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Mixed Dissociative and Molecular Adsorption of Water on the Rutile (110) Surface
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Using first-principles density-functional methods we show that a monolayer of water on the rutile
(110) surface contains i in both molecular and dissociated forms. Intermolecular hydrogen bonding
stabilizes this configuration with respect to the complete dissociative adsorption which would be
predicted from studies at lower coverage. The proposed mixed adsorption mode is fully consistent with
experimental data, reconciles apparent conflicts within these data, and explains discrepancies between
experiment and previous calculations. [S0031-9007(97)05099-0]

PACS numbers: 68.45.Da, 82.30.Nr, 82.65.Pa

The adsorption of water on oxide surfaces is poorlying the comparison of adsorption mechanisms, and since
understood [1], despite a great deal of investigation. Théonic forces are easily computed, both large-scale structural
question is highly relevant: The performance of gas senrelaxation and molecular dynamics (MD) simulations are
sors, the weathering of rocks, and the rheology of powderpossible [14]. All of these attributes are essential for the
are some of the diverse situations in which water chempresent purpose. The utility of this approach for Ti@s
istry at oxide surfaces is of central importance. Titaniumbeen illustrated in previous studies of bulk [15] and surface
dioxide, widely used in powder form as a pigment and[16,17] properties, and surface reconstructions [18,19].
opacifier, has attracted particular attention. Initially this The infrared spectra of water on microcrystalline ru-
derived from the observation of the photoelectrolysis oftile powders [20] have been interpreted as evidence for
water on rutile TiQ surfaces [2], but it rapidly became two types of OH, and hence for dissociation, on the (110)
apparent that a wealth of scientific challenge is present isurface. Ultraviolet photoemission spectroscopy (UPS)
the study of TiQ surface chemistry. From experiment, of single crystals by Kurtzt al. [5] showed dissociative
it has variously been proposed that, on the (110) surfaceidsorption on the perfect surface at 300 K, which satu-
water adsorbs molecularly and only dissociates at defectated at~0.1 ML. At 160 K molecular adsorption was
sites [3], dissociatively at low coverages and thereaftefound, which saturated at one ML; subsequent heating pro-
molecularly [4], either molecularly or dissociatively de- duced dissociation of some of the adsorbed molecules.
pending on temperature [5], or that the surface is inert [1]While O defects enhanced the rate of dissociative adsorp-
One point of consensus is that, if dissociation does occur, ion, they did not affect the saturation coverage. Hugen-
is only at low coverages. In contrast, theorists are unanischmidtet al. [4] used x-ray photoemission spectroscopy
mous in predicting dissociation at all coverages [6—11]and work-function measurements to assign a temperature-
Such inconsistencies dog the current understanding of oyprogrammed desorption (TPD) peak at 275 K to molecu-
ide surface chemistry. lar adsorption at fivefold-coordinated Ti sites. Using the

In this Letter we describe first-principles calculationsUPS results of Kurtzt al. these authors attributed a high-
of water adsorption on the rutile (110) surface. Thesdemperature tail extending to 375 K t60.25 ML of dis-
are the first calculations on this system in which the consociatively adsorbed water. Henderson [3] found TPD
sequences of interactions between water molecules haveatures much like those of Hugenschmetlal. and inter-
been explored. Itis shown that this is essential because gireted them similarly. However, he argues that, at 130 K,
strong intermolecular hydrogen bonding, and leads to thevater dissociation occurs only &at0.1 ML coverage, and
prediction of a novel adsorbate geometry in which a monosuggests that this is at defect sites. He also used fea-
layer (ML) of water contains kD in both dissociated and tures in high-resolution electron-energy-loss spectroscopy
molecular forms. This model allows us to reinterpret ex-(HREELS) spectra, in particular, a featurela2s cm™!
perimental results and resolve the apparent contradictioridentified as the water H-O-H bond-bending mode, and
they contain, as well as explaining why previous calcufeatures aroun®400 cm™! assigned to molecular O-H
lations fail to predict the presence of moleculayHat  stretch modes, to support the view that the majority of first-
any coverage. The plane-wave pseudopotential densityayer adsorption was molecular, especially because the two
functional theory (DFT) techniques we use [12] allow thedistinct OH frequencies expected from dissociatedDH
prediction of chemical processes from first principles, i.e.were not observed.
simply from the quantum-mechanical behavior of valence Semiempirical tight-binding studies of single-molecule
electrons. They yield accurate total energies [13], allow-adsorption and hydroxylation [6—8] have been performed,
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and these address both ML and low coverage. Dissocie
tion is favorable in all cases, but these methods cannc
reliably predict the energetics involved. Also, only one
of these studies included any structural relaxation [8], anc
all were confined to highly symmetric adsorbate configu-

rations. First-principles calculations at ML coverage havev

also been reported: from both Hartree-Fock [9] and DFT
[10] studies it was concluded that water adsorbs dissocie
tively on the (110) surface. It is important to note that
in all of these theoretical studies, the neighbors of the
H,O in the simulation cell are its periodic images, and
are therefore constrained to be at fixed separation (the ce
dimensions in [001] anfll 10]) and to have the same ori-
entation. This restriction is a serious one, since on this
surface the separation ef3 A along [001] may lead to
strong intermolecular hydrogen bonding [21]. Finally, we
have reported first-principles calculations at half-ML cov-
erage [11]. We found that water adsorbs dissociatively
at this coverage, and also demonstrated that the H vibre
tional spectrum contains only one sharp, high-frequency
peak, contributed by one of the OH groups. The othel
OH contributes in a broad range of frequencies becauséG. 1(color). Adsorption geometry at half-ML coverage.
of hydrogen bonding between the adsorbed OH and HRed and yellow spheres denote surface O and_ Ti, b]ue_ spheres
This explained some features of the observed spectra, bfisorbate O, and gray spheres H. Dashed lines indicate the
- . . extent of the supercell. The labels are explained in the text.
not the presence of a clear bond-bending signal in the
HREELS data and other strong evidence for moleculawibrations. A variant of theeETEPcode [29], the parallel
adsorption at ML coverage. version ofCASTEP[12], was used for all calculations.

The technical details of the present Letter are as The initial configuration, shown in Fig. 1, is the fully
follows. We used the gradient-corrected Perdew-Wangelaxed structure obtained from the dissociative adsorption
exchange-correlation functional (PW Il [22]). Gradient of a water molecule on one of the fivefold-coordinated
corrections [23,24] are needed for the accurate treatmeidt sites, giving a coverage of 0.5 ML. In the figure
of hydrogen bonds, and their inclusion leads to successfihe symbols denote bridging-O, fivefold- and sixfold-
descriptions of, e.g., the structure of water [25] and icecoordinated Ti §f and 6f), “bridging hydroxyl,” and
[26] and the dissociation energies of small moleculesterminal hydroxyl.” At this coverage théf sites are
[27]. A 750 eV cutoff was used with optimized, norm- the only ones at which water adsorbs strongly [11]. The
conserving Ti and O pseudopotentials. The constructioffirst stage of our calculations was the exploration via MD
and testing of these pseudopotentials have been describefithe adsorption of a second water molecule onto this
elsewhere [19]. A slab of ions in a 3D supercell wassurface. The natural second adsorption site is5theTi
used to model the surface. The supercell is double thaot occupied by an OH group. Accordingly, we placed a
dimension of the surface unit cell in the [001] direction, second molecule above this site, oriented in the plane
as in Fig. 1. In the supercell, the (110) slab faceswith the O closest to the surface &tA. However, we
are separated by a vacuum gap @63 A. Two slab  cannot rule out other adsorption si@riori. We chose
thicknesses were considered: 3 layers (36 ions) for MDwo other initial geometries for the second molecule, one
and 5 layers (60 ions) for static calculations. Brillouin-above a6f Ti atom and the other atop the bridging
zone sampling was at thE point for MD, and at two OH shown in the figure. In all three simulations the
Monkhorst-Pack points for the statics, with no samplingions were given initial, random velocities corresponding
along the surface normal. The increases in slab thicknede a temperature of 250 K, and the adsorption process
and k-point sampling were made to allow very accuratetracked for 0.75 ps. Adsorption occurred only above the
computation of adsorption energy differences [28]. For5f site. In the other two cases, the second molecule
the dynamics, the H mass was set to 3 amu, allowinglrifted away from the surface. We take this as evidence
us to use a time step of 1.5fs. This does not affecthat, at ML coverage, water is bound & Ti sites.
configuration energies or equilibrium statistical average§he nature of the adsorption is, however, surprising. The
such as vibrational mean-square displacements, but dosscond molecule does not dissociate, but instead adopts
mean that the frequencies we measure must be scaled bygeometry in which hydrogen bonding to the terminal
a factor of 1.61-1.67 for comparison with experimentOH and the surface bridging oxygen takes place. This is
[11]. A mass of 3 amu lowers the,® angle-bending stable throughout the duration of the MD run, and after
frequency to 29 THz, still well clear of the TiOattice  subsequent relaxation to mechanical equilibrium.

<«
-«

763



VOLUME 80, NUMBER 4 PHYSICAL REVIEW LETTERS 26 ANUARY 1998

To check the stability of this state we have performedsymmetry-breaking relaxations as seen in the mixed and
very accurate static calculations on the three most like\2M states. The half-coverage molecular adsorption en-
adsorption geometries. These are “mixed,” the mixedergy Ey is 0.87 e\Ymolecule. Comparison with,y re-
mode just described; “20H,” both molecules dissoci-veals that H bonding contributes 0.12 AXolecule in the
ated; and “2M,” both molecules intact. The mixed state2M state. Each molecule shares two H bonds with its
was most stable, with an adsorption energy per moleculeeighbors. For the mixed state, subtractifigy and Ey
Enix = 1.01 eV. The other states had adsorption enerfrom twice E;x shows that the H-bonding contribution
gies of Exm = 0.99 and E;og = 0.91 eV. The relaxed is exactly the same, 0.12 ¢¥olecule. However, in this
geometry of the mixed state is shown in Fig. 2. The ef-case, the H of the terminal OH group is not involved in H
fect of the strong hydrogen bonding between the molebonding. This can be seen (i) by analogy with the 20H
cule, the terminal OH, and the surface bridging oxygensystem, where there are no intermolecular interactions,
is to reduce the adsorbate O-O distance and to pull thand (ii) from the vibrational analysis below. The addi-
adsorbates away from tisg sites. This effect is also ap- tional binding arises solely from the short ®&-terminal-
parent to a lesser degree in the 2M geometry. OH bond, which is, therefore, roughly twice as strong as

Static calculations at half-ML coverage also help to ex-the H bonds in the 2M geometry. Note also that at half-
plain the role of hydrogen bonding. The half-coveragecoverage, only 0.04 eV is gained through dissociation.
dissociative adsorption enerdiy of 0.91 eV/molecule  This is why at ML coverage only half of the water dis-
is identical toE,oy. This leads to an important conclu- sociates: There is not enough energy to be gained by
sion: At ML coverage there is effectively no interaction complete dissociation to offset the lossaif H-bonding
between OH groups on neighboring sites. This is supinteractions. Of course, we have investigated only a
ported by the fact that, in the 20H system, there are n@ X 1 cell, and therefore cannot predict the fraction of
moleculesf which will be dissociated. However, our re-
sults do suggest that at ML coverage some dissociation
will occur, since the mixed statef = 0.5) is lower in
energy than the 2M statef = 0).

The broad TPD peak observed between 250—-320 K has
been associated with the desorption of first-layelOH
[3]. This peak shifts downwards with increasing initial
exposure. We expect that, under experimental conditions,
the surface will support 1D chains of adsorbates at the
5f sites separated by vacancies [30]. The calculated
adsorption energies of 0.91 and 1.01 eV (isolate®H
and ML coverage) correspond to the limits of short-
and infinite-length chains. When analyzed via a simple
Redhead analysis [11,31], these energies imply desorption
inthe range 270-300 K. We suggest that the breadth of the
peak and its shift with exposure arise from the variation in
binding energy as a function of the length of these chains.

Finally, we present results from equilibrium MD cal-
culations for the mixed state. After equilibration for
0.375 ps, we calculated the H velocity autocorrelation
function over a 3 ps run at 150 K. The power spectrum
of this function is shown in Fig. 3. Recall that the cal-
culated frequencies are lowered because the H mass is
3 amu. Taking this into account, the features of the spec-
trum correspond closely to those observed in HREELS ex-
periments [3], most notably the clear bond-bending signal
at 29-30 THz from the water molecule, and a broadened
OH contribution at high frequencies. The sharp feature at
~69 THz is due to the vibrations of the H in the termi-
nal OH alone: All other H ions contribute across the 50—
70 THz range. Since the broadening at high frequencies
arises from H bonding [11], this underlines the fact that the

FIG. 2(color). Monolayer adsorbate configuration. Colors asH in the terminal OH group isot hydrogen bonded.

in Fig. 1. (a) View from above the surface, and (b) side view N Summary, we propose that molecular and dissoci-
along[170]. The distances between O and H for the adsorbed@ted water can coexist on this surface, stabilized by a
H,O are indicated. mutual hydrogen bond, but that single molecules with no
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