the clean surface t,o 3.8 e\{ after exposor_é L of
the mixed-type adsorption. water. It is noteworthy that this experimental trend is not well

At 25% coverage, corresponding to one adsorbed water reproduced if the work function is calculated for either a fully

molecule per supercell (see Figure 12, below), the dissociatedmo':fcgIar Er a fullyddissociated wat(_er :nonolayer, for which
form is more stable than the molecular one by 0.18 eV. Given we find © = 5.2 and 4.7 eV, respectively.

the low density of water molecules present on the surface, the D. Density of StatesFigurg 11 shows the elgctr_onic densities
number of hydrogen bonds formed is negligible. Experimentally; of states (DOS) together with selected contributions of oxygen

the fully dissociated layer is not seen at low coverages and species to the O(2p) valence band for 0.25 and 1 ML water

temperatures in the photoemission experiments. This, however COVErages. At1ML coverage, fully molecular, fully dissociated,
is not surprising: water molecules are known to exhibit a and mixed monolayers are considered. For 0.25 ML coverage

strongly attractive interactiohyhich can lead to the formation of dlssom_ated water (panel 1), the titanyl oxygens give rise to
of two-dimensional clusters, as has been observed on anothef’ well-defined peak at the upper edge of the valence band (green

oxide®® So even if the total coverage is far less than a ine), vyhergag the O atoms in the hydroxyl groups resulting
monolayer, thdocal coverage can be much higher and only a f_rom d|ssomat|_on of a vyater r_nolecule 8, adsorb_ed on the
mixed layer will be observed in the experiment. five-fold-coordinated Ti(5) sites, and B, resulting from

C. Work Function. The work function ®) has been protonation of the titanyl oxygen, blue and red lines, respec-

calculated from the electrostatic potential profile along the slab tively) give rise to two almost overlapping peaks at the lower
(see, e.g., ref 44), using = Eioc — Eo, Where Evac is the edge of the valence bandA3tates) and to another broader

1 Lk~ LR} 1 - vac C1 vac . .
electrostatic potential energy in the vacuum region Bathe feature in the m'_ddle _Of the valence ba_ndr(ﬂ.tate).
bottom of the conduction band in the sldh.has been chosen _For the fully dissociated monolayer, in the second panel of
as a reference energy because this is where the Fermi energy i§'9Ur€ 11, the small peak below the valence band can be

located in the experimental samples. For these calculations, slabéa\ss(;gned rt10 the ‘T spﬁcnzs (blue l}'(nﬁ)’ Whl'le theSE) sdpem:sr
of six layers have been considered; water molecules were a"prq uqet e peg at the bottom of t .e. valence band (re |n.e),
which is essentially at the same position as the corresponding
(43) Meyer, B.; Mﬁrx, D.; Duu:zp, 0.; Diebold U.; Kunat, M.; Langenberg:I\Wo peak for 0.25 ML coverage (panel 1, red line). The splitting in
C. Angew. Chem. Int. EQR004 43, 6641-6645. i P H
(44) Fall, C. J.: Binggeli, N.; Badereschi, 4. Phys.: Condens. Mattet999 binding energy of these two species is related to the fact that
11, 2689-2696. chains of hydrogen-bonded,8 groups are formed along the
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valleys in the [01] direction (Figure 10). Each of these,B =7 - ™
groups acts simultaneously as an H donor to one neighboring e S
OwH group and as an H acceptor to the other neighbor. Also, B [011J]
the QH species interact, through weaker hydrogen bonds, with

the chain-forming QH groups in the valleys. Thed species, r , * 1
_' : L) [100]

ol

however, behave only as proton donors. The large stabilization
deriving from formation of the hydrogen-bonded chains may
be the reason why the peak related to thgHOspecies, .
separating from the valence band, is lower in energy than both . @ |
the peak of @H species and that of the correspondingHD - - -
species at 0.25 ML coverage. A splitting of photoemission states
has indeed been observed for other syst&iisie photoemis-
sion peaks in the present study are too broad to allow us to
identify a splitting.

Comparison between the total DOS for the surface with 0.25
and 1 ML of dissociatively adsorbed water and the total DOS
of the clean surface (see Figure 3 of the Supporting Information)
shows that, concomitant with the increasing hydroxylation of
the titanyl oxygens, a small peak appears below the valence
band and the peak at the upper edge of the valence bandrigure 12. Model for 0.25 ML of dissociated water adsorbed on thel2
disappears. As discussed above, the [Bak is strongly reconstructed Tigf011) surface. Upper panel: calculated STM image in a

. i ; lane 2.7 A above the outermost Ti atoms, obtained by integrating the
coverage-dependent and is almost degenerate with the Valencglectronic density for empty states within a 1.2 eV window above the

band for the low-coverage case. conduction band edge. Lower panel: side view of the optimized structure
In the third panel of Figure 11, the total and projected density along [01].

of states for 1 ML of molecular water adsorbed on the Ti(5) is . ) )
reported. The most evident features are two small peaks belowlitanyl groups are covered with adsorbates. On the basis of our

the valence band. These features are due to the oxygens of th&"olecular dynamics simulations, we expect that at this tem-
water molecules. The peaks are split because the waterP€rature water molecules on the surface are adsorbed in the

molecules tend to form dimers in the limited supercell which dissociated form. Thus, empty-state STM images, calcuiated

has been used for the calculations; see Figure 7. Within these!©" 0-25 ML coverage of dissociated molecules, should be well

dimers, one of the molecules behaves as proton donor and théuited for compar.ison with the experimental image. (Calculateq
other as proton acceptor. In a less ordered situation, the low-mages for the mixed water monolayer model are presented in

energy peaks tend to merge into a single broad feature, centered® Supporting Information.) _
around the 1pstate of molecular water. The other two broad " the calculated image (see Figure 12), the dominant features
features in panel 3 of Figure 11 correspond to the contribution °rginate from the OH groups formed after proton transfer from

of the water O atoms to the valence band and are assigned tghe water molecules adsorbed on Ti(5) to the surface titanyl
the 33 and 1h states of molecular water. oxygens, @ However, a weaker feature due to the bare O

In the fourth panel of Figure 11, the total and projected atoms is also evident. In contrast,groups are not detectable,
density of states for 1 ML of mixed molecular and dissociated probably because they lie at a lower level in the vallgys. on
water molecules is presented. The optimized structure of this the basis _Of these res_ults, we can conclude that_the bright SPOtS
configuration (Figure 9) is quite complex: dissociated and observed in the experimental image are due to highly protruding

molecular water species alternate on the Ti(5) sites in the vaIIeys;OSH species and the darker zlgzag patterned spots are due to
each undissociated water molecule establishes two hydrogenthe bare @ atoms, as previously observed for the clean
bonds with the O atom of the neighboring titanyl group and reconstructed surface.

with the Q,H on the next Ti(5), respectively. The projected VI. Discussion

density of states that results from this complex situation is quite
involved. The small peak below the valence band;-at7.6

eV, is attributed to the Hstate of molecular water (light blue
line), with a small contribution also from the8 (blue line).
The other small peak below the valence bandy at6.4 eV, is
attributed to the 3 state of QH species (red line). The 3atate

From comparative studies of water adsorption onz{1Q0)
and TiG(100) it has been concluded that the relative
proximity between Ti(5) and under-coordinated surface oxygen
atoms is a critical factor in predicting whether a Fi€urface
will catalyze water dissociation. If the distance between the
of undissociated water molecules is in the lower half of the 2 J°" a}tom O.f the water mqlecule, bound to a T|(5) atom,
valence band, while the 1istate of undissociated and ktate and a neighboring undercoordinated oxygen atom is small, the

' hydrogen bond between the @nd the water molecule will be

f di i i rel inth r part of the valen L L . e .
gacrzl]jsoc ated species are located in the upper part of the vale Cestrong enough to result in dissociation. Dissociative adsorption

h incingl h -(1x 1) 1920
E. STM Images. The experimental high-resolution STM as convincingly been shown to occur on HIDO)-(1x1)

. — . TiOx(110), i , th i I I
image in Figure 6, taken after exposure to a high dosage Wateron 10,(110), in contrast, the &-0s distance allows only

L weak H-bonds to form (WithR(OW—OS) = 281 A), and
0,
vapor at room temperature, indicates that about 30% of the xperi tdp-12 well the latest theoretical resHisoint

(45) Pache, T.: Steifick, H. P.: Huber, W.: Menzel, DSurf. Sci.1989 224 toward molecular adsorption, except at defects. Applying this
195-214. simple rule to the case of T¥11)-(2x1) lets one expect
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dissociation: the @—0Os distance is only~2.6 A, at the Finally, we comment on the potential role of the surface
borderline between “intermediate” and “strong” H-bonding titanyl groups in photocatalysis. As pointed out in the Introduc-
according to the classification given by Thiel and Madeg. tion, the (011) surface of rutile is especially active for some

addition, the Qatoms on TiQ(011)-(2x1) are bound to only photocatalytic reactions, and in a previous publicZdone
one Ti atom. Such O(1) atoms could act as a stronger Brgnstedconjectured that the surface titanyl groups that are specific to
base than the O(2) atoms that are present on all otheg TiO this face might be responsible for some of the observed effects.
surfaces, making the Ti011)-(2x1) surface particularly In section 1lI.A, we further speculate that the’Tistate in the
reactive for water dissociation. photoemission spectra is indicative of photo-excited electrons,
These simple considerations agree well with our experimental trapped at OH sites. While efficient trapping of electrons is
and theoretical findings of dissociative water adsorption at low beneficial for reduction reactions, it is unfavorable for photo-
coverages and high temperatures. At monolayer coverage andxidation, as the accumulating charge on the surface causes a
low temperature, on the other hand, intermolecular hydrogen- rapid quenching of photo-excited holes that migrate to the
bond interactions stabilize mixed layer, according to our  surface. However, the picture developed in this paper is
total-energy calculations and low-temperature MD simula- consistent with the increased activity for conversion of Ag
tions. For the TiQ(110) surface, the formation of such a mixed metallic Ag that was observed on polycrystalline sampfes.
layer has been proposéd,and hotly debatéd > in the
computational literature, yet it has not been observed experi-
mentally. The experimental results in this work strongly support
the formation of such a mixed layer on Ti(011)-(2x<1). The
photoemission results point toward the presence of an @H 3
state at low coverages (see Figures 2 and 1-Sl), in addition to
the 1b state of molecular water. As outlined above, a very
sensitive measure of the presence of hydroxyls is the formation
of a (shifted) band gap state. This state increases in intensity
with water exposures and, at 1 L, reaches a maximum that is
largely independent of the reduction state of the sample. Given
the fact that water on Ti©has a unity sticking coefficierff,
this suggests that hydroxyls are continuously being formed, up
to the point where growth of a second layer of water begins.
The number and the position of the hydroxyl groups in the
room-temperature STM images point to an interesting scenario
water/surface interaction at the molecular scale. Even at the

highest coverage, only 30% of the surface is hydroxylated, and the experiment, whereas at room temperature some desorption
he H ms on th m r I none si - . .
the H atoms on the {atoms appear to be located on one side (not included in the calculations) could take place. Apart from

f the zigz nly. The MD simulations show that hydroxyl ) .
of the 'gzag only € simulations show that hydroxy these differences, however, the agreement between our theoreti-
groups in the mixed layer are stable when located on the same

id of o 2gza (Figur ), whie ey ecomne when plced ¢ 27 SOSTTETUL S80S Gl oo, e o
on opposite sides of the zigzag at 110 K. The low stability of P y 9

. . . . o 1, this agreement provides further support to the existence of
the conflguratlon with opposing hydroxyls is likely _related 0 Ti=0O double bonds at the surface of thex(® reconstructed
local strain. The formation of and hydroxyl locally induces

L . . rutile (011) surface.

significant modifications of the structure. In particular, the
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VII. Summary and Conclusion

In this paper we have reported on a combined experimental
and theoretical study of water adsorption on the reconstructed
TiO2(011)-(2<1) surface, whose structure we have recently
described in terms of a model characterized by the presence of
one-fold-coordinated oxygens; see Figur@ The present results
provide evidence of a complex behavior for adsorbed water,
where dissociated and mixed dissociateablecular adsorption
states are thermodynamically favored at low and monolayer
coverages, respectively, whereas the adsorption is purely
molecular above one monolayer. It should be noted that
calculations tend to yield a somewhat larger fraction of
dissociated water with respect to that found in experiments,
where this fraction does not exceed 30% of a monolayer (against
50% given by calculations). At low temperatures this could be
due to the presence of a kinetic barrier hindering dissociation
or, as discussed previously, of two-dimensional clustering in

(46) Lindan, P. J. D.; Harrison, M. D.; Gillan, M. Phys. Re. Lett. 1998 80,
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Szuchmacher, ASurf. Sci.1998 395, 292-306. JA0511624

J. AM. CHEM. SOC. = VOL. 127, NO. 27, 2005 9903



