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Abstract

We studied the adsorption of water, methanol, and formic acid at terraces and steps on the stoichiometric anatase TiO,(101) surface by means of
density functional theory calculations. Our results show that the reactivity of the step edges is distinct from that of the (101) terraces and is instead
similar to the reactivity of the extended (112) and (100) surfaces, which are exposed at their facets. More specifically, on the (101) terraces, all
molecules are adsorbed in molecular (undissociated) form, and the adsorption energy is rather low (<1 eV). At step D-(112), adsorption energies
are significantly larger than on (101) terraces, but molecular adsorption is still favored by water and methanol. At step B-(100), all of the molecules
prefer to dissociate, even though the adsorption energy of water is lower than on the (101) terrace. The connection between reactivity and local
structure is highlighted, and comparison with available experimental data is provided.

© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Monoatomic height steps are very common defects on metal
oxide surfaces and strongly influence their reactivity [1-7].
However, steps on metal oxides have been much less exten-
sively studied than other defects, such as oxygen vacancies,
[1,8,9]. Here we consider monoatomic height steps on the (101)
surface of the anatase polymorph of titanium dioxide (TiO),
a very efficient and widely used material for applications in
photocatalysis and solar energy conversion [1,10-13]. Among
different anatase TiO, facets, the (101) surface has the low-
est formation energy and is very frequently exposed by anatase
nanoparticles [10,14-24]. On this surface, scanning tunneling
microscopy (STM) studies have shown the occurrence of trape-
zoidal islands with monoatomic height step edges along specific
directions [25]. Using density functional theory (DFT) calcu-
lations, we recently showed that the observed shape and ori-
entation of the islands are determined by two types of step
edges—designated D and B—with very low formation ener-
gies [26]. In this work, we characterize the reactivities of these
steps by performing DFT calculations of their interactions with
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small “prototype” probe molecules, namely H,O, CH30H, and
HCOOH, which are widely used in experiments [27-41]. Be-
cause most applications of TiO, involve an aqueous environ-
ment, the interaction of titania surfaces with water is of spe-
cial interest. Methanol is a simple prototype for organic com-
pounds and plays an important role in photocatalysis as a hole
scavenger [42,43]. HCOOH is a very common organic mole-
cule that, importantly, has the same structure as the anchoring
groups of many photosensitizers used for solar energy conver-
sion [44-48]. Therefore, the study of HCOOH adsorption also
can provide valuable insight into how photosensitizers connect
to TiO; surfaces.

2. Calculations

The total energy DFT calculations were carried out within
the generalized gradient approximation (GGA) using the
PWScf code included in the Quantum-Espresso package [49,50].
Electron—ion interactions were described by ultrasoft pseudopo-
tentials [51], with electrons from C 2s, 2p, O 2s, 2p, and Ti 3d,
4s shells explicitly included in the calculations. Plane-wave ba-
sis set cutoffs for the smooth part of the wave functions and
the augmented density were 25 and 200 Ry, respectively. The
anatase TiO»(101) surface was modeled as a periodic slab with
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6 layers of oxide, with a vacuum between slabs of ~10 A.
A (2 x 2) surface cell with corresponding 2 x 2 x 1 k-point
mesh was used. Steps were modeled using appropriate vici-
nal surfaces. In particular, we considered the vicinal anatase
TiO,(134) and TiO,(301) surfaces for steps D and B, respec-
tively [26]. We used a (1 x 2) surface cell together with a
2 x 3 x 1 k-point mesh to study molecular adsorption on the vic-
inal TiO2(301) surface. For adsorption on anatase TiO(134),
we used a (1 x 1) surface cell with corresponding 2 x 3 x 1
k-point mesh. The extended TiO(112) and (100) surfaces were
modeled using slabs with 4 layers of oxide. A (2 x 1) surface
cell with a 2 x 2 x 1 k-point mesh was used to study adsorp-
tion on the (100) surface. For the (112) surface, a (2 x 1)
surface cell with 2 x 3 x 1 k-point mesh was used. The ad-
sorbate coverage—evaluated with reference to the number of
surface Tis. sites at terraces or step edges—was 0.25 ML on
the TiO,(101), (112), and (100) surfaces and 0.5 ML on the
TiO,(134) and (301) surfaces. To investigate the coverage de-
pendence of adsorption energies, we performed calculations
with larger (1 x 2) and (2 x 2) surface supercells for TiO(134)
and TiO(112), respectively (with corresponding 2 x 2 x 1 k-
point mesh), and found that changes were very small (<1%).
The molecules were adsorbed on one side of the slab only
(hereinafter referred to as the upper surface). During structural
optimizations, the adsorbates and all of the atoms of the slab,
except those in the bottom surface of anatase TiO»(101), (100),
and (112), were allowed to move (force threshold, 0.05 eV/ A).

3. Results

The optimized structure of the flat anatase TiO,(101) surface
is reported in Fig. 1a. Both fully saturated 3(6)-fold O(Ti) (O3
and Tiec) atoms and coordinatively unsaturated (cus) 2(5)-fold
O(Ti) (Oyc and Tisc) are present on the surface [52]. The dis-
placements of these atoms from their bulk-truncated positions

have been described in detail in previous work by our group
[23]. Briefly, Oy (O3¢) atoms undergo an inward (outward)
displacement by ~0.08 (~0.2) A, while Tis. (Tig.) atoms are
displaced inward (outward) by ~0.15 (~0.2) A. Figs. Iband Ic
show the structures of the two most stable steps, D and B, re-
spectively. Both steps expose Tis. and Oy, atoms, which have
the same degree of unsaturation as the cus atoms on the (101)
terraces. Step D occurs at the two nonparallel sides of the char-
acteristic trapezoidal islands on the (101) surface and has a
TiO,(112) facet (Fig. 1d), whereas step B is the longer of the
two parallel sides of the islands and exposes the low-index
anatase TiO,(100) facet (Fig. 1e) [26]. For better clarity, we call
these two steps D-(112) and B-(100), respectively. Further de-
tails on the structures and energetics of terraces and steps on the
anatase TiO,(101) surface, including the D-(112) and B-(100)
step edges and their corresponding facets, have been given pre-
viously [26]. The calculated surface energies are 35.0, 46.3, and
56.3 meV/A? (or 0.56, 0.74, and 0.90 J/m?) for the extended
(101), (100), and (112) surfaces, respectively, whereas the cal-
culated step formation energies are 0.04 eV /A for the D-(112)
step and 0.10 eV/A for the B-(100) step [26]. It is intriguing
that the order of stability of steps B-(100) and D-(112) and that
of their corresponding (100) and (112) facets are opposite. This
difference may be related in part to the significantly higher den-
sity of “D step-like” features on the (112) surface with respect
to the density of “B step-like” structures on the (100) surface,
which tends to make the (112) surface energetically less favor-
able.

3.1. Anatase TiO»(101) terraces

Several theoretical studies of HO, CH30H, and HCOOH
adsorption on the flat anatase TiO,(101) surface are already
available [21,43,44,53]. In agreement with those studies, we
find that for all of these three molecules, the most stable ad-

Fig. 1. Calculated structures of (a) anatase TiO»(101), (b) step D-(112), (c¢) step B-(100), and the (d) (112) and (e) (100) extended surfaces (side view). The Ti atoms

are in gray and O in red. This notation is used throughout this paper.
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Fig. 2. Calculated structures of molecular (a) H>O, (b) CH30H, and (c) HCOOH adsorbed on anatase TiO,(101) terraces. C atoms are in deep gray and H in white.

The dashed lines indicate H-bonds between molecules and surface Oy.

Table 1

Calculated structural parameters and adsorption energies (E,) of HyO, CH30OH and HCOOH at terraces and steps

Molecule Surface/step O-Tisc (A) H-0y¢ A) E, (eV) Figure

H;0 TiO,(101) 2.284 2.164 0.78 Fig. 2a
Step D 2.146 1.638 1.12 Fig. 3a
TiO,(112) 2.134 1.569 1.18 Fig. 3b
Step B 1.817 0.986 0.69(0.65) Fig. 4a
TiO,(100) 1.839 0.986 0.65(0.60) Fig. 4b

CH3;O0H TiO,(101) 2.233 2.142 0.73 Fig. 2b
Step D 2.129 1.677 1.20 Fig. 3¢
TiOy(112) 2.113 1.604 1.26 Fig. 3d
Step B 1.793 0.986 0.88(0.70) Fig. 4c
TiO,(100) 1.807 0.986 0.82(0.62) Fig. 4d

HCOOH TiO,(101) 2.118 1.403 1.00 Fig. 2¢
Step D 2.194/2.098 1.014 1.17 Fig. 3e
TiO,(112) 2.116/2.037 0.988 1.56 Fig. 3f
Step B 2.076/2.116 0.986 1.16 Fig. 4e
TiO,(100) 2.091/2.127 0.986 1.18 Fig. 4f

O-Tijs, is the distance between the O of the molecule and the surface Tis. to which it is attached. H-O». is the length of the H-bond between the H of the molecule
and the nearby surface Oy, (in the case of dissociative adsorption it is the bond length of the resulting surface hydroxyl). For HyO and CH3OH at step B and on
TiO2(100), adsorption energies in parentheses refer to the molecular (less stable) form.

sorption configuration is molecular (undissociated). As shown
in Fig. 2, the molecules bind to the surface via an O-Tis. bond
with a cus surface Tis. atom and one H-bond (two for wa-
ter) with a nearby surface Oy.. Adsorption energies (E,) are
computed from the difference of total energies of the slab 4
adsorbate system and the noninteracting clean slab and gas-
phase molecule. In this way, we obtain E, = 0.78, 0.73, and
1.0 eV for H,O, CH30H, and HCOOH, respectively. The ad-
sorption energies and the key structural parameters of the ad-
sorbed molecules, listed in Table 1, are also in agreement with
those reported in previous studies.

3.2. D-(112) steps and extended TiO»(112) surfaces

The most stable adsorption structures of H,O, CH3OH, and
HCOOH at step D-(112), and, for comparison, on the extended
TiO2(112) surface are shown in Fig. 3. The corresponding
computed adsorption energies and structural parameters are
reported in Table 1. For water and methanol, molecular ad-
sorption is always preferred. Several dissociated configurations,
with H and OH (CH30) moieties occupying neighboring Oy
and Tis. sites, were considered, but none of them remained

stable during optimization, because they all converged to mole-
cular (undissociated) configurations. The H,O (CH30H) ad-
sorption energy increases from 0.78 (0.73) eV on the flat (101)
surface to 1.12 (1.20) eV at step D-(112); a similar value, 1.18
(1.26) eV, is found on the extended (112) surface. Correspond-
ingly, also the structures of HoO (CH30H) adsorbed at the
D-(112) step edge and on the (112) surface are very similar.
For example, the bond distances between the water (methanol)
oxygen atom and the surface Tisc to which it binds are 2.146
(2.129) A at step D-(112) and 2.134 (2.113) A on the (112)
surface. The H-bond between H,O (CH3OH) and the O,. on
the lower terrace, which is 1.638 (1.677) A at step D, is only
slightly shorter on the (112) surface, 1.569 (1.604) A. Analo-
gous H-bonds between H,O (CH30H) and Oy on the (101)
surface are much longer (~2.16 A on average), which may ex-
plain why the water (methanol) adsorption energy is lower on
the flat (101) surface.

In contrast to water and methanol, HCOOH is more likely to
adsorb dissociatively (E, = 1.17 eV) rather than molecularly
(E; =1.11¢V) at step D-(112). As shown in Fig. 3e, HCOOH
loses its H to the Oy. on the lower terrace, while the HCOO
moiety adsorbs at the corner with one O binding to the Tis. at
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the edge and the other O to the Tis. at the lower terrace, thus
forming a bidentate configuration with O-Tis. bonds of 2.194

Fig. 3. Calculated structures of (a, b) H,O, (c, d) CH30H and (e, f) HCOOH at
step D-(112) (left panel) and on the extended anatase TiO»(112) (right panel)
surfaces. A different side view of the structure is inserted in (e).

and 2.098 A, respectively. In addition, a H-bond (1.675 A) is
present between the H and HCOO moieties. For HCOOH at
the TiO(112) surface, dissociation is also favored. As shown
in Fig. 3f, the HCOO moiety forms a bidentate structure similar
to that at step D-(112). The corresponding adsorption energy of
1.56 eV is about 0.4 eV higher than that at step D-(112). This
may be attributed to the fact that on the (112) surface, both oxy-
gens of the HCOO moiety are bonded to very reactive Tis at
neighboring edges, whereas at step D-(112), one oxygen binds
to a Tis. at a step edge and the other binds to a Tis. on the ter-
race.

3.3. B-(100) steps and extended TiO2(100) surfaces

Unlike (101) terraces and D-(112) steps, B-(100) steps pro-
mote dissociation of all investigated molecules, including H,O
and CH3OH. In the metastable molecular adsorption configura-
tion, H»O and CH3OH bind to the surface via an O-Tis; bond;
on dissociation, they lose one H to a nearby Oy (Fig. 4), and
their adsorption energies increase from 0.65 to 0.69 eV for H,O
and from 0.70 to 0.88 eV for CH3OH (Table 1). This behavior
is very similar to that found on the flat (100) surface, where
the dissociated (molecular) adsorption energy is 0.65 (0.60) eV
for H>,O and 0.82 (0.62) eV for CH3OH. Preliminary nudged
elastic band (NEB) [54,55] calculations using a low number (5)
of replicas suggest that HO and CH3OH have relatively low
dissociation barriers (~0.35 eV) on the flat (100) surface, and
probably at step B-(100) as well.

For HCOOH, the dissociative chemisorption energy of
1.16 eV is about 0.1 eV higher than the adsorption energy of

Fig. 4. Calculated structures of (a, b) HyO, (c, d) CH3OH and (e, f) HCOOH dissociated at step B-(100) (left panel) and on the extended anatase TiO,(100) (right

panel) surfaces.
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the molecular form. Dissociatively adsorbed HCOOH at step
B-(100) again takes a bidentate geometry (see Fig. 4e). The
two oxygens of the HCOO moiety bind to the two Tis. atoms at
the edge, with O—Tis. bond lengths of about 2.1 A, whereas the
hydrogen moves to one edge Oj.. The structure (see Fig. 4f)
and adsorption energy (1.18 eV; see Table 1) of dissociated
HCOOH on the (100) surface are very similar to those at the
B-(100) step. Incidentally, a similar bidentate geometry for
HCOOH adsorption is also found on the anatase TiO2(001)
surface [56]. On the latter surface, however, calculations also
yield a metastable monodentate configuration for dissociatively
adsorbed HCOOH [56]. In contrast, dissociated monodentate
geometries turn out to be unstable for HCOOH at steps B-(100)
and D-(112) and on the corresponding anatase TiO»(100) and
(112) surfaces, as they converge to molecular configurations
following structural optimization.

4. Discussion

From the foregoing results, it appears that the reactivity of
step edges on the anatase TiO»(101) surface, although distinct
from that of (101) terraces, is very similar to the reactivity of the
extended surfaces that are exposed at their facets. For H,O and
CH30H, D-(112) steps promote stronger adsorption than (101)
terraces; however, water and methanol still do not dissociate
at step D. In contrast, dissociative adsorption is preferred for
water and methanol at step B-(100). Quite interestingly, even
after dissociation, HoO adsorption is energetically less likely
at step B-(100) (0.69 eV) than on the (101) terrace (0.78 eV),
whereas for CH30OH, dissociative adsorption at step B-(100)
(0.88 V) is significantly more favorable than adsorption at the
(101) terrace (0.73 eV). This suggests that dissociation at step
B-(100) should be observed more readily for CH3OH than for
H5O. This is consistent with recent TPD measurements of wa-
ter and methanol on anatase (101) [57], which have shown that
a small fraction of dissociated molecules is present in the case
of methanol, whereas no dissociation occurs for water.

There are noticeable trends in the adsorption energies of
H>O and CH3OH. At both steps D-(112) and B-(100), the
adsorption energy of H,O is lower than that of CH30H (Ta-
ble 1), even though the two molecules have very similar ad-
sorption configurations (see, e.g., Figs. 3a and 3c). This can be
understood by taking into account the relatively higher acid-
ity (weaker RO-H bond strength) of CH3OH with respect to
H,O [58]. On the flat TiO>(101) surface, on the other hand,
H>O has a higher adsorption energy than CH30H (0.78 vs 0.73;
Table 1). This can be explained by the fact that on (101) ter-
races, HoO can form two H-bonds with Oy, whereas CH3OH
can form only one (see Figs. 2a and 2b), a difference capable of
offsetting the stronger O-Tis. bond formed by methanol with
the surface cation (see Table 1, which shows that the O-Tis.
bond distance is shorter for methanol than for H>O).

For HCOOH, our calculations show that molecular adsorp-
tion is favored on (101) terraces, whereas a dissociated biden-
tate adsorption geometry is favored at both D-(112) and B-(100)
step edges. This can be attributed to the fact that the HCOO
moiety in a bidentate configuration can form two O-Tis. bonds

with reactive Tis. atoms at the edges. Thus our results suggest
that the binding of HCOOH with stepped anatase TiO»(101)
surfaces is more “robust’ than that of HO and CH3OH. This is
in agreement with experimental observations for H,O, CH30H,
and CH3COOH competitive adsorption on anatase TiO, thin
films [27-29]. In addition, our finding of a higher adsorp-
tion energy for HCOOH at steps than on terraces is consistent
with recent STM measurements indicating that photosensitizer
molecules with —COOH anchoring groups are preferentially ad-
sorbed at step edges on rutile TiO»(110) [59,60].

The strong interaction of HCOOH with step edges suggests
that these defect sites also should significantly affect the elec-
tronic structure and in turn the efficiency of photosensitizers
with COOH anchoring groups. This is supported by calcula-
tions of the projected density of states (not shown), which pro-
vide indications of a significantly larger overlap between the
molecule and surface electronic states at steps than at (101)
terraces. Even though HCOOH is too simple to represent a
real sensitizer molecule, this result suggests that steps at TiO»
should significantly facilitate processes like the injection of
photoexcited electrons from the sensitizer to the support in solar
energy conversion devices based on dye-sensitized TiO, mate-
rials [61,62].
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