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ABSTRACT: On the basis of hybrid density functional theory calculations, we predict that ‘
the most energetically favorable single-walled SrTiO3 nanotubes with negative strain energy
can be folded from SrTiO; (110) nanosheets of rectangular morphology. Further formation
of multiwalled tubular nanostructure with interwall distance of ~0.46 nm yields an additional
gain in energy of 0.013 eV per formula unit. (The formation energy of the most stable
nanotube is 1.36 €V/SrTiOs.) Because of increase in the Ti—O bond covalency in the outer
shells, SrTiO5 nanotubes can demonstrate an enhancement of their adsorption properties.
Quantum confinement leads to a widening of the energy band gap of single-walled SrTiO;
nanotubes (~6.1 eV) relative to the bulk (~3.6 V), which makes them attractive for further

band gap engineering.

SECTION: Nanoparticles and Nanostructures

One—dimensional (1D) nanostructures made from complex
ternary oxides with a perovskite structure have attracted
considerable recent interest because of their unique physical
properties and promising novel functionalities compared with
bulk materials."”” Among them, strontium titanate nanotubes
(hereafter N'Ts) are proposed as comaterials for high-perfor-
mance photoelectrochemical TiO, electrodes to be used in dye-
sensitized solar cells or for photocatalytic hydrogen production®*
and even as a Sr delivery platform on osteoporotic Ti-based bone
implants.® At room-temperature, SrTiO; possesses a high sym-
metry cubic structure and thus serves as an excellent model
material for a wide class of ABO; perovskites. Consequently,
understanding the behavior of SrTiO; on the nanoscale is
significant for fundamental studies as well as for shape-controlled
synthesis of perovskite nanostructures with predictable pro-
perties.

Recently, intense experimental efforts have been made in
preparation of perovskite nanotubes via the low-temperature
hydrothermal reaction route using simple oxide nanotubes as 2
precursor. (See ref 2 and references therein.) Typical ABO;
perovskites are nonlayered compounds and thus tend to form
polycrystalline nanotubes composed of nanosized perovskite
crystallites.® Nevertheless, recent transmission electron micro-
scopy and electron diffraction observations indicate that mono-
crystalline perovskite nanotubes can be synthesized.”® In fact,
monophasic NTs having an inner diameter from 4 to 7 nm,
outer diameter from 8 to 15 nm, and a length from 50 to over
500 nm have been reported.9 Recent first-principles studies
provide valuable insight into the behavior of 1D ABO; nano-
wires emphasizing their size-dependent ferroelectric properties
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(see, e.g, refs 10—12). Interestingly, results of ab initio simulations
performed on ABO; nanotubes are very scarce in the literature.

The purpose of this Letter is to predict from first principles the
atomic and electronic structure of the energetically most stable
monocrystalline NTs folded from 2D SrTiOs; nanosheets
(hereafter NSes). To perform calculations, we used the density
functional theory/Hartree—Fock hybrid exchange-correlation
technique, which was shown to yield reliable results for the
electronic and atomic structure both for bulk SrTiO5' and its
low-index surfaces."* We employ the hybrid B3PW exchange-
correlation functional consisting of the nonlocal HF exchange,
DFT exchange, and generalized gradient approximation (GGA)
correlation functionals as proposed by Becke.'® The calculations
were carried out with the CRYSTAL computer code,'® with
atom-centered Gaussian-type functions as basis set (BS). BSs for
Sr, Ti, and O have been taken from ref 13. Reciprocal space
integration was performed by sampling the Brillouin zone with
the 8 x 8 x 1and 8 X 1 x 1 Pack—Monkhorst mesh'” for 2D
NSes and 1D NTs, respectively. To obtain equilibrium struc-
tures, we allowed the lattice constants and all atoms in the NS and
NT unit cells to relax. The effective charges on atoms as well as
net bond populations have been calculated according to the
Mulliken population analysis."®

Studied N'Ts are modeled using layer folding approach, which
means the formation builds of cylindrical NT structure by rolling
up the stoichiometric 2D NS cut from SrTiO; bulk parallel to
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Table 1. Equilibrium Lattice Constants (ag and bg in

nanometers), Thickness (4" in nanometers), Formation

Energy with Respect to the Bulk (ERS . in €V/SrTiO3), and
& in electronvolts) of NSes under Study”

‘ : g by E}“.,,Sm é .
SL-(001)-NS  square 0.385 0.197 184 3.63
DL-(001)-NS  square 0.386 0.591 110 258

SL-(110)-NS  rectangular 0353 0.593 0204 181 598
DL-(110)-NS  rectangular  0.359 0.588 0583 141 540

SL—(lll)—NS barrierless reconstruction to SL-(110)-NS

DL-(111)-NS  hexagonal ~ 0.582 0289 283 415
bulk cubic 0.391 3.64
bulk (exptl)  cubic 0.390"® 3254

“ Symmetry constraints were removed. Last two rows contain data for
StTiO, bulk. Abbreviation, e.g, SL-(001)-NS means that it is single-
layered (SL) SrTiO; nanosheet (NS) cut parallel to (001) surface of
cubic SrTiOs.

either (001) or (110) or (111) surfaces. Within the framework of
our current study, we considered single-layered (SL) and double-
layered (DL) NSes (and NTs) consisting of two or four
alternating SrO- and TiO,-(001), SrTiO- and 0,-(110), and
SrO, - and Ti-(111) atomic surfaces planes, respectively. In the
CRYSTAL calculations, the 1D NTs are modeled employing
solely their helical rototranslational symmetry;m for the 2D
NSes, only the translational symmetry operator has been
employed.

Table 1 lists equilibrium lattice parameters, formation ener-
gies, and band gaps (8) as calculated for NSes under study. The
NS formation energies per SrTiO; formula unit are defined
asERS = ENS /m — P where ENS is the total energy of relaxed
NS consisting of m bulk formula units and Et’:tlk is the total energy
calculated for SrTiO; bulk. Lattice parameters of NSes are
slightly reduced with respect to the bulk. Because of quantum
confinement 8 of (110)- and (111)-NSes increases with respect
to the bulk, while decrease of § is obtained for (001)-NS due to
surface effect.** Of peculiar interest is DL-(110)-NS, which after
geometry optimization performed without symmetry constraints
reveals a quasi-layered 2D structure (see Figure 1) with relatively
low NS formation energy. Similar quasi-layered 2D nanostruc-
tures were also obtained for triple- and four-layered (110)-NS.
This makes it probable that the formation of NTs by folding
SL-(110)-NS may require less energy with respect to (001)- and
(111)-NSes. Note that SL-(111)-NS during geometry optimiza-
tion experiences barrierless (spontaneous) reconstruction to
SL-(110)-NS. ENS  calculated for DL-(111)-NS is more than
two times larger than for DL-(001)-NS and DL-(110)-NS,
implying that DL-(111)-NS is less atfractive for the study of
NT formation. We thus only consider NTs folded from the
energetically most favorable SL and DL (001)- and (110)-NSes
of square and rectangular lattices, respectively.

The orthogonality of the chiral and the translation vectors
makes possible the formation of NTs with (nyn,) chirality if
folded from a nanosheet with a square 2D lattice (n; and n, are
any integer), whereas only (1,0) or (0,n1) chirality is possible for
NTs with rectangular morphology. (See refs 20—22 for a
thorough discussion.) In this Letter, we consider NTs (n,0)
and (n,n) if they are rolled up from (001)-NSes and NTs (n,0)
and (0,n) rolled up from (110)-NSes. In the current version of
the CRYSTAL code, the number of symmetry operators is

0.28 pm
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Figure 1. Schematic representation of DL-(110)-NS: (a) as cut from
the bulk and (b) after full atomic relaxation without symmetry

constraints.

limited to 48. Therefore, the maximum possible chirality index
is n= 24 for (001)-NTs (n,n) and n = 48 for the (001)-NTs (n,0)
and for all (110)-NTs. NTs with higher chirality number can be
calculated by, for example, doubling the 2D NS unit cell in the
corresponding directions, but such CPU-intensive calculations were
not within the scope of this manuscript. Depending on the choice
of the inner shell, two NTs of the same chirality rolled up from
the same NS are possible; for example, NT (48,0) folded from SL-
(110)-NS with SrTiO-terminated inner shell [SL-SrTiO-(110)-NT
(48,0)] and NT (48,0) folded from SL-(110)-NS with O,-termi-
nated inner shell [SL-O,-(110)-NT (48,0)] are two different NTs.
The termination of the outer shell of each NT is defined by the
stacking sequence of corresponding NS.

Taking into account the fact that the asymmetry of the
structure of the two sides of slab layer is one of the driving forces
for the folding of NS into N'T and because the strain originating
from the curvature of the NT is expected to play a major role in
the NT formation process, we assume that the energetically most
stable N'T should possess both a negative strain energy (B =
BTk — ENS /im, where ENT is the total energy of relaxed NT
consisting of k bulk formula units), indicating stability of the NT
relative to the corresponding flat NS and the lowest NT
formation energy with respect to the bulk: BRNZ, = ENS 4 Erainy
where Eos _ is the energy required to cut corresponding NS from
the bulk. We note that these energies are calculated from the total
electronic energies and further inclusion of vibrational contribu-
tions may unsubstantially affect the energy of formation.

According to our calculations (Figure 2 and Table 2), the
sbove-mentioned condition is fulfilled for SL-SrTiO-(110)-NTs
(n,0) beginning with n = 7 (inner diameter D = 0.68 nm).
Negative strain energies are also predicted for SL-O, -(110)-NTs
(0,n) beginning with n = 8 (D = 1.3 nm); however, their
formation energies are larger with respect to those calculated
for SL-SrTiO-(110)-NTs (n,0). The presence of a minimum in
the Eyqum curve of SL-SrTiO-(110)-NTs (n,0) (Figure 2) sug-
gests a preference for NTs of D = 1.5 nm; however, no
experimental evidence is reported to date.

The smallest negative Egpn of —0.02 €V/SrTiO5 for DL-NTs
has been calulated for DL-SrTiO-(110)-NT (48,0) (D =4.98 nm).
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However, in the case of DL-NTs Eg, rises quickly as the inner
diameter D decreases: for example, DL-SrTiO-(110)-NT (40,0)
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Figure 2. Calculated strain energies (Eyan) of NT's as a function of the
nanotube inner diameter (D). Strain energy per SrTiO; formula unit is
defined as the difference between the total energies calculated for the NT
and the corresponding flat NS. See Table 2 for abbreviations.

(D = 4.42 nm) already yields a positive value of Egin. Also, all NTs
folded from the (001)-NS have positive strain energies. (See
Table 2.) Therefore, we can predict that NTs of inner diameter
<4.4 nm consist of shells rolled up from SL-(110)-NS, whereas NTs
of larger D can possibly also be folded from DL-(110)-NS. Note that
negative E g, minimizes the NT formation energy with respect to
the SrTiO; bulk (Table 2 for Efmy); nevertheless, the latter
remains relatively high. For instance, the most energetically stable
SL-SrTiO-(110)-NT (18,0) has Egoyn of —0.455 eV/SrTiO; or
—0.091 €V/atom, which is smaller compared with the negative
strain energies predicted for zigzag imogolite nanotube, Eqqain =
—0.038 eV/atom,” or for three-monolayer anatase (001) nano-
tube, Eqein = —0.053 €V/atom, but the ENT  calculated for SL-
SrTiO-(110)-NT (18,0) is nearly two times larger than that
predicted for three-monolayer anatase (001) nanotube, 0.271
versus 0.133 eV/atom.**

The smallest NT's synthesized in the laboratory possess a wall
thickness of ~4 nm,” whereas the SL- and DL-NTs studied here
have a thickness of 0.2 and 0.6 nm, respectively. Obviously
already the smallest synthetic NTs are multiwalled NT struc-
tures; that is, they consist of a number of commensurate NTs
embedded into each other. We have calculated the properties
of a multiwalled SL-SrTiO-(110)-NT (12,0)@(24,0)@(36,0),
which has inner diameter of 1.19 nm, outer diameter of 4.26 nm,
and interwall distance of 0.46 nm. This multiwalled structure is
indeed stabilized by 0.013 eV/SrTiOj relative to its NT’s con-
stituents. Further optimization of multiwalled NT interwall
distance by matching of its NT constituents may result in
energetically even more stable NT structure, but this is
beyond the scope of the current study.

The projected density of state calculated for the most stable
NTs and NSes shows that the top of their valence bands and the
bottom of their conduction bands consist of O 2p and Ti 3d
orbitals, respectively, as in bulk SrTiO;. However, quantum
confinement widens the NT’s band gap (Tables 1 and 2).

Table 2. Number of Atoms in the Unit Cell (N), Length of Translation Vector (L in nanometers), Inner Diameter (D in

nanometers), Wall Thickness (i.e., Distance between the Most Inner and the Most Outer Atom of NT, T

in nanometers), Strain

Energy (Equain in €V/SrTiO;), Formation Energy with Respect to the Bulk (ERT  in €V/SrTiOs), and Band Gaps (J in

electronvolts) of SL- and DL-NTs with Largest Chirality Numbers As Calculated in the Present Study”

SL-SrO-(001)-NT (48,0)

240 0.382

DL-SrO-(001)-NT (48,0) 480 0377
SL-TiO,-(001)-NT (48,0) 240 0.387
DL-TiO,-(001)-N'T (48,0) 480 0.394
SL-SrO-(001)-NT (24,24) 240 0.542
DL-$rO-(001)-NT (24,24) 480 0.555
SL-TiO,-(001)-NT (24,24) 240 0.546
DL-TiO,-(001)-NT (24,24) 480 0.553
SL-SrTiO-(110)-NT (48,0) 240 0.589
DL-SrTiO-(110)-NT (48,0) 480 0.589
SL-0,-(110)-NT (48,0) 240 0.599
DL-0--(110)-NT (48,0) 480 0.615
SL-SrTiO-(110)-NT (0,48) 240 0353
DL-SrTiO-(110)-NT (0,48) 480 0.350
SL-0,-(110)-NT (0,48) 240 0.352
DL-0,-(110)-NT (0,48) 480 0.358

D

5.62

5.67
6.83
S.10
3.85
3.72
4.13
3.90
5.20
4.98
5.16
4.80
8.80
8.71
8.89

8.23 .

Foi BT 6
0.201 0.04 1.88 3.85
0.577 0.02 112 3.90
0.194 0.05 1.90 3.77
0.653 0.15 1.26 2.72
0.199 0.07 191 3.52
0.581 0.37 1.47 3.63
0.193 0.06 191 3.79
0.573 0.38 1.49 3.35
0.205 —0.25 1.56 6.10
0.574 —0.02 1.38 5.18
0.203 0.32 2.13 5.83
0.535 0.45 1.86 4.28
0.204 0.01 1.82 5.97
0.557 0.05 1.45 527
0.205 —0.01 1.80 6.00
0.588 —0.01 1.40 5.32

“ Abbreviation SL-SrO-(001)-NT denotes a SrTiO3 nanotube (NT) folded from single-layered (SL) nanosheet cut parallel to (001) surface of SrTiO;
bulk. NT’s inner shell termination is SrO."NT’s outer shell termination is therefore TiO, (assumed but not included into the abbreviation).
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Table 3. Calculated Effective Mulliken Charges (Q in e), Ti—O Bond Lengths (Iin nanometers), and Ti—O Bond Populations (P
in milli ¢) of SL-SrTiO-(110)-NT (18,0), SL-(110)-NS, and SrTiO; Bulk®

SL-SrTiO-(110)-NT 1.85 222 —1.40 —1.34 —1.32 0.178 . 0177 0.188 138 136 - 106

SL-(110)-NS 1.83 222 —1.38 —131 —1.37 0.177 0.176 0.195 156 150 102
bulk 1.87 2.35 —1.41 —141 —141 0.196 0.196 0.196 88 88 88

“ See Figure 3 for notations.

the NT shell, the excitonic binding energy might be substantially
stronger than in the bulk and thus might play a crucial role in
various optoelectronic applications.

Table 3 lists effective Mulliken charges, Ti—O bond lengths,
and Ti—O bond populations calculated for SL-SrTiO-(110)-NT
(18,0), SL-(110)-NS, and SrTiO; bulk Significant reconstruc-
tion of the NSes results in the breaking of a Ti—O bond from the
perovskite oxygen octahedron. (See Figures 1 and 3.) This
leads to the formation of considerably shorter Ti—O1 and
Ti—02 bonds accompanied by a change of effective charges
and a covalency (bond population) increase relative to the bulk
for both the (110)-NS and the outer shell of corresponding
NTs. Ol and O2 oxygen atoms in the outer shell of SL-
SrTiO-(110)-NT (1,0) may be able to form strong bonds with,
for example, adsorbed molecular oxygen by forming surface
molecular peroxide.”*?*

In summary, on the basis of ab initio calculation, we predict
that the most energetically stable NT's can be rolled up from
(110)-NS of rectangular morphology. Because SrTiO; is a model
material for many pseudocubic perovskites, we suggest that NTs
with the rectangular morphology be produced from other ABO;
SR < TP e =" perovskites. The increase of the Ti—O bond covalency in the

Oa U : outer NT shell may lead to an enhancement of adsorption
properties. This would imply that NTs can be used in gas-sensing
devices. Quantum confinement effects lead to the widening of
the N'T band gaps and makes them thus attractive for band gap
engineering in, for example, photocatalytic applications.
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Figure 3. Side view (a) and front view (b) of SL-SrTiO-(110)-NT
(18,0). Unshaded area of inset depicts irreducible atoms of nanotube
unit cell. See Table 2 for abbreviations. B REFERENCES
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