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1. Computational Methods and Models

Spin polarized DFT calculations were carried out within the plane-wave pseudopotential scheme
as implemented in the Quantum ESPRESSO package [1], using the generalized gradient
approximation (GGA) of Perdew-Burke-Ernzerhof (PBE) [2] with on-site Coulomb repulsion U
on Ti 3d orbitals [3]. As a default value, we used U = 3.0 eV, which has been reported to ensure a
similar accuracy for both TiO; and Ti,Os [4]. To study the relative stabilities of csp-Ti,O3 and a-
Ti,03, we performed calculations using 10 different U values in the range 0.0 — 5.0 eV, which
encompasses the values most typically used for reduced TiO, [5], as well as the hybrid functional
HSEO06 by Heyd, Scuseria and Ernzerhof [6,7], which is generally reported to perform well for
semiconducting oxides, including TiO; [8]. For HSEO06 calculations, the implementation in the
FHI-aims code [9] was employed, along with default “tight” settings. For PBE+U calculations, we
used ultra-soft pseudopotentials [10] with cutoff energies of 35 and 280 Ry for the smooth part of
the electronic wavefunctions and augmented charge density, respectively. For bulk calculations,
we sampled the Brillouin-zone using 6x6x6 and 3x9x9 k-point grids for a-Ti,0O3 and csp-Ti,03,
respectively, which were sufficiently dense to converge total energies to better than 1 meV/Ti
atom. For surface calculations, I'-point sampling was used, with vacuum distance between
neighboring slabs larger than 11 A. A 5-mRy Gaussian smearing was applied. For each functional
and U value used, both the cell parameters and the internal ion coordinates were optimized with
the Broyden-Fletcher-Goldfarb-Shanno (BFGS) algorithm (force threshold = 10 eV /A, energy
threshold 107> Ry).

Surface calculations were performed starting from an anatase (101) slab with 7 TiO, layers and a
(1x3) surface supercell to construct reduced systems containing n contiguous CSPs

(n=0,1,2,3,4,5,6) and 7-n TiO; layers; these slab models are denoted nCSP@(7-n)TiO; in the



following. Fig. | illustrates how the first CSP is generated; additional CPSs in deeper layers can
be generated in similar way. Extensive searches of the preferred geometric, electronic and
magnetic configurations were carried out in order to identify the ground state of each nCSP@)/(7-
n)TiO, model. In all cases the best solution was obtained by fixing the total magnetization to zero.
O-vacancy formation energies (Efm) were calculated as Egorm = Envo — Epristine + 3E0,, Where
n is the number of oxygen vacancies and the first two terms are the total energy of the slab with
and without vacancies respectively, the last term is the total energy of an oxygen molecule.

Below we present a few tests of our computational setup.

1.1 Lattice Parameters

The lattice constants of csp-Ti,0O;, a-Ti,0O; and anatase TiO, calculated at the PBE, PBE+U
(U=3.0) and HSEO6 levels are reported in Table S1. For HSE06 and PBE, deviations of a-Ti,O;
and anatase TiO, lattice parameters from experiment are smaller than 1% and 2%, respectively,
whereas PBE+U overestimates the a-Ti,O, lattice constants by as much as 4.24%. Since no
experimental data is available for csp-Ti,0;, HSEQ6 values are used as a reference. The
parameters of ¢sp-Ti,0; optimized with PBE+U are relatively close to those given by HSE06,
whereas deviations of PBE parameters from HSEO6 are very large, in the range of 4.5-6.9%. This

may be attributed to the different magnetic configurations predicted by the two methods.



TABLE S1: Optimized lattice constants (in A) of csp-Ti, 03, a-Ti,0; and anatase TiO,, obtained from
PBE, PBE+U (U=3.0 ¢V) and HSEO06 calculations. Values in parentheses are percent deviations from
experimental values [11] in the case of a-Ti,0; and anatase TiO,, while they are deviations from HSE06
values for csp-Ti,0;, Calculations used a variable cell optimization without symmetry constraints. For a-
Ti,0; this resulted in a small deviation from perfectly thombohedral symmetry.

csp-Ti O3 a-Ti,03 anatase TiO,
Latt.

PBE PBE+U  HSE06 PBE PBE+U  HSE06 PBE PBE+U  HSE06

a | 3.98(4.46) 3.90(2.36) 3.81(0.0) | 5.52(1.75) 5.65(4.24) 5.42(0.03) | 3.78(0.34) 3.83(1.22) 3.76(-0.69)
b | 2.95(-6.94) 3.16(0.0) 3.17(0.0) | 5.51(1.68) 5.58(2.90) 5.42(0.01) | 3.78(0.34) 3.83(1.22) 3.76(-0.77)
¢ | 9.05(-5.93) 9.56(0.62) 9.62(0.0) | 5.52(1.75) 5.65(4.24) 5.42(0.00) | 9.665(1.27) 9.70(1.65)  9.63(0.91)

c/a | 227(-9.92) 2.45(2.78) 2.52(0.0) | 1.00(0.00) 1.00(0.00) 1.00(0.00) | 2.55(0.01)  2.53(0.00) 2.56(0.02)

1.2 Reaction energy for the reduction of TiO; to Ti;0;
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FIG. S1. Energy of the reactions 2TiO, + H, — Ti,05 + H,O (left) and 2TiO, — Ti,05 + 1/20, (right) as
a function of U. Rutile TiO, and 0.-Ti,0; are used as in other studies and experiment [4,12].



TABLE S2: Energy (in eV) of the reduction reactions 2TiO, + H, — Ti,0; + H,0 and 2TiO, — Ti,03 +
1/2 O, obtained using PBE+U with various U values (in eV) and HSE06. Rutile TiO, and 0.-Ti,0; are
considered as in experiment.

Method 2T102 + H2 e Ti203 + HQO 2T102 - TizO3 + 1/202

U=0 1.15 3.67
U=1 131 3.83
U=1.75 1.36 3.88
U=2 1.30 3.82
U=3 1.10 3.62
U=4 0.67 3.19
U=5 0.23 2.75
HSE06 1.16 3.63
Exp. 1.30 3.81

Figure S1 and Table S2 show the reaction energies of rutile Ti,O3 reduction. Our results
agree well with previous studies [4,12] where PBE+U was also used. It appears that large U
values, notably U > 3 eV, give reaction energies that deviate strongly from the experiment,
while the best agreement with experiment is obtained with U values between 1 and 2 eV. It is
known however that such small U values do not describe well the electronic structure of
isolated oxygen vacancies [13]. A significantly better description is obtained with U=3.0 eV,
which gives reaction energies that are underestimated only by ~ 0.2 eV, as found also with

HSEO06.



2 Role of configurational entropy in the relative stability of CSPs and well-separated
VOs:

As shown in Table I (main text), DFT calculations predict that the CSP phase is energetically
favored over isolated Vs by at least 0.28 eV per Vo (at T=0K). However, the lower
configurational entropy (Sconf) associated with ordering of the Vps might destabilize the CSP
phase at high T compared to disordered Vps. We estimate Sconr for disordered Vos using
Boltzmann’s entropy formula S.o,s = kgln W, where W is the number of possible
configurations for the system at constant total energy. For the CSP phase, we take Sconr = 0, as it
requires perfect ordering of Vos.

Vos in anatase have a slightly repulsive interaction (Table I of main text), but for simplicity we
first assume that they do not interact, so that the total energy of the system does not depend on
their separation. In this case, the number of possible configurations W of n,,. Vos over N oxygen

sites is simply:

N!

W =
(N - nvac)! nvac!

We first calculate Sconr for a slab with a 1 x 3 surface supercell (similar to the models used in the
DFT calculations) and varying thickness. This slab has 12 Vg sites per (101) layer and requires at
least 6 Vps for CSP formation (in the following the minimum Vo concentration for CSP
formation is denoted as VOnin). We plot our results in Figure Sla, where the solid and dashed
blue curves show Sconr at Vo concentration [Vo] = VOnmin and 10- VO, respectively. We can see
that at the higher Vo concentration S.ons for the disordered Vo phase is smaller, so that CSP

formation becomes more favorable, as expected. The right y-axis in the same figure shows the
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minimum T required for disordered Vs to overcome the stability of the CSP phase at a given
Scont. Apparently, even when [Vo] = VOmin, a very thick slab or a very high T is required to
destabilize the CSP phase over disordered Vos.

The assumption that the vacancies do not interact overestimates the number of possible
configurations and provides an upper-limit for the actual Scons of disordered Vos; hence it
underestimates the stability of CSPs. We can also obtain a lower limit for the actual Sconr by
assuming each Vo at a particular site prohibits formation of new Vs on the & nearest sites; we
can count the number of prohibited configurations and then deduct this number from W. A
formula that counts all the prohibited configurations at least once can be obtained as follows. To
place the first Vo (among our ny,. vacancies) we can choose any one site from the N total sites,
and for the next Vo we can choose from one of the £ sites that are blocked by the first. We can
then arbitrarily place the remaining (n,,. —2) Vos on the remaining (N — 2) sites. Hence, a

lower limit for the number of configurations can be calculated as:

Nk (N =2)!

W' =w
2 (N - nvac)! (nvac - 2)!

In Fig. Sla, we also show the lower-limit curves for Sconr using different k& values. Apparently,
the effect of Vo interaction is limited, and it is actually negligible in larger systems.

For a closer comparison to experiment, we next consider the effect of using a larger surface
supercell. Fig S1b compares Sqonr per Vo for the small surface cell with 12 O sites per layer,
already shown in Fig. Sla, to the same quantity calculated considering a larger surface cell with
160 O sites per layer. Fig. SIb shows that the surface size is largely irrelevant for the
configurational entropy Sconr per Vo, and it is essentially negligible at higher Vo concentration.
Finally we note that these results, obtained using a slab model, can be easily extended also to

nanoparticles. In fact, Vo diffusion is highly anisotropic in anatase, and in particular diffusion
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toward the bulk occurs along the [100] direction at the anatase (101) surface [10]. Hence, only a
region of the bulk layers that has the same area as the (101) surface is accessible to the Vs, and
the number of possible Vo configurations for a nanoparticle exposing {101} facets should then

be comparable to that for a slab model exposing a similar surface area.
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FIG. S2 Configurational entropy per Vo for disordered O-vacancies in an anatase (101) slab as a
function of slab thickness. The right y-axis shows the minimum T required for disordered Vos to
overcome the stability of the CSP phase. (a) Scons for a (1 x 3) anatase (101) slab. VO, is the
minimum Vg concentration required for CSP formation, and £ is the number of neighboring sites
of each Vo where formation of another Vo is blocked. Blue curves show the upper-limit of Sconr
for different Vo concentrations, and the other curves show the lower-limits for different £ values.
(b) Sconf for the 1 x 3 “small” system in (a) is compared with a “large” system that has a surface

cell with 160 VO sites per layer, and requires at least 80 Vs for CSP formation.



3. Additional results for nCSP@TiO; slab models

3.1 Formation and surface/interface energies of CPS-TiO; structures
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FIG. S3: Three forms of CSP distribution. Hatched and orange areas represent CSPs and regular
Ti0,, respectively.

We first determined CSPs’ formation energies for the model structures shown in Fig. S3 from the

expression Ecsp = Eioral — NEtio, — METi,0,, Where Eio is the total energy of the model, Evip,
and Ert;,0, are the total energies per formula unit of bulk anatase TiO, and csp-Ti,O;, respectively,

and n and m the corresponding numbers of units. We obtained Ecgp = 10.98, 9.19, and 9.80 eV
for Models (1), (2) and (3), respectively, in the case where each blue-shaded box in Fig. S3
corresponds to a single CSP, and Ecgp = 10.35, 9.19, and 9.81 eV in the case where each blue-
shaded box corresponds to two CSPs. These results clearly indicate that CSPs energetically prefer
to aggregate and remain close to the surface (Model 2) rather than in the bulk.

The CSP’s formation energies are then related to the formation of three different interfaces: Ti,Os-
vacuum, TiOz-vacuum and TiyO;-TiO,, with interface energies v,, vy, and vy., respectively.

Specifically, for the three cases shown in Figure S1 we write:

(1): 2(ra+ 7o) = ESL /43



@):Yat Yo Ty = Eé?p/A;

3
(3): 20r0°+ ¥0) = EGep/A,
where A is the surface area. From these expressions we obtain: y, = 0.57 J/m?, y, = 0.54 J/m”and
Ye=0.12 J/m* for the Ti,Os-vacuum, TiO,-vacuum and Ti,O;-TiO, interfaces, respectively. The

value for the TiO,-vacuum surface energy agrees well with the results of previous studies [14].
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3.2 Electrostatic potential and work function
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FIG. S4: Electrostatic potential profile along the surface normal for nCSP@(7-n)TiO,
(n=0,1,2,3). The workfunction ® for the different cases is indicated.
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3.3 Layer-resolved density of states
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FIG. S5: Layer-resolved density of states (left) for ICSP@6TiO, (right), computed using

3eV. Numbers on the far right define the different layers.
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FIG. S6: Layer-resolved density of states (left) for 2CSP@6Ti0O, (right), computed using

PBE+U, with U=3eV. Numbers on the far right define the different layers.
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FIG. S7: Layer-resolved density of states (left) for 3CSP@6Ti0, (right), computed using

PBE+U, with U=3eV. Numbers on the far right define the different layers.
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3.4 Stability in H,/H,O atmosphere
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FIG. S8: Formation free energies (AG) of the structures listed in Table I in H,/H>O atmosphere.
AG is plotted as a function of the hydrogen (1/2 H;) chemical potential, with H,O at (a) 7= 800
K and pio = 5x107® bar and (b) 7= 800 K and piao = 107 bar. The reference is a 7-layer slab of
pristine anatase TiO,(101). The inset shows the phase diagram for bulk csp-Ti,O3; and TiO; as a

function of temperature (7)) and H, pressure.
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4 Structural and electronic properties of bulk csp-Ti,O3

4.1 csp-Ti,O3 and Magneli Ti3;Os crystal structure

FIG. S9: Crystal structures of csp-Ti,O, and Magneli Ti,0s, projected onto the bc plane. The
black boxes denote the primitive unit cells; within the dashed lines (parallel to (101) plane) the
two structures share the same atomic arrangement. With reference to anatase TiO,, TizOs
consists of two (101) shear planes for every three layers of TiO,, that is: 3(2TiO;) —
(2Ti0,)+2(Ti203) = 2Ti30s, where 3(2Ti0,) indicates three layers of TiO,, each containing
two TiO; units. In contrast, the csp-Ti,O3 structure requires formation of a CSP in every layer
of TiO,, which results in a more compact and symmetric structure.
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4.2 Structural parameters

TABLE S3: Optimized lattice parameters of csp-Ti,03, a-Ti,O3 and anatase TiO,, obtained from
PBE, PBE+U (U=3.0 ¢V) and HSEOQ6 calculations. Calculations used a variable cell optimization
without symmetry constraints. For a-Ti;O3 this resulted in a small deviation from perfectly
rhombohedral symmetry.

csp-Ti, 03 a-Ti,03 anatase TiO2
Parameter PBE PBE+U  HSEO06 PBE PBE+U HSE06 PBE PBE+U HSE06

Lattice constants (4)

a 3.984 3.901 3.814 5.516 5.651 5.423 3.797 3.830 3.758
b 2.946 3.165 3.166 5.512 5.578 5.422 3.797 3.830 3.755
c 9.048 9.558 9.616 5.516 5.651 5421 9.665 9.701 9.631

Interatomic distances (A)

Til-Ti2 2.77 2.81 2.72 2.66 2.90 2.64 3.07 3.09 3.06
Til-Ti3 2.95 3.16 3.12 4.33 4.20 4.15

Til-Ti4 3.04 3.19 3.14

Til-O1 2.10 2.17 2.15 2.08 2.22 2.08 2.00 2.01 1.98
Til-O2 2.02 2.12 2.06 2.08 2.09 2.08 1.94 1.96 1.93

Angles (degree)

Til1-02-Ti3 96.7 97.7 155.2 154.7
Ti1-02-Ti2 83.3 82.3 88.1 78.6 102.4 102.6
Til-O1-Ti3 96.7 93.1

Ti3-O1-Ti5 152.4 151.4

Til-O1-Ti2 83.2 78.6
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4.3 Relative energy and magnetization of csp-Ti,O; and a-Ti,O3

TABLE S4: Relative total energy and band gap of csp-Ti,0O3 and a-Ti,03, calculated using
PBE+U with different U values (in eV) and the hybrid HSE06 functional. Reported values
were calculated using HSEO6 lattice parameters, while values in parenthesis were obtained
using lattice parameters optimized with PBE+U. For comparison, the computed band gap of
anatase TiO; is also reported.

Ecsp-1i203-Eo-Ti203 Band gap (eV)

Method (meVITHOy) | esp-ThhOs | a-T,O; TiO,
PBE 104 (-60) metallic metallic | 2.28 (2.17)
PBE+U (1.5) 63 (26) metallic metallic | 2.44 (2.31)
PBE+U (1.75) 29 (13) 0.30 (0.35) | 0.32(0.30) | 2.47 (2.32)
PBE+U (2.5) -40 (37) 0.91 (0.90) | 0.88 (1.00) | 2.58 (2.42)
PBE+U (3.0) -63 (61) 1.30 (1.21) | 1.24 (1.40) | 2.64 (2.48)
PBE+U (3.5) =75 (67) 1.69 (1.80) | 1.58 (1.77) | 2.71 (2.55)
PBE+U (4.0) -78 (89) 2.06 (2.21) | 1.93 (2.24) | 2.79 (2.62)

HSE06 -63 1.82 1.90 3.72

TABLE S5 - Computed absolute magnetization (ug) per TisOs unit cell as a function of U. The
total magnetization is always zero. Both a-Ti,O3and csp-Ti,0O3 are metallic for U< 1.5 eV.

U (eV) a-Ti,O3 csp-Ti203

0 0.00 0.00
0.50 0.00 0.00
1.00 0.00 0.91
1.25 0.00 1.41
1.50 1.73 1.98
1.75 2.53 3.07
2.00 3.62 3.34
2.50 3.82 3.66
3.00 3.92 3.83
3.50 4.00 3.92
4.00 4.05 4.00
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4.4 Effect of DFT functional on the electronic structure
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FIG. S10: Density of states of csp-Ti,O; (solid lines) and o-Ti,O3; (dashed lines)
computed using PBE, PBE+U with different U values in the range 1-4 eV, and the
HSEO06 hybrid functional. While both csp-Ti,03 and a-Ti,O3 are metallic for U< 1.5 eV,
U=1.75 eV gives a band gap of 0.3 eV for a-Ti,0s, close to experimental value of 0.1-0.2
eV. The Fermi level is set at the top of the occupied states. Spin up and spin down curves
are identical.
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4.5 Projected density of states
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FIG. S11: Partial densities of states of bulk csp-Ti203, a-Ti,O; and anatase TiO;
computed using the PBE+U (U=3.0 eV) scheme. Inequivalent atoms in the cell are

plotted.
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