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A first-principles study of H,O adsorption and dissociation on the SrTiO3(100) surface

Beverly Brooks Hinojosa, Tim Van Cleve and Aravind Asthagiri*
Department of Chemical Engineering, University of Florida, Gainesville, FL 32611, USA
(Received 19 January 2010; final version received 9 March 2010)

We use density functional theory (DFT) to examine the adsorption of H,O on the SrO- and TiO,-terminated SrTiO3(100)
surface. At coverages of 0.5 monolayer (ML), we find that water preferentially binds associatively on the TiO, termination
by 0.2 eV/H,0 and negligible differences in energy between associated and dissociated H,O on the SrO termination. These
results are in agreement with an earlier hybrid Hartree—Fock-DFT study and the general conclusions from several
experimental studies. But at coverages below 3/8 ML, our DFT calculations predict a crossover to preference for
dissociative H,O on the TiO, termination. On the SrO termination, the use of larger surface supercells (2 X 2) allows for the
stabilisation of mixed adsorption configuration at 1/2 ML and subsequent decrease in coverage results in dissociative water
configurations. We explored dimer configurations of molecular H,O and HO—H,0O complexes at 1/4 ML coverage but these
configurations are less stable than the isolated dissociated state. The energy barrier for dissociation of H>O on the TiO,
termination at 1/8 ML coverage is found to be 0.08eV, which suggests that the dissociated state is both favoured
energetically and kinetically at low coverages and temperatures. These low coverage results from our DFT study conflict
with existing experimental studies and we present scenarios that can be explored both experimentally and theoretically to

resolve this discrepancy.

Keywords: density functional theory; oxide surfaces; water; SrTiO;

1. Introduction

The adsorption and reactivity of water on low-Miller index
oxide surfaces serves as a model system to understand the
structure—reactivity relationship of oxide surfaces.
Water—oxide interfaces are also important in a range of
applications in catalysis, environmental remediation and
biomineralisation. Even under ultrahigh vacuum (UHV)
conditions, it is often difficult to avoid contamination of
low coverages of water, which can affect the reactive
properties of the surface. An important first step in
understanding the reactive behaviour of H,O-oxide
interfaces is to resolve whether water adsorbs associatively
or dissociatively on the oxide surface. While one may
expect that the characterisation of the structure of water on
low-Miller index oxide surfaces under UHV conditions
should be readily resolved with a combination of
experimental and theoretical studies, the literature, for
example on H,O on rutile TiO,(110) [1-3] and MgO(100)
[1,4—6], shows that conflicting models can exist and are
non-trivial to resolve. This challenge in resolving the
structure of water on the oxide is due in part to a
combination of the difficulty of controlling oxide surface
reconstructions, contaminants in UHV, coverage effects,
the potential presence of complex water clusters and
approximations that must often be made in first-principles
studies (e.g. size of system, accuracy of exchange-
correlation functionals).

Water adsorption on SrTiO3(100), including the role of
defects such as oxygen vacancies and step edges, has been
the focus of several experimental studies [7—13]. Like
many oxides, SrTiO5 can have multiple terminations for a
given surface plane and SrTiO5(100) can be terminated by
a SrO or a TiO, plane (see illustration in Figure 1). The
presence of the TiO, termination of SrTiO3(100) has
motivated some of the studies of H,O on this surface, since
it offers an opportunity to compare with the extensive
studies of TiO, surfaces to shed light on the role of
structure on the chemistry of the oxide [7]. SrTiO5 also
garners interest for potential use as a catalyst in
photoelectric splitting of water [14,15].

Ultraviolet and X-ray photoemission spectroscopy
(UPS and XPS) studies of water on SrTiO5(100) under
UHYV conditions suggest that water adsorbs molecularly on
the pristine surface, but upon the inducement of oxygen
vacancies via ion bombardment [10—13] or step edges by
vacuum fracturing [8,9], the presence of dissociated water
is detected. High resolution electron energy loss spec-
troscopy (HREELS) has also been used to probe the
phonon modes of H,O and D,O on stoichiometric and
reduced SrTiO3(100) [10—12]. While the identification of
phonons attributed to the adsorbate is complicated by the
overlap with surface phonons of the oxide, the HREELS
study suggests that water adsorbs dissociatively on
SrTiO3(100) only in the presence of oxygen vacancies
[10,11]. Lopez et al. [16] reported in another HREELS
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Figure 1. The bulk unit cell of SrTiOjz highlighting the SrO
termination (top) and TiO, termination (middle) of the
SrTiO5(100) surface.

study that the presence of Na on the SrTiO3(100) surface
can also result in dissociative adsorption of water.
Wang et al. [7] have performed to date the only temperature
programmed desorption (TPD) experiments in UHV of
water adsorption on SrTiO3(100). They found that water
adsorbs on the pristine SrTiO3(100) with a maximum peak
desorption temperature of 260 K, which shifts to lower
temperatures with increasing water coverage. The TPD
study also concludes non-dissociative adsorption on the
SrTiO3(100) surface with the primary evidence that the
observed peak temperature in the TPD is too low to be
assigned to dissociated H,O. They approximated the
surface to consist of ~80% TiO, termination and have
confirmed via low energy electron diffraction (LEED) that
the bare surface is initially the (1 X 1) unreconstructed
SrTiO3(100) surface. After sputtering the surface, the TPD
spectra show a long tail starting at ~ 300 K and decaying at
around 480 K. This tail in the TPD spectra is assigned to
dissociated water on O vacancies and matches the general
conclusions from earlier XPS and UPS studies of reduced
SrTiO5(100) surfaces. Wang et al. [7] suggested that the
lack of bridging O atoms on the pristine TiO,-terminated
SrTiO3(100) surface prevents strong H-bonding with the
surface O atoms that would make it favourable to strip the
H atoms from the water molecule. In comparison, water
binds dissociatively (associatively) on the defect-free
TiO,(100) (TiO,(110)) surfaces [17—19]. Density func-
tional theory (DFT) calculations suggest that on TiO,(100),
the adsorbed water molecule has access to low-coordinated
bridging O atoms, but on TiO,(110) the distance between
the H-atoms on the water molecule and the bridging O
atoms is longer and prevents strong formation of H-bonds
with the oxide surface O atoms [7,20]. In summary, the
experimental results to date point to a model of associative
adsorption of H,O on pristine SrTiO5(100) surface, with
dissociation only observed at defects such as O vacancies
and step edges.
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In this paper, we report on DFT calculations of H,O
adsorption and dissociation on both terminations of
SrTiO3(100). There has been a recent hybrid Hartree—
Fock (HF)-DFT study examining water on both termin-
ations of SrTiO5(100) and found that molecular water is
favoured over dissociated water on both terminations with
this difference more pronounced on the TiO, termination
[21]. This earlier DFT study examined coverages down to
1/2 monolayer (ML) on a 1 X 1 surface cell (see Section 2
for definition of 1 ML for this system). We have explored
more dilute coverages down to 1/8 ML using a 2 X 2
surface cell and find that both the adsorption energy and
structure of water are sensitive to coverage. At coverages
below 1/2 ML, DFT predicts that dissociated H,O is
favoured on both terminations of SrTiO3(100). We discuss
possible sources of the differences between our DFT
results and the existing experimental studies.

2. Calculation details

All the DFT calculations in this paper were performed
with the Vienna ab initio simulation package (VASP)
[22-25] using the projector augmented wave [26,27]
pseudopotentials provided in the VASP database. We
included the Sr (4s, 4p, 5s), Ti (3s, 3p, 3d, 4s) and O (2s,
2p) orbitals as valence states and used a plane wave cut-off
energy of 400 eV. Calculations have been done using the
generalised gradient approximation Perdew—Burke—Ern-
zerhof (GGA-PBE) exchange correlation functional [28].
We will discuss the effects of the functional on the
accuracy of the DFT calculations in Section 3.4.1.
Electronic relaxation was performed with a block
Davidson iteration method accelerated using Fermi-level
smearing with a Gaussian width of 0.1eV [29]. All
calculations used a 6-layer slab with the bottom two layers
fixed. The system is relaxed until all the forces are less
than 0.03eV/A. We tested 8-layer and 10-layer slabs to
confirm the binding energy and adsorbate structure match
that were found on the 6-layer slab. The water adsorbates
were examined in increments of 1/2 and 1/8 ML for the
1 X 1 or 2 X 2 surface unit cells, respectively. We define 1
ML as 2 water molecules per surface cation, which
matches the definition used by the earlier HF-DFT study
[21]. A vacuum region of about 24 A is included to prevent
the slab from interacting with its periodic image in the
surface normal direction. We completed all calculations
using dipole corrections in the surface normal direction
[30]. The effects of spin polarisation corrections were
checked and found not to affect the adsorption energy for
any of the high symmetry sites. We use an 8 X 8 X 1 and
4 X 4 X 1 Monkhorst—Pack mesh [31] for the 1 X 1 and
2 X 2 surface unit cells, respectively. We found a bulk
lattice constant of 3.95 A for SrTiOs, which matches fairly
well with that previously reported from experiment
(3.90A) [32] and DFT (3.94A) [33]. Minimum energy
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SrO terminated

TiO, terminated

Figure 2. The top layer of the (a—d) SrO-terminated and (e—h)
TiO,-terminated SrTiO5(100) surface showing the 1 X 1 (2 X 2)
surface cell outlined by dashed (solid) lines. The high symmetry
adsorption sites we examined are identified on the SrO
termination as (a) fourfold, (b) bridge, (c) Sr, (d) O and on the
TiO, termination as (e) O, (f) bridge, (g) Ti and (h) fourfold.

pathways and the barrier to water dissociation are
calculated using the nudged elastic band (NEB) method
[34-36].

3. Results and discussion
3.1 Half-monolayer H,0 on SrTiO3(100)

On the (1 X 1)-SrTiO3(100) surface, we examined four
high symmetry adsorption sites for both the SrO- and
TiO,-terminated surfaces, with each shown in Figure 2.
Figure 2(a)—(d) highlights the fourfold hollow site, the
bridge site between the surface O and Sr, on top the Sr and
O atoms, respectively, for the SrO-terminated surface.
Figure 2(e)—(h) illustrates the surface sites for on top O,
the bridge site between surface Ti and O, on top surface Ti
and the fourfold hollow site, respectively, for the TiO,-
terminated surface. For simplicity, we will refer to these
sites as fourfold, bridge, Sr, Ti and O. The adsorption of
one water molecule on a single high symmetry site for this
surface unit cell corresponds to a surface coverage of 1/2
ML, with ML defined in Section 2. We initially placed
molecular water with the oxygen atom in each of the high
symmetry surface sites with various orientations for the
hydrogen atoms ranging from pointing away from,
perpendicular to and downward towards the surface
atoms. After relaxation, the final adsorbate configurations

depend only on the surface adsorption site (i.e. the initial
oxygen position) and not on the initial hydrogen
orientation.

Table 1 reports the adsorption energy for each of the
surface adsorption sites at both 1/2 and 1/8 ML coverages.
The adsorption energy (E.qs) is defined as:

Eu = {(Es]ab + N X EH]Z\(’),gas) - EHZO,Slab} ’ 1)

where Eg .y, is the total energy of the relaxed SrTiO; slab in
the absence of any adsorbed H,O, Ep,0 g4 is the energy of
an isolated water molecule, Ey,0 512 1 the total energy of
the H,O/SrTiO5 slab and N is the total number of water
molecules in the H,O/SrTiO; slab. Figure 3(a)-—(d)
illustrates the most favoured associative and dissociative
H,O configuration on the SrO and TiO, terminations of
SrTiO5(100) at 1/2 ML. Table 2 presents all the relevant
bond lengths associated with the structures illustrated in
Figure 3(a)—(d), along with similar values at the 1/8 ML
configuration. We focus on the results at 1/2 ML in this
section and return to low coverage results in Section 3.2.
To distinguish between hydroxyl groups consisting of O
atom coming from the water vs. the oxide surface, the O
atom from water (oxide surface) will be denoted by O,,
(Ox).

The most favoured state for molecular H,O is the
bridge site for both terminations. On the SrO termination,
the bridge site is more stable by 0.26 eV over the fourfold
site and similarly on the TiO, termination the bridge site is
favoured over water adsorption on the Ti atom by 0.18 eV.
A previous investigation using hybrid HF-DFT with a
linear combinations of atomic orbital calculations studied
water on SrTiO3(100) and found both stable molecular and
dissociative states on both terminations [21]. To test the
favourability of dissociative binding, we separated one
hydrogen from the converged molecular H,O/SrTiO3(100)
and placed it near the neighbouring surface oxygen. On
both terminations, we found after minimisation that the
dissociated H atom recombines with the hydroxyl group to
form molecular water. Evarestov et al. [21] also reported
difficulties stabilising a dissociative state at 1/2 ML

Table 1. Adsorption energy (E,qs) of water at 1/8 and 1/2 ML on various high symmetry sites, defined in Figure 2, on the SrO- and TiO,-

terminated SrTiO3(100).

Eads (eV/HZO)

SrO termination

TiO, termination

Adsorption site 1/8 ML on 2 X 2

1/2MLon 1 X1

1/8 ML on 2 X 2 1/2MLon 1 X 1

Fourfold 0.90 (1.31) 0.58 (0.85) 0.23 0.05

Bridge Unstable (1.14) 0.84 (Unstable) 0.89 (1.11) 0.79 (0.59)

St/Ti Converges to fourfold Converges to fourfold 0.76 0.61

o 0.11 0.06 0.72 Converges to top Ti

Note: The values in parentheses correspond to a dissociative state.
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Figure 3. Most favoured half monolayer molecular (a,b) and
dissociative (c,d) water configuration on 1 X 1-SrO (a,c) and
1 X 1-TiO; (b,d) termination as viewed along the [001] direction
(above) and the [100] direction (below). The 1 X 1 surface unit
cell is outlined by the dashed box.
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coverage on the 1 X 1 surface cell of SrTiO5(100) [21].
To overcome these difficulties, they used the stabilised
dissociated water on SrZrO;(100) surfaces and scaled the
resulting configuration to the SrTiO3(100) surface. Upon
relaxation of this structure, they were able to obtain a
stable dissociated configuration on the SrTiO3(100)
surfaces. We were able to finally stabilise a dissociative
state using an initial configuration based on the structure
reported by Evarestov et al. [21]. The primary feature of
the dissociated structure of Evarestov et al. is the distance
between the hydroxyl group and the surface cation. If this
distance is appropriate in the initial dissociated structure, a
local minimum of the dissociative H,O can be stabilised
on both terminations. However, the dissociative state on
TiO, is found to be less stable by 0.2 eV/H,0 and there is a
negligible difference between associative and dissociative
H,0 (0.01 eV/H,0) on the SrO termination (see Table 1).
Our values for the relative stability of associative vs.
dissociative H,O on both terminations are very similar to
the earlier HF-DFT study where it was reported that
molecular H,O is favoured by 0.1 eV/H,O on the TiO,
termination and 0.003eV/H,O difference on the SrO
termination [21]. As can be seen in Figure 3(c), water
rotates out of the bridge site and into a fourfold site on SrO,
following dissociation. The values for the bond lengths of
the minima structures determined in our study also agree
well with those reported by Evarestov et al. with slight
underestimation of the O,,—Sr at 2.55 Avs.2.61 A [21] and
overestimation of the O, —Ti at 1.90 A vs. 1.88 A [21].
The primary conclusion from the earlier DFT study,
and our values at 1/2 ML, is that H,O should be expected
to adsorb associatively on the defect-free SrTiO5(100)
surface. This conclusion agrees with the general findings
of various experimental studies [7—13], especially if the
expectation of predominance of TiO, termination in these
experiments is taken into consideration [7]. While
adsorption energies were not extracted in the TPD study
of H,O adsorption on SrTiO5;(100) [7], we can

Table 2. Bond lengths for the most stable water adsorbate configurations at 1/8 and 1/2 ML coverage on the SrO- and TiO,-terminated

SrTiO5(100) surface.

SrO termination

TiO, termination

1/8 ML (2 X 2)

1/2 ML (1 X 1)

1/8 ML (2 X 2)

1/2ML (1 X 1)

Bond length H,0 H—OH H,0 H—OH H,0 H—OH H,0 H—OH
0,—H; 1.03 0.97 0.97 0.97 0.98 0.97 0.98 0.97
0,—H, 1.03 1.59 1.07 1.30 1.00 2.84 1.00 2.23
(St,Ti)—Oy, 2.71 2.59 2.58 2.55 221 1.84 2.27 1.90
0,—H, 1.62 3.39 3.04 2.97 2.18 2.77 2.42 291
0, —H, 1.62 1.01 1.45 1.13 1.88 0.98 1.82 0.99

Note: Molecular and dissociative states are noted as H,O and H—OH, respectively.
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approximate these values from the peak temperature (7})
associated with dilute coverages (~ 260 K) and assuming
first-order desorption with no adsorbate interaction and a
prefactor (v,) of 1 X 10", With these assumptions and a
heating rate of 1 K/s [7], a value for the adsorption energy
of 0.92eV can be extracted for 7, =260K. This
adsorption energy is larger than the DFT value of 0.79
and 0.84 eV on the TiO, and SrO termination, respectively,
which is not unexpected since the 260 K peak temperature
is associated with dilute coverages but suggests that the
adsorption energies from DFT are qualitatively similar to
that derived from experiment. Ignoring the adsorbate—
adsorbate interactions, a value of 0.63eV for the
adsorption energy (7, ~ 180 K) at high coverages can be
obtained from the TPD spectra. While these values are not
very accurate due to the assumptions, they do illustrate a
strong coverage dependence on the adsorption energy that
can also be observed from the strong shift in the TPD
spectra with coverage [7].

3.2 Dilute coverage of H,0 on SrTiO3(100)

To probe coverage effects on the adsorption energy and
structure of water on the SrTiO5(100) surface, we used a
2 X 2 surface unit cell, which reduces the possible
coverage increment to 1/8 ML. We examined water in
the same adsorption sites as above and the E,q; for each
site is summarised in Table 1 and Figure 4 shows the most
stable minima for associative and dissociative H,O found
on both terminations at 1/8 ML. For both terminations,
there is a general increase in adsorption energy for both the
dissociated and molecular water states, but more
importantly a crossover to a preference for the dissociative
state occurs when the coverage is decreased from 1/2 to
1/8 ML. For the SrO termination, we observe a stable
dissociated state at the fourfold site with an adsorption
energy of 1.31eV/H,O and is shown in Figure 4(c).
As discussed in Section 3.1, dissociated water on the
bridge site could not be stabilised in the 1 X 1 surface cell,
and the dissociative state could only be stabilised by
shifting to a fourfold site (see Figure 3(c)). The lower
coverage further stabilises the dissociative state as evident
by the more substantial separation of the O,,—H and free H
as seen in Figure 4(c) vs. Figure 3(c). At a coverage of 1/8
ML, the bridge site does have a stable state associated with
dissociated water (not shown), but this site is less
favourable over the fourfold by 0.17eV/H,O. For
molecular H,O, the effect of lower coverage acts in an
inverse way and destabilises the water molecule at the
bridge site. At 1/2 ML on the 1 X 1-SrO termination, the
molecular water is prevented from dissociating due to
repulsive neighbour interactions with an adjacent hydroxyl
group in the [100] direction due to periodic boundary
conditions, but at lower coverages, this obstacle is removed
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Figure 4. Most favoured 1/8 monolayer molecular (a,b) and
dissociative (c,d) water configuration on 2 X2 SrO (a,c) and
2 X 2 TiO; (b,d) terminations as viewed along the [001] direction
(above) and the [100] direction (below). The 2 X 2 surface unit
cell is outlined by the solid box for visual aid of the top view
along the [001] direction.

and the water molecule dissociates as it would prefer in the
absence of this repulsive interaction. The most stable
molecular water state at 1/8 ML is then found on the
fourfold site (see Figure 4(a)), and while this state gains
0.32¢eV in stability due to the decrease in coverage, the
adsorption energy of 0.90eV/H,O is weaker by
0.41eV/H,O than the dissociated state. Therefore, our
DFT results suggest that at lower coverages dissociated
water should be favoured on the SrO termination.

On the TiO, termination of the 2 X 2 surface cell, we
find an increase in molecular water stability at each site
with respect to the 1/2 ML coverage on the 1 X 1 TiO,-
terminated surface. The dissociated water structure at the
bridge site on the TiO, termination shown in Figure 4(d)
has an adsorption energy of 1.11eV/H,O, which is
0.22 eV/H,0 more stable than the most stable molecularly
bound water shown in Figure 4(b). Therefore, similar to the
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SrO termination, there is a crossover to the dissociated
state at lower coverages on the TiO, termination.
Evarestov et al. described the dissociated water configur-
ation on the 1 X I-TiO, termination as having two
hydroxyl groups in a trans-position to each other (see
Figure 3(d)). On the 2 X 2-TiO, termination, we identified
a cis-type configuration of the two hydroxyl groups, as
illustrated in Figure 4(d). We tested the stability of a trans-
type configuration of the two hydroxyl groups at the
coverage of 1/8 ML and found a nearly energy equivalent
state with an E,g4, of 1.13eV/H,O0.

The structural information for the most stable water
configurations at 1/8 ML is reported in Table 2 and can be
compared with the values at 1/2 ML. As noted above for
the SrO termination, there is a shift in the site of the
preferred molecular water, therefore some of the changes
in the structural parameters are due to this change. For
dissociated H,O on the SrO termination, the primary
change is a decrease in the O,—H distance from 1.13
to 1.01 A when the coverage decreases to 1/8 ML. The
distance of 1.01 A is very close to the value of the hydroxyl
group from the water molecule (0.97 A), which implies
that the hydroxyl group associated with Oy increases in
strength upon the decrease in coverage. On the TiO,
termination, there are less dramatic changes in the
structure of water (associated or dissociated) with
coverage, but instead the changes occur in the non-
interacting bond distances. For molecular water, there is a
decrease of 0.24 A in the bond distance between one of the
H atoms on H,O and the adjacent O, atom (O,—H;) and
the O, —Ti bond distance shrinks by 0.06 A. These
changes again reflect the increase in the strength of the
water—surface interactions for the molecular configuration
with decreasing coverage. For the dissociated water on
TiO, termination, there is a similar decrease in the O,,—Ti
bond. But the more important effect of the lower coverage
is made clear by comparing Figures 4(d) and 3(d) that
represent the dissociated minima at 1/8 and 1/2 ML,
respectively. At 1/2 ML coverage, the two hydroxyl
groups (Ox—H and O, —H) are restricted in the ability to
relax to optimise the interaction due to the presence of
hydroxyl groups on both sides. This restriction is lifted at
1/8 ML and as can be seen in Figure 4(d), the two hydroxyl
groups relax and rotate away from each other. The net
effect of this additional relaxation is an increase in the
stability of the dissociated H,O molecule at the lower
coverage.

To probe the observed crossover in the preferred
structure of water, we examined 1/8, 1/4, 3/8 and 1/2 ML
coverages on the 2 X 2 surface cell. The use of the 2 X 2
surface cell also allows us to study any size effects due to
periodic boundary conditions at 1/2 ML. Figure 5 plots the
adsorption energy of the most favoured configuration
identified as a function of coverage (ML) on the 2 X 2-
TiO, termination along with the earlier values at 1/2 ML
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Figure 5. E.4s of the most favoured molecular (triangle) and
dissociative (circle) water configuration at varying coverages on
the 2 X 2-TiO, termination. The adsorption energies for the
molecular and dissociated H,O on the 1 X 1-TiO, termination are
included as open symbols at 1/2 ML.

found on the 1 X 1-TiO, termination. Figure 6(a)—(c)
illustrates the relaxed dissociative water at 1/4 ML
coverage (2 water molecules/2 X 2 surface unit cells) in
three different possible adsorbate configurations. The
configurations vary in the distance between water
molecules (Figure 6(a) vs. Figure 6(b),(c)) or the relative
orientation (Figure 6(b) vs. Figure 6(c)). We have also
examined water binding molecularly for each of these three
configurations. For molecular binding, the adsorbed water
interacts similarly for all of the configurations with E,4 of
0.82, 0.88 and 0.88eV/H,O, for molecular equivalents
of the dissociative configurations in Figure 6(a)—(c),
respectively. However, for dissociative binding, there are
significant variations in the adsorption energy with surface
configuration with an E,4, of 1.02, 1.06 and 0.56 eV/H,0 in
Figure 6(a)—(c), respectively. The reason for this significant
reduction in E,4 for the configuration shown in Figure 6(c)
is due to repulsive interactions between the O,—H and the
O,,—H groups. The unfavourable configuration associated
with Figure 6(c) is similar to the configuration we find for
1/2 ML on the 1 X 1 surface cell (see Figure 3(c)). At a
coverage of 1/4 ML, the water adsorbates can avoid this
unfavourable interaction by taking on configurations as
shown in Figure 6(a),(b), which allow for rotations of the
two adjacent hydroxyl groups. However, the addition of one
more water molecule to the surface in any surface site will
create this unfavourable row of hydroxyl groups that are
restricted by having two neighbours on either side.
Therefore, at 3/8 ML coverage, the molecular water state
is favoured over dissociative adsorption, as illustrated
by the E, 4 in Figure 5 where we observe that the crossover
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Figure 6. The three possible configurations of dissociatively adsorbed water at 1/4 ML coverage on the 2 X 2-TiO, termination viewed
along the [001] and [100] directions with E, 4 values of (a) 1.02, (b) 1.06 and (c) 0.56 eV/H,O. The 2 X 2 surface unit cell is outlined by

the solid box for visual aid of the top view along the [001] direction.

to favourability of dissociative water occurs at coverages
below 3/8 ML.

Using the 2 X 2 surface unit cell, we also revisited the
favoured configurations found on 1 X 1-TiO, termination.
For the dissociative state at 1/2 ML on the 2 X 2-TiO,, the
cis-type hydroxyl group configuration binds with slightly
higher adsorption energy of 0.63 eV/H,O than the trans-
type hydroxyl group configuration found on the 1 X 1-
TiO, termination with an adsorption energy of
0.59eV/H,O (see Figure 5 at 1/2 ML). The adsorbate
configuration on the 2 X 2-TiO, termination is mediated
by surface TiOg octahedral rotation. Periodic boundary
conditions restrict this tilting in the 1 X 1-TiO, system,
thus reflecting the lower adsorption energy. Figure 7
isolates the top layer of TiOg octahedral in order to aid in
visualisation of this tilting. This tilting occurs because at
this coverage, oxygen within each hydroxyl group binds to
a surface Ti atom and thereby completes the octahedral
coordination. The hydrogen freed from each water
molecule then binds to the neighbouring surface oxygen
and triggers a buckling up or down of the surface oxygen
and results in each octahedral rotation. Specifically, the Ti
atom buckles up by about 0.2 A, while the oxygen atoms
buckle up by 0.31 or down by 0.23 A. In addition to the
buckling normal to the surface, in the top view shown in
Figure 7, there is movement of the oxygen perpendicular
to the surface normal direction. We tested the role of the
surface response by fixing the surface atoms to the ideal
(optimised bare surface) position and examining both
molecular and dissociated water at 1/8 ML coverage on the
2 X2 TiO, surface. We found the dissociated water
recombines to the molecular state. With the molecularly
bound water, the E,4, on the fixed surface is reduced by
0.30eV/H,O with respect to the 1/8 ML molecular state.

Similar to the 2 X 2-TiO, termination, we examined
different configurations at 1/4 ML on the 2 X 2-SrO
terminated surface. The configurations for dissociated
water following relaxation are shown in Figure 8(a)—(c)
with an adsorption energies of 1.01, 1.22 and
1.20eV/H,0, respectively. Molecular water in similar
configurations shown in Figure 8(a)—(c) binds with
adsorption energies of 0.85, 0.70 and 0.76 eV/H,O and
therefore, as at 1/8 ML, the dissociated water configur-
ations will be favoured at 1/4 ML on the SrO termination.

Figure 7. Top layer of TiO¢ octahedral for the 2 X 2 surface
unit cell of TiO, terminated with 1/2 ML of dissociated water on
the Ti site viewed along the [001] (top) and [100] (bottom). The
2 X 2 surface unit cell is outlined by the solid box for visual aid of
the top view along the [001] direction.
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Figure 8. The three possible configurations of dissociatively adsorbed water at 1/4 ML coverage on the 2 X 2-SrO termination viewed
along the [001] and [100] directions with E,4s values of (a) 1.01, (b) 1.22 and (c) 1.20eV/H,O. The 2 X 2 surface unit cell is outlined by

the solid box for visual aid of the top view along the [001] direction.

Unlike on TiO,, the adsorption energy for dissociated H,O
only slightly decreases (0.1-0.3 eV/H,0) with respect to
the favoured dissociated configuration at 1/8 ML,
(Eags = 1.31eV/H,0). Additionally, the configuration
that was found to be least stable on the TiO, termination
(Figure 6(c)) is found to be the most stable on the SrO
termination (Figure 8(c)). In Figure 8(c), we see the
dissociated hydroxyl groups seem to cluster instead of
lining up in a row along the surface cations as was seen in
Figure 6(c). This clustering is due to the favoured
adsorption site of the hydroxyl group at 1/4 ML on the StO
termination, namely a transition from a bridge to a fourfold
type site as illustrated in Figure 2(a). Within the primitive
1 X 1 unit cell of the SrO termination, there are two
equivalent fourfold sites. The close proximity of the
second fourfold site allows one of the dissociated water
groups to rotate the hydroxyl portion to the neighbouring
fourfold site and away from the initial fourfold site, which
was aligned along the [010] direction. At 3/8 ML, we find
an adsorption energy for the dissociated water of
1.12eV/H,0O, which is less stable by 0.19eV to that
determined at 1/8 ML. The molecular water configuration
has an adsorption energy of 0.71 eV/H,O and therefore at
3/8 ML as at 1/4 and 1/8 ML, the dissociated water
configuration is favoured on the SrO termination. Finally,
at 1/2 ML coverage, we see some repulsive interactions
between the adsorbates with an adsorption energy of
0.97eV/H,0O and the recombination of one of the water
molecules resulting in a mixed adsorption configuration.
We did identify a pure molecular configuration with
the H,O molecules sitting on the fourfold sites.

This configuration had an adsorption energy of
0.64 eV/H,0, compared to a value of 0.58eV/H,O on
the 1 X 1 surface cell. This slight increase can be attributed
to the ability of the water molecules to take on alternative
up and down orientation (not shown), which slightly
stabilises the molecular water layer. Nevertheless, by
comparing the adsorption energy of the mixed adsorption
configuration (0.97 eV/H,0) with molecular water on the
bridge site of the 1 X 1 SrO (0.84eV/H,O) or at the
fourfold sites of the 2 X 2 SrO (0.64 eV/H,0), we find that
the mixed configuration is favoured. The mixed adsorbate
configuration on the 2 X 2-SrO surface, the inability to
stabilise water molecules on the bridge sites on the 2 X 2-
SrO surface and the observed octahedral tilting of the TiOg
octahedral of the 2 X 2-TiO, surface indicate that for even
high coverages, a minimum 2 X 2 surface unit cell is
needed to fully probe the structure of water due to these
subtle adsorbate—adsorbate interactions. If the DFT-
predicted configurations at 1/2 ML are accurate, they
suggest that LEED probing the water layers on
SrTiO3(100) should show doubling of the unit cell.
Utilising the code of Henkelman et al. [37] and
Sanville et al. [38], we determined the Bader charges
based on the Bader criteria for decomposing the electron
density [39]. Table 3 summarises the Bader charges for the
1 X 1 and 2 X 2 surface unit cells of both the SrO and TiO,
terminations. In each case, the hydrogen atom is assigned
zero electrons according to the Bader criteria due to the
lack of zero-flux surfaces in the electron density gradient
between the hydrogen and oxygen atoms. Although
not shown, the electron charge density was examined
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Table 3. The average Bader atomic charges in units of e for Sr, Ti, H and O within the oxide and water are shown for molecular and

dissociative water on both TiO, and SrO terminations.

TiO, termination

SrO termination

Molecular (1/8, 1/4, 1/2)

Dissociative (1/8, 1/4, 1/2)

Molecular (1/8, 1/4, 1/2) Dissociative (1/8, 1/4, 1/2)

Sr 1.58 1.58
Ti 2.14 2.14
Ot —1.24 —1.24 (-1.67)
Owater -1.97 —1.53
H 1.00 1.00

1.60 1.60

2.16 2.14
—1.24 —1.23 (=1.77)
—-2.09 -1.78

1.00 1.00

Note: For the dissociative adsorption, the surface oxygen bound to the free hydrogen is distinguished in parentheses.

to confirm the lack of a gradient between hydrogen and
oxygen. Therefore, the hydrogen atom’s electron is
assigned to the bonding oxygen. This is evident by the
significant change in charge associated with the terminal
oxygen before and after dissociation. After dissociation,
the water oxygen loses 0.44 (0.31) electrons on the TiO,
(SrO) termination and the surface oxygen bound to the free
hydrogen gains 0.43 (0.54) electrons. Though the Bader
charges determined in our study underestimate the ionic
character of both the Sr and Ti atoms with respect to that
determined by Evarestov et al. [21], the general features
agree well. Similar to Evarestov et al., we determine that
the Sr, Ti and O (not bound to the free hydrogen) charges
are unaffected by the dissociation of water [21]. On both
terminations, the charges are unaffected by changes in
coverage or surface unit cell, e.g. 1/2 ML molecular water
on 1 X 1 TiO, has the same charges as 1/2 and 1/8 ML
molecular water on 2 X 2 TiO,. This observation suggests
that the observed changes in stability of coverage are not
linked with changes in bonding, but instead are dependent
on electrostatic interactions. Calculations with larger unit
cells (4 X 4) would also be useful in determining the role
of long-range substrate-mediated interactions vs. electro-
static interactions, but we leave such analysis to future
studies.

The larger charge transfer on the SrO termination can
help examine the clustering effect observed on the 2 X 2
SrO surface with 1/4 ML coverage, illustrated in
Figure 8(c). The initial configuration, with the two
dissociated water groups aligning along the surface Sr
cations, places each hydroxyl group between two surface
oxygen bound to two free hydrogen atoms. Since each of
these surface oxygen atoms gain 0.54 electrons following
adsorption of free hydrogen atoms, each of the two surface
oxygen atoms would have a charge of —1.7e. The two
hydroxyl groups from the two adsorbed water would also
have a charge of —1.7e. The close proximity of these
charges would lead to significant repulsion between the
surface- and water-based hydroxyl groups. This repulsion
in combination with the close proximity of another free
favourable surfa