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Two-Dimensional Titania: Structures and Properties Predicted by

First Principle Calculation
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ABSTRACT: Material innovations, especially in classic semiconductor
materials such as titania, are expected and more and more accelerated by
ab initio design for their wide applications. For better realization in
laboratory, feasible stability of structures in ambient temperature and
pressure should be prior to the structure—property relationship study.
However, there is discrepancy between experiments and ab initio calculations
about how the freestanding two-dimensional TiO, exists. Herein, by the
structural search method with the first principles evolution algorithm, the
stable freestanding monolayers (MLs) were found to be composed by
octahedral, hexahedral, or pentahedral Ti—O block (0-ML, h-ML, or p-ML)
with nonplanar structure, where o-ML is right the lepidocrocite type found
experimentally. Meanwhile, novel structure-dependent properties mainly due
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to quantum-confine effects were investigated and the abnormal optical
absorption, better properties of insulation, and redox in photocatalysis were

found for these titania sheets.

1. INTRODUCTION

Titania are widely studied for their versatile structures,
properties, and applications in dielectric,'~* photovoltaic,4
photolysis,5’6 etc. By now, many common titania phases and
structures have been explored, hence one of the mining
directions has been toward some extreme conditions like high
pressure in recent years.”® Meanwhile, novel properties are
expected for two-dimensional (2D) nanostructured TiO, due to
surface effects, size effects, quantum-confinement effects, etc.!°
Nevertheless, feasible properties may be easily designed by ab
initio methods with stability of structures in ambient temper-
ature and pressure prior to the structure—property relationship
study. By first principle calculation, oxide freestanding
monolayers (MLs) of II-VI (Be, Mg, Ca, Sr, Ba, Zn, Cd, and
Hg),"' aluminum,"” and copper,"® which exist whether as a
perfect planar honeycomb or a low-buckled layer, and
molybdenum'* and vanadium,"* which are nonplanar, were
predicted and investigated. TiO, nanosheet with organic dye
and nanosheet/graphene bilayers based on anatase (101) and
(001) orientation were proposed for higher photoresponsivity in
GW and density functional theory (DFT) calculation.”"
However, the most common two-dimensional (2D) TiO,
nanosheets have been separated from anatase by ion-
intercalation and exfoliation method,'®'” whose structure is
lepidocrocite type, "' *~*" indicating the gap between experiment
and theory; the prediction of two-dimensional titania by pure ab

v ACS Publications  © XxxX American Chemical Society

initio method is still a challenge. Meanwhile, the novel
properties relevant with nanostructure and physics behind
them attract many researchers’ attentions.

Herein, we present the result of searching the freestanding
monolayer by ab initio structure prediction method and
properties of optics and photocatalysis studied by first principle
calculation, where stable monolayers formed by Ti—O
hexahedron (f phase) and pentahedron (y phase) were found
beyond proving in lepidocrocite phase (« phase) as the lowest-
enthalpy freestanding structure of 2D TiO,. Moreover, these
titania sheets were found to be phononic crystal candidate
materials and wide band gap semiconductors with band gaps
larger than 3 eV. Better insulation properties are expected for the
layered structures compared to those of bulk TiO,. Abnormal
optical absorption was observed, and the strongest reducibility
and oxidizability in photocatalysis were found in h-ML and o-
ML, respectively.

2. METHODS

2.1. Structure Prediction. USPEX code** with evolution
algorithm implemented was employed for low-enthalpy 2D
structure searching. The population size and the number of
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Figure 1. Evolution of a good structure with enthalpy. (a) 6 atoms; (b) 12 atoms, Ti/O = 1:2; (c) the lowest-enthalpy 2D TiO, monolayers with
different Ti—O polyhedral blocks; the view from top and x/y axis direction and polyhedral view and their basic blocks are displayed: (i) lepidocrocite
type with octahedral block (& phase), (ii) monolayer with hexahedral block (/8 phase), (iii) monolayer with pentahedral block (y phase), and (iv)

monolayer with tetrahedral block (5 phase).

Table 1. Optimized Structure of the Four Different 2D TiO, with Single Polyhedral Block”

phase a-2D-TiO, p-2D-TiO, 7-2D-TiO, 6-2D-TiO,

space group Pmmn Pmma Pmmn Pmc2,

a (A) 3.0276 3.8634 5.1014 3.2332

b (A) 3.7657 3.2582 3.0158 5.5380

c(A) 18.685 16.4953 15.541 17.597

Wyckoff position Ti 2a (0, 0, 0.54503) Ti 2f (0.25, 0.5, 0.57998) Ti 2a (0, 0, 0.47137) Ti 2b (0.5, 0.32397, 0.42157)

0 2b (0.5, 0, 0.48011)

0 2b (0.5, 0, 0.58644)
enthalpy (eV/atom) —8.776 —8.754
thickness (A) 4.330 4.178

0 2e (0.75, 1.0, 0.36138)
0 2£(0.75, 0.5, 0.55016)

0 4f (0.23562, 0.5, 0.42653)
0 2a (0, 0.77167, 0.64168)
—8.658 —8.692
1.990 2762

O 2b (0.5, 0.13586, 0.53269)

“Thickness denotes the distance between atoms with the Cartesian z component maximum and minimum.

generation were set to be 40 and 20, respectively. For structure
prediction, all initial structures are random, i.e., without seed
structure specified. For simplicity, the atom ratio was set to 1:2
(Ti/O) to avoid defects. A double vacuum slab model with 15 A
vacuum was specified to avoid interaction between 2D TiO,
layers.”" The required structure optimizations were performed
by Vienna ab initio simulation packaﬁe (VASP) code**° with
projector-augmented wave (PAW)”" method for potentials,
where Ti 3d*4s* and O 2s”2p* electrons were considered.

2.2. DFT Calculation. The structure optimization, energy,
band structure, and optical parameters reported here are based
on DFT calculation in the frame of plane wave-pseudopoten-
tial”® implemented in VASP code. The ultrasoft Perdew—
Burke—Ernzerhof (PBE) pseudopotential in general gradient
approximation”” was chosen for electronic exchange and
correlation interaction. The plane wave cutoft energy was set
to 600 eV, and the spacing of k-points in the Brillouin zone was
set to 0.02 A™! in the Monkhorst—Pack scheme™ to make sure

of the convergences of energy (AE < 2 X 1075 ¢V) and force (AF
<2 X 107* eV/A) upon structure relaxation. For precise band
structure and optical calculation, the hybrid Heyd—Scuseria—
Ernzerhof functional (HSE06)*"** was used. The plane wave
cutoft energy, energy convergence threshold, and k-point grid
are 600 eV, 1 X 10~ eV, and 10 X 10 X 1, respectively.

2.3. Ab Initio Molecular Dynamics (AIMD) Simulation.
Thermal stability of the configuration in room temperature (300
K) was checked by AIMD simulation implemented in VASP
code. For each configuration, a 3 X 3 X 1 supercell was used.
PAW method, PBE functional, and NVT ensemble were chosen
for simulation. The temperature was controlled by the Nose—
Hoover method,” and the time step was set to 1 fs.

2.4. Phonon Spectrum Calculation. Phonon calculation
was done by density functional perturbation theory (DFPT)>*
code implemented in Quantum ESPRESSO.** PBE of ultrasoft
PAW potential was chosen for electronic exchan§e and
correlation interaction in self-consistent field (SCF)*® calcu-
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Figure 2. Phonon dispersion curve and density of state (PhDOS) of TiO, monolayers: (a) o-ML, a phase; (b) h-ML, 8 phase; (c) p-ML, y phase; and

(d) t-ML, & phase.

Table 2. Phonon Mode and Frequencies at the Center of the Brillouin Zone and IR or Raman Activity of TiO, Monolayers®”

@-2D-TiO, B-2D-TiO, 7-2D-TiO, 5-2D-TiO,

mode freq activity mode freq activity mode freq activity mode freq activity
B, 0 I Bs, 0 I A 0 I+R A —96.22 I+R
By, 0 I By, 0 I A 0 I+R A -27.61 I+R
B, 0 I B, 0 I A" 0 I+R A -0.17 I+R
BZg 114.29 R BZg 75.31 R A’ 172.06 I+R A 95.38 I+R
B3g 168.36 R B3g 164.44 R A’ 261.32 I+R A 109.93 I+R
B,, 230.35 I BZg 197.17 R A" 278.83 I+R A 184.05 I+R
B;, 231.95 1 B,, 240.62 1 A 281.15 I+R A 215.47 I+R
B3g 258.46 R Ag 245.95 R A’ 289.6 I+R A 225.26 I+R
Ag 286.66 R B3g 261.09 R A’ 387.87 I+R A 296.93 I+R
Bzg 387.27 R Bs, 360.71 1 A 443.52 I+R A 307.42 I+R
Ag 445.76 R B,, 399.92 I A’ 452.23 I+R A 313.50 I+R
B, 496.84 I B, 4173 I A" 460.77 I+R A 49031 I+R
B, 531.02 I Bzg 471.59 R A" 474.3 I+R A 560.73 I+R
Bzg 545.65 R B, 483.13 I A’ 550.9 I+R A 580.73 I+R
B, 580.87 1 Ag 547.66 R A’ 596.9 I+R A 583.32 I+R
B3g 706.35 R Ag 636.83 R A’ 605.81 I+R A 628.37 I+R
Ag 718.04 R B3g 683.84 R A’ 624.33 I+R A 910.75 I+R
B, 720.43 I By, 695.87 1 A’ 731.51 I+R A 988.99 I+R

“(a) o-ML, a phase; (b) h-ML, f§ phase; (c) p-ML, y phase; and (d) t-ML, & phase. “I and R indicate infrared activity and Raman activity,

respectively.

lation. Energy cutoffs are 60 and 780 Ry for the wave function
and charge density and the k-point grids for SCF and lattice-
dynamical matrices are 12 X 12 X 2 and 6 X 6 X 1, respectively.
Structures were relaxed to an energy convergence threshold and
ionic force of 1 X 107'° Ry and 1 X 107® Ry/b, respectively,

before lattice-dynamical matrices calculation.

3. RESULTS AND DISCUSSION

Figure 1a,b shows the evolution of a good structure of titania
sheet with enthalpy from high to low during which the enthalpy
varies from —8.219 to —8.776 eV/atom. It shows the Ti—O
polyhedrons whether tetrahedral, pentahedral, hexahedral, or
octahedral are the basic blocks for building two-dimensional
TiO,. Generally, the structure with mixing of n-polyhedron (n =
4, 6), e.g,, configuration 12 in Figure la ( + & phase), or single
polyhedron without coedge, e.g., configuration 1 (6” phase) in

DOI: 10.1021/acs.jpcc.8b05412
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Figure 3. Molecular dynamics simulation of TiO, monolayer at 300 K, the fluctuation of temperature, enthalpy, and free energy in the final
configuration. (a, b) 0-ML, @ phase; (c, d) h-ML, § phase; and (e f) p-ML, y phase. The red balls represent the oxygen atoms, whereas the cyan balls

represent the titanium atoms.

Figure la, is not energetically favorable. The four TiO,
monolayer structures composed by @, f, 7, and § phase are
listed in Figure 1c and Table 1. They are all formed by unique
polyhedral block. The coordination numbers of Ti in the four
titania sheets are 6, 5, 6, and 4, respectively, indicating the Ti—O
bonds are ionic. The space group and enthalpy of the four
structures are Pmmm, —8.776 eV/atom; Pmma, —8.754 eV/
atom; Pmmn, —8.658 eV/atom; and Pmc2,, —8.692 eV/atom,
respectively. Compared with previous proposed structures,”'®
O termination and no dangling bonds are two main features for
predicted structures. From energy perspective, these features are
more helpful for lowering system enthalpy. Also, they indicate a
relatively inert surface as a price of stability.

The structure in Figure Ici is indeed the well-known
lepidocrocite type,”® which is constructed by octahedral block.
For a single cell, the lattice parameters are a = 3.028 A and b =
3.765 A and the thickness is d = 4.33 A (it is the distance
between atoms with the Cartesian z component maximum and
minimum). The lattice parameters a and b are very close to the
calculated a = 3.029 A and b = 3.733 A" and the experimental a
=30Aand b = 3.8 A" The monolayer in Figure lcjii is
formed by Ti—O hexahedral block. The lattice parameters are a
=3.258 A, b=3.863 A, and d = 4.178 A. The one in Figure lc,iii
is constructed by the pentahedral block. For single cell, the
lattice parameters are a = 3.016 A, b =5.101 A, and d = 1.990 A.
The one in Figure lc,iv is constructed by tetrahedral block. For

DOI: 10.1021/acs.jpcc.8b05412
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single cell, its lattice parameters are a = 3.233 A, b= 5.538 A, and
d=2762 A

For a monolayer composed by different polyhedral blocks, the
ranking of thermal stability is: octahedral monolayer (o-ML, a
phase) > hexahedral monolayer (h-ML, f phase) > tetrahedral
monolayer (t-ML, § phase) > pentahedral monolayer (p-ML, y
phase) and their thicknesses are in the same order. Excluding
MLs with the lowest enthalpy discussed above, there are usually
other phases for ML with the same polyhedral block. For
example, there are 6’ phase and 6" phase for t-ML; their
enthalpies are —8.604 and —8.219 eV/atom. The structure,
thickness, and enthalpy of the four freestanding MLs formed by
single polyhedral block are concluded in Table 1.

In physical insight, a stable structure must be in an energy
valley.’® To investigate the dynamics stability of the four
structures shown in Figure 1¢, phonon dispersion spectrum and
density of state (DOS) were calculated by DFPT and the results
are shown in Figure 2; the phonon modes and frequencies at the
center of the Brillouin zone are displayed in Table 2 with the
infrared activity (IR) or Raman activity (R) marked. Except t-
ML, other three MLs are found to be thermodynamically stable.
Because of the lack of coedge for the tetrahedral ML, the
structure is highly deformable; imaginary phonon modes were
found in all phases of t-ML. Therefore, only the stable ML will be
discussed in the following text. It is also interesting to find that
the layered structures are phononic crystals,””*® e.g,, there are
full band gaps in the range of 406.6—421.6 cm™" for o-ML (a
phase) and in the range of $85.9—636.8 cm™" for h-ML (f
phase). Meanwhile, partial band gap can be foundin X - M, G
— M, or G — X direction. Because it is nonplanar compared
with planar honeycomb, the DOS of 2D titania nanosheets
presents less 2D characters compared with h-BN;*” some steps
indicating 2D features can also be found in the range of 0—100
cm™ for 0-ML and 160—318 cm™" for p-ML, although they are
far away from those for a strict 2D system.*’~**

Excluding negative frequency modes of t-ML in Figure 2 and
Table 2, all modes are in the frequency range of 0—1000 cm ™"
and the ranges of o-ML, h-ML, and p-ML are very close to each
other. Physically, this indicates alike interaction between atoms,
which is accordant with the fact that the average enthalpies per
atom are close to each other in the previous calculation.”” IR
modes in Table 2 contribute to the dielectric constant of
nanosheet,”®** whereas the Raman active mode can be used for
materials detection.”* There is no symmetric center for p-ML
and t-ML; therefore, their vibration modes own both IR activity
and Raman activity simultaneously.

To check the stability of monolayers in ambient temperature,
AIMD simulations were performed. The fluctuation of temper-
ature, enthalpy, and free energy during the molecular dynamics
simulations as well as the final configuration are displayed in
Figure 3. According to these plots, all systems quickly reach
equilibrium in less than 1 ps,***® due to high thermal
conductivity in a two-dimensional system.** The average
temperatures in the last 1 ps are 300.83, 300.59, and 299.71 K,
respectively, which are very close to the target temperature. After
8 ps, no structure destruction was found for o phase o-ML,
phase h-ML, and y phase p-ML. Actually, the energy differences
between the neighboring phases listed in Figure 1 are ~100—
300 meV/atom, which is much larger than the thermal vibration
energy corresponding to room temperature (~26 meV, 300 K).
The phase change always involves the bond reconstruction,
which is not likely to happen at ambient temperature.

To interpret these electron relevant properties, electron band
structure and partial density of state (PDOS) are calculated and
shown in Figure 4 and Table 3. Compared with HSE06, PBE
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Figure 4. Electronic band structure and partial wave density of state
(PDOS) of TiO, o-ML (a phase) (a); TiO, h-ML (f phase) (b); and
TiO, p-ML (y phase) (c). The Fermi level of the band and PDOS are
set to 0 eV; Gaussian smearing: 0.01 eV.

underestimates band gap by ~10—40% as usual. The three kinds
of monolayers are wide-gap semiconductors with band gaps
larger than 3 eV; meanwhile, they are direct band gap
semiconductors. The band gaps of TiO, 2D layer are larger
than those of anatase nanoparticle (3.2 eV),"” thin film (30—40
nm, 3.2 eV)," and bulk (3.2 eV)* due to thinner structure. The
band gap of o-ML 422 eV (HSE06) is larger than the
experimental value 3.84 eV°® probably due to defect-induced
band gap narrowing in experiment.””>” According to the hybrid
functional calculations (HSE06), the band gap ranking is o-ML
(a phase) > h-ML (f phase) > p-ML (y phase). The wider band
gaps than those of anatase and rutile TiO, caused by quantum-
confine effects indicate their better insulating properties than
those of bulk materials. The band gap indirect—direct transition
from bulk anatase TiO, to lepidocrocite type is also helpful for
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Table 3. Valence Band Maximum (VBM), Conduction Band Bottom (CBM) Referenced to Vacuum Level, i.e., Ionization
Potentials (IPs) and Electron Affinities (EAs); Band Gap of TiO, Monolayers with Different Polyhedral Blocks Calculated by

PBE and HSEO06 in Electronvolts

o-ML (a phase)

h-ML (f phase) p-ML (y phase)

P EA E, P
PBE -8.22 -521 3.01 —6.65
HSE06 —9.05 —4.83 422 ~7.67
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Figure 5. Optical dielectric function and photon absorption coefficient of TiO, o-ML (a phase) (a, b); TiO, h-ML ( phase) (c, d); and TiO, p-ML (y

phase) (e, f).

electron transition between the conduction band and valence
band (VB) as well as photon absorption.”® For 0o-ML, h-ML, and
p-ML, the first valence band near the Fermi level spreads in the
range ~0—1.02, 0—0.707, and 0—1.41 eV, respectively. The
smooth curves and narrow ranges indicate it is localized, and
heavy electrons in the valence band may also explain the weak
near-band optical absorption®® (Figure 5).

Figure Sa,c,e shows the optical dielectric functions of the three
structures calculated on the basis of HSE06. The correction was
done to subtract the vacuum effect according to the dielectric

equation for complex layered materials.”"*” Electronic screening
properties are described by the complex dielectric function e(®)
= g(w) + ig(w), which depicts the electronic response to
perturbation of the alternative electric field with frequency w,
and &, and & represent screening ability of electrons and
dielectric loss (photon absorption), respectively. For all sheets,
the weakest screening ability is in z direction due to their size.
The optical absorption onset (& # 0) occurs at the photon
energy iiw ~ E, for direct band gap.”” For the photon energy
hw, from 0 eV to E, the real dielectric constant €, of o-ML is
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comparable to that of h-ML but larger than that of p-ML due to
complex factors of structure, thickness, and band gap.
According to equation

Alw) = (V2)ol e + &’ — 8r]1/2,54 the more intuitive

and experimentally available photon absorption coeflicients
are derived from dielectric functions and displayed in Figure
5b,d,f too. It is interesting to find that the optical absorption
onset is below, equal to, and above the band gap energy,
respectively, for o-ML, h-ML, and p-ML, whereas in bulk anatase
and rutile, it is always above the band gap energy.”’ For o-ML,
transitions are symmetrically allowed between CBM and VBM.
Although excitons open the band gap, they extend the
absorption edge to a position lower than that of E, too. For p-
ML, transitions between CBM and VBM are symmetry
forbidden; VBM of the second VB is —0.5539 eV, which is
just the energy difference A. Anisotropy of optical absorption is
obvious for all sheets; it originates from their asymmetry
structures, especially in z direction, where the largest A_ and the
weakest absorption indicate strong quantum-confined effects.
Alignment of band edge to the vacuum level is important for
the applications of semiconductor in heterojunction, photo-
catalysis, etc. Figure 6 (see Table 3 also) shows the comparison

N
— ———— H/H,0

-5

Energy /eV

Tiog™ Tioj™ Tiog™ 1o Tio"”

Figure 6. Calculated ionization potentials and electron affinities of
TiO, octahedral monolayer (o-ML, a phase), hexahedral monolayer
(h-ML, B phase), pentahedral monolayer (p-ML, y phase), anatase
(101) surface, and rutile (110) surface; the splitting energy of H,O (pH
=0, 1 atm, 298 K) is shown also.

of ionization potentials and electron affinities of several TiO,
structures, where anatase (101) surface® and rutile (110)
surface”” are also displayed. Accordingly, EAs of these structures
are around the energy level of H*/H, redox couple (—4.5 eV)**
but exclude h-ML, which is 0.67 eV higher and EA of p-ML is
slightly lower (0.02 eV); others are ~0.33 eV lower. And their
IPs are all lower than the energy level of OH™/O, redox couple
(=5.73 eV).> According to the band alignment, they all can be
applied in photolysis (water, organic molecules, etc.)*>~>” and
the electrons in the conduction band edge of h-ML have the
strongest reducibility and holes in o-ML own the strongest
oxidizability from pure energy perspective.

4. CONCLUSIONS

The structures of TiO, monolayer were studied by evolution
algorithm, which can be composed by Ti—O block of
octahedron (a phase), hexahedron (8 phase), pentahedron (y
phase), and tetrahedron (& phase). The order of their enthalpies

was found to be: o-ML (a phase) < h-ML ( phase) < t-ML (8§
phase) < p-ML (y phase), except § phase; other phases are
thermodynamically stable; the lepidocrocite type (a phase)
sheet is proved to be the most stable freestanding two-
dimensional TiO,. Meanwhile, structure-dependent properties
were studied by ab initio calculation. The layered structures are
full or partial band gaps in a phonon spectrum so can be used as
phononic crystals. They are direct band gap semiconductors
with a wide gap larger than 3 eV by HSE06. The order for band
gaps as well as thickness are o-ML (a phase) > h-ML (ff phase) >
p-ML (7 phase). Better insulation property is expected for the
layered structure compared with bulk. Abnormal optical
absorption compared with bulk titania was observed. And the
strongest photocatalysis reducibility and oxidizability were
found in the h-ML and o-ML structure, respectively.
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