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SI-I – Evaluation of Slab Model for a-TiO2(101)

Starting from the optimized bulk structure of a-TiO2, various slabs were cut from
along the (101) surface using the SLABCUT keyword implemented in CRYSTAL17.
For each slab model, a number of n different layers were chosen, with each layer com-
prising one Ti2O4 unit. Afterwards the topmost layers were relaxed while the bottom-
most layers where kept fix. This ensures a transition towards the bulk properties of
a-TiO2. Consequently, the surface energy Esurf was calculated according to formula
eq.(1) [1].

Esurf =
Eopt

slab − 0.5 Eno-opt
slab − 0.5 n Ebulk

A
(1)

(Eopt
slab denotes the energy of the optimized slab, Eno-opt

slab the energy of the slab with
the atomic bulk positions, Ebulk the energy of the bulk and A the surface area of the
slab.)

Next, this quantity was used to check the convergence of k-point sampling (see
Fig.1) and integral cutoffs (see Fig.2). A k-point mesh of 6x6x1 and integral thresholds
of 10−8, 10−8, 10−8, 10−8, 10−8 and 10−27 were found to be converged and used
throughout our study.
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Figure 1: Convergence of the surface energy Esurf for various slab sizes and relaxed
topmost layers for different k-point sampling (PBE0/pob-TZVP).

Finally, a slab model consisting of four Ti2O4 layers with the bottommost layer
fixed was employed in our periodic slab calculations. In Tab.1 the results of the
calculated surface energies of this model for different methods are compared. The
values obtained by the hybrid functionals PBE0 and HSE06 are very close to literature
values and therefore indicate that our model is indeed converged. The deviation of
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Figure 2: Convergence of the surface energy Esurf for various slab sizes and relaxed
topmost layers for different integral thresholds (PBE0/pob-TZVP). The number of
layers are given in units of Ti2O4.

the values calculated by PBE of 0.13 Jm−2 can be explained by the use of different
basis sets (localized gaussians vs. plane-wave).

Table 1: Comparison of surface energies Esurf for different methods.

Method Esurf / J m-2

PBE 0.57
PBE0 0.67
HSE06 0.69

PW-PBE[2] 0.45
PBE0[3] 0.65
PW1PW[4] 0.64
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SI-II – Adsorption of H2O on a-TiO2(101)

Molecular and Dissociative Adsorption

In addition to the surface energy, the adsorption energy for different slab sizes was
tested for convergence. To minimize adsorbate-adsorbate interactions, half a mono-
layer coverage (2x1 supercell) was assumed. The results for the three different ad-
sorption forms (molecular, interpair (1) and intrapair dissociation (2)) are depicted in
Fig.3. The different curves clearly show rapid convergence of the slab size for models
containing more than four surface layers. This is in violent contrast to the behavior
observed by Dette et al., in which the adsorption energy of the intrapair dissociative
form is highly dependent on the employed slab size [5]. A larger slab model pre-
sumably leads to significantly lower adsorption energies solely for this form, which is
expected to affect the dissociation barriers as well. However, as we do not observe
this behavior in our study, we expected the subsequent calculation of the transition
states and associated reaction barriers to be accurate.

2
3

4
5

6
7

8

1
2

3
4

5
6

7

-0.90

-0.80

-0.70

-0.60

-0.50

-0.40

-0.30

-0.20

Molecular ads.

Interpair diss. (1)

Intrapair diss. (2)

Number of surface layers Number of relaxed layers

A
d

s
o

rp
ti
o

n
 E

n
e

rg
y
 E

a
d

s
 /

 e
V

Figure 3: Convergence of the adsorption energy Eads for various slab sizes and relaxed
topmost layers for the three different adsorption forms (PBE0/pob-TZVP). The num-
ber of layers are given in units of Ti4O8. The final slab model used for the subsequent
calculations in our work is indicated by a circle. All values are corrected for the BSSE.
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With the slab model described above, the adsorption of H2O at different coverages
Θ was investigated. The adsorption energy was calculated according to formula (1)
and corrected for the BSSE using eq.(2) as described in our original research paper (see
Tab.2). Whereas the BSSE overestimates the adsorption strength by about 20% in
the case of molecular adsorption at 1/6 ML, the dissociative adsorption is drastically
over-predicted by about 63% for the interpair and 57% for the intrapair dissociation.

Thus, although the applied basis set is already of triple-ζ quality, a BSSE correc-
tion is mandatory. The cause of this is probably due to the missing gaussians with a
small exponent in periodic slab calculations [6].

Table 2: Influence of coverage Θ on adsorption energy Eads of the most stable ad-
sorption forms of H2O/a-TiO2(101) (pob-TZVP). Values not corrected for BSSE are
given in parentheses.

Method Coverage Adsorption Energy Eads / eV

Θ / ML Mol. Diss.1 Diss.2

PBE0 1 −0.61 (−0.76) −0.44 (−0.71) –
1/2 −0.73 (−0.89) −0.32 (−0.60) −0.48 (−0.76)
1/4 −0.78 (−0.94) −0.42 (−0.67) −0.47 (−0.74)
1/6 −0.77 (−0.92) −0.41 (−0.67) −0.47 (−0.74)

PBE0-D3 1 −0.84 (−0.99) −0.62 (−0.89) –
1/4 −1.03 (−1.19) −0.59 (−0.84) −0.62 (−0.89)

HSE06 1 −0.62 (−0.77) −0.45 (−0.72) –
1/2 −0.74 (−0.90) −0.38 (−0.61) −0.46 (−0.73)
1/4 −0.77 (−0.93) −0.40 (−0.66) −0.46 (−0.73)
1/6 −0.77 (−0.93) −0.42 (−0.68) −0.47 (−0.74)

Transition States

In addition to the adsorption minima of the H2O/a-TiO2(101) system, the activation
barrier of the initial dissociation step was tested for the BSSE (see Tab.3). Due to
the decreasing adsorption strength of the transition state after BSSE correction, the
activation barriers become higher. However, as compared to the local adsorption
minima, the influence of the BSSE is on this barrier is rather small and amounts only
up to 10%. This can be explained by a similar orbital overlap of the transition states
compared to the molecular adsorption form which leads to similar values for the BSSE
in both.
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Table 3: Influence of coverage Θ on the activation barrier Eact of the initial reaction
step of H2O/a-TiO2(101) (pob-TZVP). Values not corrected for BSSE are given in
parentheses.

Method Cov. Θ / Activation barrier Eact / eV

ML TS 1 TS 2

PBE0 1 0.77 (0.68) –
1/4 0.70 (0.63) 0.72 (0.68)

HSE06 1 0.76 (0.68) –
1/4 0.70 (0.63) 0.72 (0.68)

Computational Hydrogen Electrode (CHE)

As mentioned in our original research paper, the DFT energy of the oxygen molecule
is in general described rather poorly. Therefore, in order to calculate the Gibbs free
energies of the different intermediates the hydrogen and water molecule were taken
as reference as follows:

∆GH2O = GH2O∗ −Gsurf −GH2O(g)
(2)

∆GOH∗ = GOH∗ +
1

2
GH2

−Gsurf −GH2O(g)
(3)

∆GO∗ = GO∗ +GH2
−Gsurf −GH2O(g)

(4)

∆GOOH∗ = GOOH∗ +
3

2
GH2 −Gsurf − 2 GH2O(g) (5)

∆GO2 = GO2
∗ + 2 GH2 −Gsurf − 2 GH2O(g) (6)

For the Gibbs free energy Gsurf of the surface only the first surface layer (6 atoms)
were taken into account in accordance to the adsorbate-substrate complexes.

Density of States

In Fig.4 the density of states (DOS) for molecular and dissociative adsorption at
1 ML coverage are shown. As stated in our original research paper for 1/4 ML, an
additional band near the valence band edge of the dissociated water molecule arises.
In the case of a photogenerated electron-hole pair, this presumably drives the hole
migration over the oxygen 2p orbitals towards the terminal OHt group which leads
to its oxidation.
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Figure 4: Density of states (DOS) at a coverage of 1 ML (HSE06/pob-TZVP). For
the partial orbital contributions, the first layer of the slab was included. Note, that
O(2p) (red) and H2O (blue) orbitals mainly contribute to the valence band, whereas
Ti(3d) (green) unoccupied orbitals constitute the conduction band. The energy values
were referenced to the normal hydrogen electrode (NHE) potential in vacuum of
E = −4.44 eV.

SI-III: Embedding Procedure by Fortran90 Program

In order to test several cluster models embedded in different point charge fields (PCFs)
and surrounded by various capped effective core potentials (c-ECPs), a Fortran90

program was that works as an interface between CRYSTAL and ORCA. The work
flow is depicted in Fig.5. The initial input files needed are bulk.gui and relax101.gui
with the geometrical output data of the optimized a-TiO2 bulk and (101) surface
structure, respectively. Through an user-predefined input file, the Mulliken charges
of cation and anion are provided. These can be calculated for the bulk structure in
CRYSTAL using the PPAN keyword. Next, the SUPERCEL keyword within the
quantum chemistry suite is exploited to generate a raw PCF structure. By providing
the adsorbate-induced structure of the surface in relax101_ads.gui, these relaxation
values are calculated and added for the region around the adsorption center (central
Ti-atom). An iterative procedure is employed afterwards to generate the half-spherical
point charge field for a given radius. Finally, by providing the coordinates of the
desired cluster and the translational vectors of the boundary region, the necessary
ORCA input files for the PCF (pcf.inp), cluster with adsorbate-induced relaxation
(cluster_relax.xyz ) and boundary region with c-ECPs (ecp.inp) are produced.
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Figure 5: Working flow of our Fortran90 interface between CRYSTAL and ORCA
to generate the necessary input files for embedded cluster calculations of H2O/a-
TiO2(101). Necessary CRYSTAL files are depicted in red, user-defined input in
grey, and files for use in ORCA in blue.

SI-IV: Evaluation of Cluster Model for a-TiO2(101)

Cluster Models

Several cluster model were tested for their adsorption energies in order to gain an
accurate description at a reasonable computational cost. Generally, a large cluster
model should approach the result provided by periodic slab calculations. In Fig.6 our
applied cluster models are shown.
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(a) Ti9O18ECP29 (b) Ti13O26ECP29

(c) Ti15O30ECP45 (d) Ti19O38ECP38

(e) Ti20O40ECP29 (f) Ti26O52ECP44

(g) Ti28O56ECP42

Figure 6: Illustration of the different cluster models used in our study. The
Ti13O26ECP29 cluster (b) was found to yield the best trade-off in accuracy and com-
putational cost. Note, that the adsorption center is indicated by an arrow.

Influence of Point Charge Field (PCF)

As stated in the original research paper, the influence of the number of embedding
point charges as well as of the capped effective core potentials (c-ECPs) in the bound-
ary region on the adsorption energy of molecular water on our Ti13O26 cluster model
is rather negligible (c.f. Fig.7). The maximum deviation of 0.08 eV (0.03 eV before
BSSE correction) is found between a PCF with a radius of 60Å and of 80Å. Thus,
the PCF does not exhibit a great influence, especially as compared to our cluster size
and basis set study. Consequently, a PCF with a radius of 60Å (42348 point charges)
was used throughout our study.
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Figure 7: Adsorption energies Eads of molecular H2O on the Ti13O26ECP29 cluster for
different point charge fields (PBE0/pob-TZVP). Note, that for a number of zero point
charges no capped ECPs were used as well. The CRYSTAL17 values are referenced
to non-interacting distance of water on the relaxed surface to be consistent with our
embedded cluster calculations.

Interestingly, the adsorption energy obtained without a PCF is in fact quite close
to our periodic slab calculations. However, in order to account for the long-range
Coulomb behavior of the surface and bulk structure of a-TiO2(101), a point charge
field is mandatory, since this will have an impact on the overall electron density
and thus on the molecular orbitals. The later is a prerequisite to accurately treat
correlation and excitation effects within the system. For clarification, the influence
of a missing PCF on the absorption spectrum obtained by TD-PBE0 is depicted in
Fig.8. The absorption peaks for the H2O/Ti13O26 system without a PCF are strongly
red-shifted and several new peaks arise. Due to the missing long-range Coulomb
interaction, the virtual space is energetically over-stabilized which leads to these low-
energy excitations.
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Figure 8: Influence of the use of a PCF and c-ECPs on the absorption spectrum of
H2O/Ti13O26 at non-interacting distance (PBE0/pob-TZVP). No PCF (0,red) and a
PCF with a radius of 60Å without c-ECPs (blue) and with 29 c-ECPs (green) in the
boundary region were used.

Influence of Capped Effective Core Potentials (c-ECPs)

Eventually, the influence of the number of c-ECPs in the boundary region on the ad-
sorption energy of molecular water on Ti13O26 is shown in Fig.9. Without a boundary
region, the adsorption energy is slightly overestimated by 0.08 eV due to a lack of elec-
tron density at the adsorption center which causes a basis set incompleteness (compare
the DZ basis set in our original research paper). However, changing the size of the
boundary region from 29 to 108 c-ECPs does not affect the adsorption energy at all.
Thus, 29 ECPs were found sufficient for our Ti13O26 cluster model.
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Figure 9: Adsorption energy Eads for different numbers of c-ECPs in the boundary re-
gion of the H2O/Ti13O26ECP29 system (PBE0/pob-TZVP). A PCF with 43248 point
charges was applied throughout. Note, that the CRYSTAL17 values are referenced
to non-interacting distance of water on the relaxed surface.
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Basis Set

In the following Fig.10 an illustration of the basis set assigned to each atom is given.
Note, that around the adsorption center the augmented def2-TZVPD[7] was chosen
(depicted in blue) to accurately treat the excited state properties arising from the
photo-induced charge-transfer. The neighbouring atoms were additionally given a
def2-TZVP basis set step by step step by step up to the point, where convergence
of the adsorption energy was observed (shown in orange). The remaining, peripheral
cluster atoms were treated on the double-ζ def2-SVP level.

Figure 10: Illustration of the H2O/Ti13O26ECP29 system and the basis set of the
def2-family assigned to each atom. The different numbers indicate the respective
basis set (def2-TZVPD: 1, def2-TZVP: 2, def2-SVP: 3, SDD: 4).
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