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Structure and Energetics of Water Adsorbed atTiO2 Anatasesss101ddd and sss001ddd Surfaces
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We present density functional calculations of H2O interacting with the (101) and (001) surfaces of
TiO2 anatase at various coveragesu. On the (101) surface, nondissociative molecular adsorption
at fivefold coordinated Ti sites is favored at both low and monolayer coverage. On the (001)
surface, foru # 0.5, H2O is adsorbed dissociatively, with an adsorption energyDHH,OH , 1.6 eV.
At u  1, H2O can be adsorbed molecularly (DHH2O  0.82 eVymolecule), but a state with half of
the H2O adsorbed dissociatively and the other half H bonded in a “second layer” is energetically
more favorable. These results are discussed in the context of the available experimental information.
[S0031-9007(98)07231-7]

PACS numbers: 68.45.Da, 82.30.Nr, 82.65.Pa
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The interaction of water with TiO2 surfaces has been the
subject of intensive research for many years, motivated
its central role in many applications of this material, e.g.,
catalysis, photochemistry, and electrochemistry [1,2]. Th
majority of these studies, in particular, theoretical calcul
tions, deal with the rutile (110) surface, which is the mo
stable surface of TiO2 rutile, that is, in turn, the most stable
polymorph of titanium dioxide. However, it is anatase, an
other polymorph of TiO2, which is more efficient and more
widely used in catalysis and (photo)electrochemistry [3,4
Anatase is about 1.2–2.8 kcalymol less stable than rutile
and transforms to rutile in the temperature range of 700
1000±C. As rutile, anatase crystallizes in a tetragonal la
tice, and its structure can be described in terms of cha
of TiO6 octahedra. These octahedra are significantly mo
distorted in anatase than in rutile, and they are also co
nected in a different way [2].

Because of difficulties in growing large single crystals
most of the available experimental information on the su
face chemistry of anatase is based on studies of dispe
samples. Moreover, the use of different preparation tec
niques has led to samples of different morphologies a
impurity contents, which may be responsible for the fa
that different and sometimes conflicting experimental r
sults have been reported in the literature, even on fu
damental issues such as the character—molecular ver
dissociative—of the adsorption of water. In fact, while
some authors found that on anatase both dissociated
molecular water occurs [5], others report that most of th
water is adsorbed molecularly and that different molec
lar states are present [6]. Also the number of residual h
droxyl groups present after heating is not well establishe
even though many authors agree on the existence of t
kinds of residual hydroxyls, which produce ir bands a
,3720 and,3670 cm21 [3,7].

On the basis of this experimental information, differen
models of the anatase surface and of water adsorption
this surface have been proposed, but no clear picture
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emerged yet [3]. So far, theoretical studies have be
very few, have used simplified models and/or method
and have considered only anatase (001), for which H2O
dissociative adsorption has been predicted to be favo
[8,9]. However, it is known that for most samples th
(001) is only a minority surface, while natural anatas
samples expose mainly the (101) surface. In particul
we are here interested in real anatase samples used
solar cell devices [10,11]. It has been found that in typic
preparations [12] these contain mainly two surfaces: t
(101) and the (100)y(010) ones at approximately equa
amounts, together with some (001). The latter is at t
top and bottom of the (100)y(010) rods, and is also found
in (101) particles with truncated tops.

In this paper we study the interaction of water wit
the (101) and (001) anatase surfaces by means of fi
principles density functional calculations for differen
H2O coverages (we define the coverageu as the ratio be-
tween the number of adsorbed H2O molecules and the
number of surface fivefold coordinated Ti sites). Know
ing the structure of the hydrated surfaces is important n
only because water is almost always present on the s
faces of anatase, but also because this should help un
standing—and therefore controlling—the catalytic an
(photo)electrochemical properties of this material. F
water on anatase (101), we find that molecular adso
tion is favored, irrespective of coverage. The adsorpti
energy for the undissociated molecule,DHH2O , 0.7 eV,
is ,0.4 eV larger than that for the dissociated case. T
greater stability of the molecular state can be related
the presence of two H bonds between the hydrogens
the adsorbed molecule and two bridging surface ox
gens. For the (001) surface, instead, the character
energetics of the adsorption vary withu. For u # 0.5,
H2O molecules are found to dissociate spontaneou
(i.e., without barrier), and the adsorption energy is qui
large,DHH,OH , 1.6 eV. Foru . 0.5, a state is favored,
where H2O molecules up to half monolayer are adsorbe
© 1998 The American Physical Society
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dissociatively, while the remaining ones form H bond
with the terminal OH and the bridging O groups. For thi
mixed stateDHmix , 1 eVymolecule is found.

To model the surface, we used periodically repeat
slabs separated by a vacuum of,11 Å width. For the
(101) surface, our supercell comprises two surface ce
along [010], while for the (001) surface four surface cel
are included. In both cases, 16 TiO2 units per super-
cell are present. Calculations have been carried out us
the Car-Parrinello approach, as described in Refs. [13,1
The generalized gradient approximation (GGA) is use
for the functional of exchange correlation [15]. This ap
proximation has been found to yield satisfactory resul
in recent studies of molecules on other metal oxide su
faces [16,17]. For Ti and O, electron-core interactions a
described by GGA-consistent “ultrasoft” pseudopotentia
[18]. Valence states include the Ti3s, 3p, 3d, and 4s
states, the O2s and 2p states, and the H1s shell. The
smooth part of the wave functions is expanded in plan
waves with a kinetic energy cutoff of 25 Ry. Only state
at G are considered. Atomic relaxations were carried o
until residual forces were less than 0.05 eVyÅ. In all cal-
culations, the four lowest TiO2 were kept fixed in their
bulklike positions. Experimental values of the bulk lat
tice parametersa, c, andu were used [19].

We start by considering the structure of the clean su
faces. The (101) ideal surface is strongly corrugate
(,1.6 Å) and shows O-Ti-O double chains along th
f010g direction. These chains are connected by twofo
coordinated (2c) bridging oxygens, which also form rows
along f010g (see Fig. 1a). Half fivefold (5c) and half
sixfold (6c) coordinated Ti atoms are present, as we

FIG. 1. Clean (101) (a) and (001) (b) surfaces. Large emp
and small filled circles represent O and Ti atoms, respective
Black lines depict the surface cells used in the calculation
Their dimensions ares10.24 3 7.57d Å2 and s7.57 3 7.57d Å2

for anatase (101) and (001), respectively. For both surfac
half of the slab thickness used in the calculations is shown.
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as 2c and 3c oxygens. Upon relaxation, the2c and
3c oxygens move into and out of the surface by,0.06
and,0.21 Å, respectively. Similarly, coordinatively un-
saturated Ti-5c atoms relax inwards by,0.17 Å, while
6c titaniums relax outwards by,0.11 Å. This relaxa-
tion pattern is qualitatively similar to that found in
classical simulations based on empirical interatomic p
tentials [21]; it is also similar to the relaxation of rutile
(110) given by first-principles calculations [22]. On th
(001) surface only Ti-5c atoms are present. Each of thes
is bonded to two raised2c and two lowered3c oxygens in
the f100g and f010g directions, respectively (see Fig. 1b)
We find that upon relaxation the surface corrugation i
creases slightly, from 0.82 to 0.95 Å. Calculated surfa
energies are 0.52 and0.81 Jym2 for the (101) and (001),
respectively, to be compared to a GGA-calculated val
of 0.82 Jym2 for rutile (110) [20,23]. Lower surface en-
ergies for anatase with respect to rutile surfaces have b
found also in classical simulations [21].

We began our study of H2O adsorption on anatase (101
by placing one molecule parallel to the surface with its n
cleophilic end,2.7 Å above one of the four Ti-5c sites
of our surface cell (u  0.25). One of the hydrogens of
the molecule was in the direction of a2c bridging oxy-
gen. After relaxation, we carried out a long (,2.3 ps)
molecular dynamics (MD) run in which the temperatur
was gradually raised to about 450 K. During this run th
molecule continuously changed its orientation, but nev
dissociated and always remained in proximity of the sam
Ti-5c site. A few configurations generated along the ru
were used as starting points for local optimization proc
dures, which lead all to the same molecular adsorbed st
In this state both hydrogens of the adsorbed molecu
form H bonds with the bridging oxygens of neighbor
ing acidic-basic pairs (see Fig. 2a), and the Ti adsor
tion site becomes sixfold coordinated. The calculat
adsorption energyDHH2O  0.74 eV is in fair agreement
with the experimental estimate of 0.5–0.7 eV [24].

As no dissociation was observed during the MD sim
lation, we performed additional calculations starting fro
separate OH2 and H1 fragments at neighboring Ti-5c and
O-2c sites, respectively. For each Ti-5c, two nonequiva-
lent sites for H1 are available: the O-2c directly coordi-
nated to the titanium (intrapair configuration), and any o
of the two O-2c involved in the H bonds of the undisso
ciated H2O molecule (interpair configuration). Both thes
structures were optimized, and their stability was test
via short (,0.5 ps) MD runs. The corresponding adsorp
tion energies areDHH,OH  0.23 and 0.30 eV for the
interpair (Fig. 2b) and intrapair (Fig. 2c) configurations
respectively. Thus, molecular adsorption is largely f
vored on anatase (101) at low coverages.

Calculations analogous to those just described for t
(101) surface at lowu have been repeated for the (101) a
monolayer coverage and for the (001) surface, at bothu #

0.5 and u  1. The results are summarized in Table
2955
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FIG. 2. Atomic structure (top view) for an adsorbed wate
molecule on anatase (101). Large empty and small fille
circles represent O and Ti atoms, respectively, and small circ
represent hydrogens. (a) Molecular state. (b) Dissociate
interpair configuration. (c) Dissociated, intrapair configuration
Gray lines in (a) and (b) indicate hydrogen bonds. Bon
lengths are in Å.

where the adsorption energies relative to various possi
states (all molecular, all dissociated, or “mixed”) of th
adsorbed water are reported. We can see that for
(101) surface atu  1 the molecularly adsorbed state
in which all H2O molecules are nondissociated, is aga
energetically favored with respect to the state where
molecules are dissociated. The corresponding adsorpt
energies areDHH2O  0.72 eVymolecule andDHH,OH 
0.44 eVymolecule. The fact thatDHH2O does not vary
significantly with coverage indicates that the interaction
between the adsorbed molecules are weak. We rem
that DHH,OH increases with coverage; i.e., it is easier t
dissociate an H2O when other water molecules are presen
This might be due to an increase of the basicity of the2c
bridging oxygens.

On the (001) surface, by contrast, no molecular state
found at low coverage. We examined a few initial startin
configurations for one H2O molecule above one of the

TABLE I. Adsorption energyDH per H2O molecule (eV)
on anatase (101) and (001) at various coveragesu. Sub-
scripts refer to the character of the adsorption state: H2O 
molecular, H, OH  dissociative, mix mixed. The two val-
ues of DHH,OH in the first line refer to two different isomers
(interpair and intrapair) of the dissociated molecule.

Surface,u DHH2O DHH,OH DHmix

(101), 0.25 0.74 0.23, 0.30
(101), 1 0.72 0.44

(001), 0.25 · · · 1.59
(001), 0.5 0.81 1.44
(001), 1 0.82 · · · 1.01
2956
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four Ti-5c sites of our surface cell (u  0.25), and always
found spontaneous dissociation with no activation barrie
andDHH,OH , 1.6 eV. The structure of the dissociated
state (see Fig. 3a) is characterized by the breaking
the bond between the bridging2c oxygen and the Ti-
5c atoms involved in the adsorption. In this way two
(inequivalent) hydroxyls terminally bound to adjacent Ti
sites along [100] are formed. In addition, these hydroxyl
are bound one to another by a strong H bond.

For u  0.5, corresponding to two H2O molecules in
our surface cell, two different states are found, dependin
on the relative positions of the two molecules. If the
two molecules are initially placed above adjacent Ti-5c
sites alongf100g, they remain undissociated (see Fig. 3b)
and the adsorption energy isDHH2O , 0.8 eVymolecule.
On the surface, alternatingk100l rows are present, one
having adsorbed H2O molecules, and the other empty Ti-
5c sites. Vice versa, if the two water molecules are place
above Ti-5c atoms belonging to differentk100l rows,
they dissociate, withDHH,OH  1.44 eVymolecule. In
this energetically (and entropically) favored configuration
all surface Ti atoms carrying an hydroxyl group are stil
pentacoordinated, and may act as traps for electrons.

At monolayer coverage, again two different states of th
adsorbed molecules are identified. Starting from an H2O
above each Ti-5c site of our cell, all the molecules remain
undissociated and the adsorption energy is practical

FIG. 3. Atomic structure (side view) for adsorbed water
molecule(s) on anatase (001). For better clarity, a singl
k100l row is shown. (a) Dissociated state. (b) Molecular state
(c) Mixed state. Gray lines in (b) and (c) indicate hydrogen
bonds. Bond lengths are in Å.
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identical to that for molecular adsorption atu  0.5
(see Table I and Fig. 3b). Instead, if we start from th
preferred surface configuration atu  0.5 and add further
H2O up to one monolayer, we end up in a mixed sta
where half of the molecules are dissociated while th
other half are molecularly adsorbed by formation of tw
H bonds, one with a terminal hydroxyl and the other wit
a bridging oxygen (Fig. 3c). Remarkably, the adsorptio
energy for this mixed state,DHmix  1.01 eVymolecule,
is substantially higher than that for the molecular sta
DHH2O. We note that this mixed state is qualitativel
different from that for one monolayer of water on rutile
(110) discussed in Ref. [17]. On the rutile surface, th
water molecules which remain undissociated are direc
coordinated to Ti-5c sites, whereas on anatase (001
at (formally) u  1 half of the H2O molecules are
undissociated and form a kind of “second layer” above t
“first layer” of dissociated molecules. The reason why n
fully dissociated state withu  1 occurs for anatase (001)
is related to the fact that already atu  0.5 all surface Ti
atoms carry terminal hydroxyls.

The results of this paper together with the scannin
electron microscopy (SEM) data of Ref. [12] provide
convenient framework for understanding the available e
perimental information on water adsorption on the anata
surface. Since the environments of the Ti-5c sites of the
(101) and (100)y(010) surfaces are very similar, molecu
lar H2O adsorption is likely to be preferred for the
(100)y(010) surface too [25]. As most of the surfac
is made up of anatase (101) and (100)y(010), we in-
fer that most of the adsorbed water is in a molecul
state. This agrees with the conclusions of Refs. [3,6
On anatase (001) fragments, dissociated water is pres
while molecular water is adsorbed in a second lay
through H bonds. Thus residual hydroxyl groups o
served experimentally should originate from these fra
ments (or other surfaces), and should give rise to two
more) features in IR spectra. The adsorption energy
the H-bonded molecular water on anatase (001) is qu
large, viz.,0.6 eV, which is fairly close toDHH2O for
molecular water on the (101) surface. This seems cons
tent with the character of TPD spectra for anatase [6,24

In conclusion, we have presented density function
calculations of water adsorbed on the (101) and (00
surfaces of TiO2 anatase at various coverages, from lo
u up to u  1. The very different behavior of these
two surfaces illustrate well the strong dependence
chemisorption properties on surface structure. Our resu
support the idea that on the anatase surface, basic
two distinct states of the adsorbed water are present,
related to undissociated water on the (101) and (100)y(010)
majority surfaces, and the other to dissociated water on
anatase (001) minority surface. The latter can also acco
for the residual hydroxyl groups observed after heating t
surface.
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The calculations presented in this Letter have been pe
formed on the NEC-SX4 of the CSCS at Manno (Switzer
land). We thank Dr. A. Pasquarello for continuous
support with the Car-Parrinello code, and Dr. V. Shklove
for discussions concerning his SEM/TEM results. The
TiO2 (anatase) samples referred to in this work have bee
prepared by P. Comte and Dr. S. D. Burnside.

[1] V. E. Henrich and P. A. Cox,The Surface Science of Metal
Oxides(Cambridge University Press, Cambridge, 1994).

[2] A. L. Linsebigler, G. Lu, and J. T. Yates, Chem. Rev.95,
735 (1995).

[3] K. I. Hadjiivanov and D. K. Klissurski, Chem. Soc. Rev.
25, 61 (1996).

[4] L. Kavan et al., J. Am. Chem. Soc.118, 6716 (1996).
[5] C. Morterra, J. Chem. Soc. Faraday Trans. 188, 1617

(1988).
[6] D. D. Beck, J. M. White, and C. T. Ratcliffe, J. Phys.

Chem.90, 3123 (1986).
[7] J. A. R. van Veen, Z. Phys. Chem.162, 215 (1989).
[8] A. Fahmi and C. Minot, Surf. Sci.304, 343 (1994).
[9] T. Bredow and K. Jug, Surf. Sci.327, 398 (1995).

[10] B. O’Regan and M. Grätzel, Nature (London)353, 737
(1991).

[11] M. K. Nazeeruddinet al., J. Am. Chem. Soc.115, 6382
(1993).

[12] K. Brooks, S. D. Burnside, P. Comte, C. J. Barbé,
V. Shklover, and M. Grätzel (private communication).

[13] R. Car and M. Parrinello, Phys. Rev. Lett.55, 2741
(1985).

[14] K. Laasonenet al., Phys. Rev. B47, 10 142 (1993).
[15] J. P. Perdewet al., Phys. Rev. B46, 6671 (1992).
[16] W. Langel and M. Parrinello, Phys. Rev. Lett.73, 504

(1994).
[17] P. J. D. Lindan, N. M. Harrison, J. M. Holender, and M. J.

Gillan, Phys. Rev. Lett.80, 762 (1998).
[18] D. Vanderbilt, Phys. Rev. B41, 7892 (1990).
[19] In a bulk calculation where the parametera was opti-

mized, whilecya and u were fixed at their experimental
values, a value1% larger than the experiment was ob-
tained (see also Ref. [20]). From this study, we estimat
that the strain energies involved in our surface calculation
are of the order 0.025 eV per TiO2 unit, i.e., much smaller
than the adsorption energies of interest.

[20] J. Goniakowskiet al., Phys. Rev. B53, 957 (1996).
[21] P. M. Oliver et al., J. Mater. Chem.7, 563 (1997).
[22] M. Ramamoorthy, D. Vanderbilt, and R. D. King-Smith,

Phys. Rev. B49, 16 721 (1994).
[23] The GGA is known to yield substantially lower surface

energies than the local density approximation (LDA) [20].
Within the LDA we find that the surface energy of anatase
(101) is 0.85 Jym2, i.e., about 50% larger than in the
GGA.

[24] M. Egashiraet al., Bull. Chem. Soc. Jpn.51, 3144 (1978).
[25] This is confirmed by preliminary calculations for the (100)

surface atu  0.25.
2957


