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Titanium dioxide (TiO,) has attracted considerable research attentions for its promising applications in solar cells
and photocatalytic devices. However, the intrinsic challenge lies in the relatively low energy conversion efficiency of TiO5,
primarily attributed to the substantial band gaps (exceeding 3.0 eV) associated with its rutile and anatase phases. Leveraging
multi-objective global optimization, we have identified two quasi-layered ternary Ti—-O-S crystals, composed of titanium,
oxygen, and sulfur. The calculations of formation energy, phonon dispersions, and thermal stability confirm the chemical,
dynamical and thermal stability of these newly discovered phases. Employing the state-of-art hybrid density functional
approach and many-body perturbation theory (quasiparticle GW approach and Bethe—Salpeter equation), we calculate
the optical properties of both the TiOS phases. Significantly, both phases show favorable photocatalytic characteristics,
featuring band gaps suitable for visible optical absorption and appropriate band alignments with water for effective charge
carrier separation. Therefore, ternary compound TiOS holds the potential for achieving high-efficiency photochemical
conversion, showing our multi-objective global optimization provides a new approach for novel environmental and energy

materials design with multicomponent compounds.

Keywords: photocatalysis, first principles calculations, multi-objective global optimization

PACS: 71.15.Mb, 71.20.-b, 71.20.Nr, 71.35.Cc

1. Introduction

With the increasingly serious worldwide climate disrup-
tion, there is an urgent need to search for renewable energy
alternatives, such as new high-efficiency solar absorbers and
photochemical materials that can effectively utilize solar en-
ergy. Titanium dioxide (TiO,) is a robust, thermally stable,
and inexpensive material with abundant physical and chemi-
cal properties, which makes it competitive in many applica-
tions fields, ' such as medicine, ! optoelectronic devices, [°}
and so on, especially in the field of photocatalysis. It was
first discovered as a photocatalyst for hydrogen evolution in
1972.1781 As one of the core materials in the field of photo-
catalysis, polycrystalline TiO; (rutile, anatase, and brookite)
have become the most widely studied photocatalyst among
metal oxides,” and its application potential in promoting
sustainable energy technology and environmental protection

s.[10-16] However, the significant disadvantages of

is enormou
TiO, as a photocatalyst lie in its narrow visible optical absorp-

tion range and high photo-generated electron recombination
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rate due to its large band gap,!'”!8] which makes it challeng-
ing to achieve high efficiency for photocatalysis.

To improve the solar energy absorption of TiO, in the vis-
ible light range, various modification methods have been em-
ployed and doping is one of the most effective ways.[!%23]
Doping impurity elements will introduce impurity energy lev-
els within the band gap of TiO,, thereby exhibiting visible
light-responsive photocatalytic reactivity and showing greater
stability upon UV irradiation.>*] There are two ways of dop-
ing based on the type of doped element, metal doping and
nonmetal doping. For metal doping, it exhibits several draw-
backs, such as the thermal instability of TiO,, high modi-
fication cost, and the introduction of electron/hole recombi-
nation centers.?*! To overcome these challenges, metal self-
doping!>! and non-metal doping are applied. These technics
includes Ti** self-doping, and anion doping such as introduc-
ing N, 261 S, [27] and C[?% into TiO,.[*"!

Among all the doping methods, S doping is particularly
promising because (i) S atoms have the same valence as O

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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atoms and can occupy at the O sites;*%! (ii) S 3p orbital is
energetically higher than O 2p orbital; (iii) S doping adjusts
the position of the valence band maximum (VBM) without
changing the conduction band minimum (CBM), while the
CBM of TiO; is near the threshold of the energy for hydro-
gen formation. Experimentally, as early as 2002, Umebayashi
et al. had synthesized S-doped TiO, by oxidation annealing
of TiS; and observed a significant shift of the absorption edge
towards the low-energy region.*! In subsequent experimental

§[32-36

studies, other S precursor I and various different doping

methods [33,34,37-40]

were used to achieve higher doping effi-
ciency and concentration of S, which further enhance visible
optical absorption and photocatalytic properties.

Theoretical studies on sulfur doping in TiO; focus more
on the electronic structure change induced by O substituted
by S than the structural change induced by high-concentration
of S doping. Electronic structure analysis reported by Cui
et al.'™) showed that the narrowing of the band gap can be
attributed to the isolated S 3p state appearing on the upper
edge of the valence band of S-doped TiO,. The relevant re-
search also considered the different oxidation states of sulfur
in TiO, and found that different doping configurations have
different effects on electronic structure and optical absorption
characteristics, which optimizes the photocatalytic efficiency
of Ti0,.1#2#31 Recently, Jovanovi¢ ef al.[*¥ studied TiO;_,S,
(x =0, 0.25, 0.5, 0.75, and 1) crystal structures adopting
anatase, rutile, and Cdl, structure types, and found very in-
teresting pressure-induced phase transitions in the TiOS com-
pounds. However, doping, especially in a very high concentra-
tion, could possibly alter the crystal structure and atomic trans-
mutation while keeping the parent lattice unchanged may not
be enough. For example, when S is doped into the TiO; lattice
in anionic (S?>~) form and substitutes for oxygen atoms in the
rutile unit cell, it not only introduces S-derived energy levels in
the band gap of TiO,, but also causes Ti atoms to move out of
the plane, disrupting the lattice symmetry of rutile.!*>! There-
fore, more advanced methods beyond the conventional atomic
transmutation should be considered to explore the global en-
ergy minima and optical properties of structures.

Motivated by above considerations, in this work, we use a
multi-objective global optimization algorithm combined with
first principles calculations to search for new TiOS configu-
rations with both low energy and suitable visible optical ab-
sorption band gap for oxygen and sulfur ratios of 50% each.
Two new phases that are named after their space group as
TiOS_P2; /m and TiOS_P3ml are predicted to be chemically,
dynamically, and thermally stable. The electronic structures
of both phases are evaluated by state-of-art HSE06 functional
and GW/BSE method,*®#7] which accurately predict that both
phases have sufficient optical absorption efficiency in the vis-
ible light range and can also be used as good photocatalysts

for water decomposition in a wide pH range. Furthermore, the
multi-objective global optimization is universal, it holds the
potential to design more functional compounds with different
compositions.

2. Computational methods

2.1. Crystal structures predicted by multi-objective differ-
ential evolution

In this work, we perform a multi-dimensional global op-
timization algorithm, as implemented in the IM?ODE package
developed by our group, [*3#%1 to search for TiOS with the band
gap suitable for solar absorption. After local optimization of
atomic coordinates and lattice constants, the electronic band
structure can be calculated to obtain the band gap E¢. In order
to find TiOS with a low formation energy and a suitable band
gap Egpt for optical absorption, we define the fitness functions
as

minz; = total energy, )

minz; = [ESP — . @

The transition matrix element between the VBM and CBM is
also included in the designing process so that if the transition
at the direct band gap is forbidden, z, is set to be infinite to
exclude optically inactive structure. Then, the multi-objective
differential evolution (MODE) algorithm is performed to se-
lect and generate new structures. The number of atoms of the
unit cell is enumerated from 3 to 24. In the structure searching
progress, the population size is 30 and the number of genera-
tions is 20. The size/shape of the unit cell is updated with the
lowest energy each generation. The objective band gap Egpt is
set to 0.8 eV in the PBE calculation as it underestimates the
band gap.

2.2. Density functional theory calculations

We perform the structural relaxations and the electronic
structure calculations based on density functional theory
(DFT). The ion-electron interaction is treated by projector
augmented wave (PAW) method,>°! as implemented in the Vi-
enna Ab initio Simulation Package (VASP) code.P14 The
exchange—correlation interaction between electrons is treated
by the Perdew—Burke—Ernzerhof (PBE) functional®*! of gen-
eralized gradient approximation (GGA). The plane wave
cutoff of 600 eV is used, and the structural relaxation is per-
formed until the total energy and Hellmann—-Feynman force
are below 107® eV and 107! eV/A, respectively. The k-
mesh based on Monkhorst-Pack scheme®®! is 12 x 7 x 6 for
TiOS_P2;/m and 13 x 6 x 6 for TIOS_P3ml, respectively.
Then, the band gap and optical properties are re-computed by
employing the HSE0637! functional, which is found to give
more accurate band gaps than PBE for semiconductors. We
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use the frozen phonon method as implemented in PHONOPY

codeld8!

to check the dynamic stability of the specific struc-
tures. Ab initio molecular dynamics (AIMD) simulations are
executed by using the NVT canonical ensemble with the Nosé
Hoover thermostat at 300 K using VASP code.
of supercells used in simulations are 19.34 A x 19.21 A x
18.91 A and 19.07 A x 19.07 A x 17.74A for TiOS_P2;/m

and TiOS_P3m1, respectively. A single Gamma point is used

The sizes

to sample the Brillouin zone. Each AIMD simulation runs for
15 ps with a time step of 3.0 fs.

2.3. GyW(-BSE calculations

For excited states, the results obtained from DFT calcula-
tions are usually not very accurate, so GW and BSE methods
are widely used. In this study, quasiparticle (QP) energy calcu-
lations with the single shot GyW approximation®”! and neu-
tral excitation spectra by solving the Bethe—Salpeter equation
(BSE)!% are both carried out with VASP.D1-541 First, the self-
consistent DFT eigenvalues and Kohn—-Sham orbitals are ob-
tained based on calculations of PBE functional. Subsequently,
the DFT Green’s function Gg and the dynamically screened
interaction Wy are constructed. RPA quasiparticles are calcu-
lated using the single-shot GW method. The electron-hole in-
teraction is included in the BSE. The coupling term is ignored
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to simplify the calculation, which is referred to as the Tamm—
Dancoff approximation (TDA). Four valance band states and
eight conduction band states are included in the basis for diag-
onalization of the BSE Hamiltonian. Calculations are carried
out using the primitive cell. The energy cutoff for response
function is 150 eV. The number of frequency bands used in
GoWj calculation is 128.

3. Results and discussion

3.1. Structure and stability of the TiOS

We search for possible TiOS compounds under ambient
conditions and find two stable ternary compounds satisfying
the following criteria: (i) the formation energy with respect to
elemental Ti, O, and S is negative; (ii) the band gap calculated
by HSEOQ6 is in the range of 1.0 eV-1.5 eV; (iii) the struc-
ture is dynamically stable without imaginary phonon mode.
The two metastable phases are named after their space group
as TiOS_P2;/m and TiOS_P3ml, which are represented by
green solid dots in the Ti—O-S phase diagram (Fig. 1(a)). The
TiOS_P3m1 phase was first reported by Jovanovié et al.[*4]
through atomic transmutation of the CdI, phase of TiS, while
TiOS_P2; /m is energetically more favorable.

Fig. 1. The energies and crystal structures of the predicted Ti-O-S compounds under ambient conditions. (a) Ti—-O-S ternary phase diagram.
Green circles represent the stable phases and the diamond shaped dots represent unstable structure whose colors represent values of energies
higher than the ground state. (b) The energies for TIOS_P2; /m, TiOS_P3m1 (atomic transmutation of Cdl, phase reported in Ref. [44]) and
TiOS_P4/nmm (atomic transmutation of rutile phase reported in Ref. [61]). The crystal structures of (¢) TIOS_P2 /m, (d) TIOS_P3ml. Ti, O,
and S atoms are represented by blue, red, and yellow spheres, respectively.

The formation energy with respect to elementary sub-
stances Ti, O, S is

EJOS = (E((Ti0S),) —n x (E (Ti) + E(0) +E(S)))/N, 3)

where E ((TiOS),) is the total energy of the TiOS unit cell,
n is the number of formulas per unit cell of TiOS, E(Ti),
E(O), E(S) are the energies of individual atoms Ti, O, S, re-

spectively, and N is the number of atoms within the TiOS
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unit cell. The calculated formation energy of TiOS_P2;/m is
—2.043 eV/atom, while the formation energy of TiOS_P3m]l
is —2.027 eV/atom, which is only 0.017 eV/atom higher than
the formation energy of TIOS_P2; /m. If we consider the case
of TiOS degradation to TiO, and TiS,, using the similar ap-
proach, we can also calculate the formation energy with re-
spect to the ground states of TiO; and TiS:

E{'9S = (E((Ti0S),) — (n/2ny x E((TiS2)a, )

+n/2ny X E((TiO2)n,))) /N, 4)

where E((TiS2),,) and E((TiO2),,) are the total energies
of unit cells of the most stable TiS; and TiO,, respec-
tively, n; and n, are the numbers of formulas per unit cell
of TiS; and TiO,, respectively. The calculation results are
shown in Fig. 1(b). The formation energy of TiOS_P2;/m
is approximately 0.059 eV/atom, and that of TiOS_P3ml
is 0.074 eV/atom. For the TiOS_P4/nmm structure based
on atomic transmutation of rutile TiO, reported in previous
papers, [°!] the formation energy is 0.194 eV/atom. The forma-
tion energies of both TIOS_P2; /m and TiOS_P3m]1 are close
to the 90th percentile of metastable phase existence criterion,
which is 0.067 eV/atom,[0?! and are much lower than the en-
ergy of TiOS_P4 /nmm, %" therefore proving their energy sta-
bility.

The of the TiOS_P2;/m and
TiOS_P3m1 are shown in Figs. 1(c) and 1(d), respectively.

crystal structures
Both configurations use Ti atoms as bridges to connect O
and S atoms and Ti atoms are located at the center point
of the hexagon, surrounded by three O and three S atoms.

20
1sp®
1~ 16 |
T 14p
= 12/%_
& T e ——
Y ——————
=
o
[}
=

Frequency (THz)

Energy (eV)

Energy (eV)

Meanwhile, both of them are quasi-layered structures with
weak interactions between layers. Differently, the unit cell of
TiOS_P2; /m contains a total of 6 atoms, and the lattice param-
etersarea =6.30 A, b=3.22 A, c=5.53 A, and, o = 90.00°,
B =91.45°, y=90.00° with atomic positions at Ti, 2¢(0.01,
0.25, —0.27), O, 2e(—0.14, 0.25, —0.60), S, 2¢(—0.23, —0.25,
—1.08). The thickness of its monolayer is approximately
3.08 A. The two types of Ti—-O bond lengths /1, I, are 2.04 A,
1.96 A, respectively, and the Ti-S bond lengths I3, Iy are
247 A, 2.38 A. The unit cell of TiOS_P3m1 only contains
three atoms, and the lattice parameters are a = b = 3.18 A,
c=591 A, and o = B =90.00°, y = 120.00° with atomic
positions at Ti, 1a(0.00, 0.00, 0.04), O, 15(0.33, 0.67, 0.18),
S, 1¢(0.67, 0.33, 0.78). The bond lengths of Ti—O and Ti—-S
are 1.99 A and 2.43 A, respectively, with the thickness of a
single layer being approximately 2.38 A.

The dynamical stabilities of both the TiOS_P2;/m and
TiOS_P3m1 phases are confirmed by calculating the phonon
dispersion spectra. As shown in Figs. 2(a) and 2(b), for both
the TiOS_P2;/m and TiOS_P3m]1, there are almost no imag-
inary frequency, which implies that they are dynamically sta-
ble. Figures 2(c) and 2(d) show the results of first principles
molecular dynamics simulations at 300 K for TiOS_P2;/m
and TiOS_P3m1 supercells.
gradually decrease with time, and the single layer atomic ar-

The total energy fluctuations

rangements of the final stable structures are almost identical
with the initial intra layer structures, only producing a small
displacement between layers, which confirm the thermal sta-
bility of these two structures at room temperature.
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Fig. 2. The phonon spectra for TIOS_P2; /m (a) and TiOS_P3m1 (b). The energy profiles in AIMD simulations at 300 K for TiOS_P2; /m (c)
and TiOS_P3m1 (d). The insets are the snapshots taken at the end of each simulation.
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3.2. Electronic band structure

One of the reasons that hinder TiO, to be a good photo-
catalytic material is its wide band gap, which leads to ineffec-
tive absorption in the visible light range. However, the band
gaps of the two stable TiOS structures we have newly dis-
covered are both moderate, theoretically capable of generat-
ing sufficient electron transitions in the visible light range. As
shown in Figs. 3(a) and 3(b), we use HSEQ6 functional to re-
calculate the band structures of TIOS_P2; /m and TiOS_P3m1.
TiOS_P2, /m has an indirect band gap of 1.38 eV with VBM at
I' point and CBM along the path from A to E in the Brillouin

ST
AL <
o 1 138V
i
%971
Lngk
|
—3/\}\
—4
I A E Z r
(b) 3
TN TN
A e S\ I /A A
] S N N il M O
TN NN

4
r M K I A L M r

zone. TiOS_P3m1 has a direct bandgap of 1.28 eV with both
CBM and VBM at I" point.

Figures 3(c) and 3(d) show the projected density of states
(PDQOS) on the Ti, O, S atomic orbitals for the two structures
and the insets in Figs. 3(c) and 3(d) show the partial charge
density of band edge states for TiOS_P2;/m and TiOS_P3ml,
respectively. Both structures follow the conventional p—d or-
bital hybridization method, with CBM mainly contributed by
the d-orbital of Ti atoms and VBM mainly contributed by the
p-orbitals of S atoms and O atoms. It is worth mentioning that
S 3p state is well hybridized in the VBM, resulting in no defect
states in the band gaps.
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Fig. 3. Band structures for TiIOS_P2; /m (a), TIOS_P3m1 (b), and the PDOS of (¢) TiOS_P2; /m, (d) TIOS_P3m]1. Partial charge density of the

VBM (green) and CBM (gray) are shown in the insets.

3.3. Photocatalytic applications

To study the photocatalytic properties, the first step is
to obtain its optical absorption spectrum, ensuring that it has
high optical absorption efficiency within the appropriate en-
ergy range. We use HSEO6 functional to calculate the opti-
cal absorption coefficients of the materials and compare them
with the absorption coefficients of three typical TiO, configu-
rations: anatase, rutile, and brookite. As shown in Fig. 4(a),
Obviously, compared with the typical TiO, configurations,
TiOS_P2;/m and TiOS_P3m]1 exhibit significant red shifts of
the absorption edges, especially the TIOS_P3m1 whose effec-
tive optical absorption range extends to the infrared region.
The absorption spectra of these two TiOS structures cover the
entire visible light region, demonstrating their excellent opti-
cal absorption performance. In order to obtain more accurate
optical absorption properties of TiIOS_P2; /m and TiOS_P3m],

taking into account the exciton effect of electron—hole pairs
during photoexcitation, we also use the GW-BSE and GW-
RPA (GoWy) methods to provide quantitative optical spectra
based on the imaginary parts of dielectric functions and com-
pared them with the results using the HSEO6 functional, as
shown in Figs. 4(b) and 4(c). As quantified by Rubio’s group
using TiO, as an example, the inclusion of the quasiparticle
description (GoWy) improves the electronic band gap descrip-
tion (the potentials for the production of H, or the electronic
charge injection in solar cells) while GW-BSE includes the
excited electron and hole interactions.[®3] Therefore, we can
observe that the energies of the absorption onsets obtained by
the BSE method are lower, which is close to the absorption
edges under the HSEO6 functional. And due to the exciton
effect, the spectra obtained by the BSE method have a signit-
icant absorption peak near the absorption edges. Overall, the
energies of the absorption onsets under the three methods are
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all less than or close to 1.6 eV, with small deviations among
them, further verifying the excellent absorption and utilization
efficiency of these two new materials for visible light.

As an excellent photocatalyst that can utilize visible light
for water decomposition, it not only requires sufficient opti-
cal absorption within the visible light range, but also requires
appropriate band alignments with water. Therefore, we also
perform calculations on the positions of the CBM and VBM,
using the GoW( approximation method as it describes the elec-
tronic band gap better, as shown in Fig. 4(d). Generally speak-
ing, the band edge of the material must straddle the redox po-
tentials of water, which is related to the pH values of the water
decomposition reaction. The standard[®*! reduction potential
of H/H; and oxidation potential of O,/H,O can be estimated
by

pHT/H (5)
(6)

= —4.44 4 pH x 0.059,
EO2/H20 _ | o3 4 pH'/Hy

The TiOS_P2;/m and TiOS_P3m] structures studied in this
article are quasi-layered systems, so their CBM and VBM rel-
ative to vacuum level can be calculated by

GW GW
where ECBM’ EFermi’

and E, represent the positions of CBM,
the Fermi level, and the band gap obtained under the GW ap-
Eggii and E{),Eg are the
Fermi level and the electrostatic potential in vacuum calcu-

proximation method, respectively.

lated using the PBE functional, respectively. Figure 4(d)
shows the energy positions of the standard reduction poten-
tials of H™/H; and the oxidation potentials of O/H,0 at dif-
ferent pH values, as well as the relative energy level positions
of CBM and VBM of the TiOS_P2 /m and TiOS_P3m]1. It can
be seen that the VBM of TiOS_P2; /m is lower than the oxida-
tion potential of O2/H,0O at pH = 0, and its CBM is higher than
the reduction potential of H*/H, at pH = 7, proving that it can
consistently exhibit good photocatalytic efficiency from acidic
to neutral environments. The VBM of TiOS_P3m1 is slightly
higher than the oxidation potential of O,/H,0O at pH = 0 and
lower than the oxidation potential at pH = 7, and its CBM is
higher than the reduction potential of H*/H, at pH = 7 but
slightly lower than the reduction potential at pH = 14. Specif-
ically, by substituting the energies of its CBM and VBM into
formulas (5) and (6), we find that its CBM position is roughly
aligned with the reduction potential of water at pH = 10.84,
and its VBM position is roughly aligned with the oxidation
potential of water at pH = 1.19. Therefore, it proves that

_ (pGW GW PBE PBE . o
Ecgm — Evac = (ECBM - EFermi) + (EFerrni - VAC) ) TiOS_P3m1 can serve as a good water decomposition photo-
Evem — Evac = Ecem — Evac — Eg, (8)  catalyst within the pH range of 1.19 to 10.84.
SRR H,0
(@) — TiOS_P2i/m ()15 F 08 Poy/m BSE (d) H0 Energy(eV) ’
1.8F I 12 — GW-RPA 1, —3:0 H,

o — TiOS_P3m1 — HSE CBM_I o CBM
3 Anatase ~ 9 - =351 ... e
g 1.5F Brookite = A ., /’—
= Rutile : pH =14
g 12f . Mo =7
5 2 4 6 8 10 12 504 T
% 0.9k Energy (eV)
8 TiOS_P3m1 BSE
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o 0.6}F R
el HSE H,0 VBM
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Fig. 4. Optical absorption and photocatalysis (a) optical absorption coefficients (averaged over all polarization directions) of TIOS_P2; /m, TiIOS_P3m1 and
rutile, anatase, and brookite TiO,. Imaginary parts of the dielectric functions (averaged over all polarization directions) versus incident photon energies (in
eV) obtained by GW-BSE, GW-RPA, and HSE methods for TiOS_P2; /m (b), TIOS_P3ml1 (c). (d) A schematic plot of the band alignments of the TIOS_P2; /m
and TiOS_P3m1 relative to the water redox potentials at different pH values. The band gaps of both TiOS phases here are evaluated using the GoW level.

4. Conclusions

In summary, by applying the multi-dimensional global
optimization method, we have predicted two different config-
urations of TiOS with desirable band gaps for photovoltaic
application. The two new configurations have P2;/m and
P3m1 symmetries, respectively, and both exhibit chemical, dy-
namical, and thermal stabilities. The energy bands and op-
tical absorption spectra are calculated using the state-of-art
HSEO06 functional and GW approach, and the optical absorp-

tion spectra of the two new TiOS configurations predicted
in this work show the significant red shifts when compared
to TiO,, demonstrating the excellent optical absorption effi-
ciency of TiOS_P2; /m and TiOS_P3m]1 throughout the visible
light range. In addition, the energy levels of VBM and CBM
with respect to the vacuum level are accurately calculated and
compared with the redox potentials of water at different pH
values. It is found that TIOS_P2;/m has good photocatalytic
efficiency in acidic to neutral environments, while the effec-
tive photocatalytic range of TiOS_P3m1 is between pH = 1.19
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and pH = 10.84. As demonstrated using the case of TiOS, the
multi-dimensional global optimization method could lead to
innovative discovery of multicomponent compounds in vari-
ous functional materials design.
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