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The elastic properties of anatase nanotubes are investigated by molecular dynamics (MD) simulations. Young’s mod-
ulus, Poisson ratio, and shear modulus are calculated by transversely isotropic structure model. The calculated elastic
constants of bulk rutile, anatase, and Young’s modulus of nanotube are in good agreement with experimental values, re-
spectively, demonstrating that the Matsui and Akaogi (MA) potential function used in the simulation can accurately present
the elastic properties of anatase titanium dioxide nanotubes. For single wall anatase titanium dioxide nanotube, the elastic
moduli are shown to be sensitive to structural details such as the chirality and radius. For different chirality nanotubes with
the same radius, the elastic constants are not proportional to the chiral angle. The elastic properties of the nanotubes with
the chiral angle of 0° are worse than those of other chiral nanotubes. For nanotubes with the same chirality but different
radii, the elastic constant, Young’s modulus, and shear modulus decrease as the radius increases. But there exist maximal
values in a radius range of 10 nm—15 nm. Such information can not only provide a deep understanding of the influence of
geometrical structure on nanotubes mechanical properties, but also present important guidance to optimize the composite

behavior by using nanotubes as the addition.
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1. Introduction

With the development of science and technology in the
past few years, nanostructures have received much attention
from many researchers because of their important role in the
fields of energy, environment, and production. Among them,
titanium dioxide nanotubes (TNTSs) have attracted extensive
attention. Due to its large specific surface area, high chemical
stability, excellent catalytic property, great acid, and alkaline

resistance, ! the TNTs have been widely used in fuel cells, [2.3]

(451 energy storage devices,!®] gas-

photocatalytic systems,
sensitive sensors, 8] pH sensors,®! and other fields. The
main preparation methods of titanium dioxide nanotubes are
the template—assisted,“o’l” hydrothermal,m’m sol—gel,“sl
and electrochemical anodization methods.!'%17! However, the
TNTs structures prepared by different methods are different
from each other and thus present different performances. In
order to optimize the composite performance by using TNTs
as the addition, the investigation into their elastic and other
mechanical properties are of great importance. For example,
titanium dioxide nanotubes play an important role in mechan-
ically enhancing bone bonding and epoxy resin.!'®!°1 How-

ever, the elastic and mechanical properties of a single titanium

DOI: 10.1088/1674-1056/ab3da2

dioxide nanotube are hard to obtain experimentally. Thus,
there is still much room for studying the elastic and mechani-
cal properties of titanium dioxide nanotubes.

Like carbon nanotubes, titanium dioxide nanotubes are
made of transversely isotropic materials, so they are highly
symmetrical in elastic properties and sensitive to the helic-

s.120-22] T order to obtain the

ity and the radius of nanotube
elastic properties of TNTs effectively, the elastic constants
can be calculated by density functional theory or molecular
dynamics. The first principles Vienna ab initio simulation
package (VASP) has already predicted the elastic constants of
bulk anatase and rutile TiO; at 0 K,23241 and the elastic con-
stants of bulk rutile at various temperatures have been mea-
sured experimentally.[>>->7] But the elastic constants of TNTs
have not been measured nor calculated yet.

In this paper, the single-cycle sheet of TiO, anatase (101)
is curled into a single wall nanotube structure along different
chiral directions. The elastic constants of the nanotubes are
calculated by the Matsui and Akaogi (MA) potential function
through using molecular dynamics. In order to verify the cal-
culated results, we first use this potential function to calculate

the elastic constants of bulk anatase and rutile, which demon-
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strate good accuracy. Then, the elastic constants of the tita-
nium dioxide nanotubes with different chiral angles are further
calculated, including Young’s modulus, shear modulus, and
Poisson ratio. Such a prediction of the TNT elastic properties
can provide good theoretical guidance for both experimental
and practical applications.

2. Simulation methods
2.1. Building models

The nanotube symmetry and structure are described on
the basis of the so-called layer folding.[>®! The single-wall
anatase TNT named (n, m) with open ends can be obtained
by simple rotation of the (101) anatase surface along different
crystalline orientations (Figs. 1(a) and 1(b)) and characterized
by a chiral vector R, the expression of which is

R =na+mb. (D

(0,m) n,m)

< %

2isitt

(10,10) 20.29°

(10,5) 10.47°

(9,0) 0°

Fig. 1. (a) Anatase (101) lattice and (b) rolling-up direction and process of
nanotubes, with a and b denoting primitive translation vectors, and 6 re-
ferring to chiral angle. (c)—(g) Different chiral structures of anatase (101)
nanotubes. Solid red circle denotes oxygen atom and solid blue circle rep-
resents titanium atom. Radius of each nanotube is about 15 nm.

In Eq. (1), @ and b are the primitive translation vectors
of the two-periodic (2D) lattice in the layer. The chirality (n,
m) is obtained by folding the layer in a way that the chiral
vector becomes the circumference of the cross section of the
nanotubes,?”! where n and m must be integers. The angle 0
between R and a is called chiral angle, and the range of 6
is generally in a range of 0°-90°, and 0 is determined by the
following equation:

R-a
|R||a|
Here we select five different chiral anatase TNTs. The ratios
of n to m of the nanotubes are 0 (90°), 0.5 (36.49°), 1 (20.29°),
2 (10.47°), and oo (0°) (Figs. 1(c)-1(g)), respectively. And the
radius of nanotubes is nearly 15 nm.

cosf =

2)

2.2. Potential functions

Here we use the well-known MD (Molecular Dynamics)
software package large-scale atomic/molecular massively par-
allel simulator (LAMMPS) to perform the calculation.*! In
this calculation, a classical potential function in the form of
a pair of potential expressions with clear physical meaning is
selected, which is an MA potential function.3*? The MA
potential function is expressed as

U(rij) = Aijexp (—;’J> —f{#’rqj’ 3)
where U(r;j) is the interaction potential between atoms, and
rij is the distance between atom i and atom j. The charge
of Ti and O atom are +2.196e and —1.098e, respectively and
more potential function parameters are listed in Table 1. A
Langevin thermostat is used for the temperature control with
NVE ensemble.>3) Long-range electrostatic interactions are
calculated by a particle mesh Ewald summation method. 34!
The Newton’s equations of motion are integrated by Verlet-
leapfrog algorithm. The cutoff radius is 10 A and periodic
boundary condition is utilized in all three dimensions. The
time step used in the simulation is 0.001 ps.

Table 1. Key parameters of MA potential function.

Interaction A; j/kcal-mol" Rij/A Cijlkcal-mol ™~ 1.A6
Ti-Ti 717653.9571 0.154 120.9967
Ti-O 391052.7442 0.194 290.3920
0-0 271718.8311 0.234 696.9407

2.3. Calculation of elastic modulus

Bulk anatase, rutile, and TNTs are made of transversely
isotropic materials, so they have a high degree of symmetry
in their elastic properties. Based on Hooke’s law for elastic
materials and using Voigt notation, the engineering moduli C;;
can be calculated from the following formula:

Gi:Cijsja (i7j:172a3a47576)' (4)
Both stress o; and strain €; are second rank tensors. In Voigt
notation,!*! engineering moduli C;; can be represented by a

6 x 6 symmetric matrix as 3
o1 Cii1 CoCz 0 0 O €1
022 Gy Cpn Gz 0 0 O &2
o3| _ |G G2 Gz 0 0 0 &3 | (s
023 0 0 0 Cuq O 0 2€73 ’
031 0 0 0 0 Cs5 O 2&31
o2 0 0 0 0 0 Ces 2€12
For transversely isotropic materials: Cj; = Cy, Cy3 = C3,

Cys = Css, and Cge=(C11; — C12)/2, the engineering compli-
ances S;; are also defined in the isotropic direction along the
axis, similarly, in Voigt notation:
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€11 Si1 S12 853 0 0 O O11
&2 So1 S22 §23 0 0 O (05))
€3 | _|S31 S 83 0 0 0 | |os3 ©)
2€53 0 0 0 Sy O 0 023
2€31 0 0 0 0 Sss O 031
2€1n 0 0 0 0 0 See O12

with S1; = S22, S23 = S31, Sas = Sss, and See = 2(S11 — S12)-
The relationship between engineering moduli C;; and engi-
neering compliances S;; is as follows:

_Cn—Ciy/Cs Ci2 = Ch/Cs3 ¢

S S, S1p=— )
i C]] —C]z 12 Cll —CIZ
Ci3 Cn+Ci2
Spz=——==-5, S33= S
13 C ’ 33 Cs3 ’
1 1
Si=—=—, Se6= =
44 Caa 66 Ces
1

S_C11+C12—2C%3/C33' @
Now, let E be the Young’s modulus in an isotropic plane, and
E,| the Young’s modulus of any plane perpendicular to the
isotropic plane. V| the Poisson ratio in the plane of isotropy,
v, the Poisson ratio in the perpendicular direction to it, and
U the shear modulus which is defined in the same way as E
and v.13337] These parameters will be used later. The matrices
[Si;] and [C;;] are mutually inverse to each other. After C;; is
calculated, S;; can be obtained according to the relational ex-
pression (7), and then E, v, and u can be calculated through

S =Sp—=—. s Lo Yl
n=38n=—, S3=—, Sp=——,
E) Ey E)
Vi 1
S3=5831=——, S4a=>555=—,
E, T
1 2(]+VH>
Se6 =2(S11 —S12) = — = ———+. (8)
H E)

3. Results and discussion

Rutile is relatively stable in nature and the elastic con-
stants of rutile are obtained experimentally. We use the MA
potential function to calculate the elastic constants of bulk
rutile from room temperature to 1000 K, and a fairly good
agreement is found between our computed elastic constants
and those from the experiments.>>20! (See Table Al in Ap-
pendix A for more details). It is worth pointing out that
the elastic constants gradually reduce as the temperature in-
creases. The calculated value of Cy; is larger than the experi-
mental value, and the rest of the elastic constants are in good
agreement with the experimental values, which shows that the
MA potential function can effectively predict the elastic prop-
erties of rutile TiO,.

However, the experimental values of anatase elastic con-
stants have not been effectively measured. There exists only

the bulk modulus for reference.!*®! The elastic constants of
anatase at 0 K can be accurately calculated by VASP, and
the values are Cy; = 395.2, Ci» = 153.9, Ci3 = 156.0, C33 =
195.9, Cyq = 47.3, Cs6 = 59.5 (LDA/UPP); C;1 = 336.5,
C12=138.6,C13=136.0,C33 =192.1,C44 = 49.4, Co6 = 58.3
(GGA/UPP); C11 = 320, C12 = 151, C13 = 143, C33 = 190,
Cis = 54, Cs=60.123241 The elastic constants calculated by
LAMMPS with MA potential function are C;; =419.3,Cy, =
110.5, Cy13 = 105.6, C33 = 202.1, C44 = 52.5, and Cge = 50.4.
And the calculation results of LAMMPS are in good agree-
ment with those of VASP. Many properties of titanium dioxide
have been investigated successfully by using the MA potential

[39-411 Therefore, the MA potential function can also

function.
predict the elastic constants of anatase and nanotubes.

Figures 2(a)-2(e) show that neither of the elastic con-
stants is significantly affected by temperature for each chiral
anatase (101) nanotube. Therefore, temperature will not be
an impact factor in the change of Young’s modulus nor Pois-
son ratio nor shear modulus. Hence, the following calculation
results are all obtained at 300 K.

As can be seen from Table 2, the elastic constants of
anatase (101) nanotubes are calculated to be smaller than those
of anatase and rutile, and the difference in chiral angle will
make the elastic constants of nanotubes different under the
condition of the same radius. For the same chiral angle, the
elastic constants Cy; and C33 are larger than other elastic con-
stants because of the transversely isotropic structures for nan-
otubes, which have a stronger load capacity on the Z-axis di-
rection than on the other directions. For the different chiral
angles that generally range from 0° to 90°, when the chiral
angle of TNT is 0°, its elastic constants are basically the mini-
mum, which is the same as Young’s modulus and shear modu-
lus. When the chiral angle of titanium dioxide nanotubes is
90°, the elastic constants are the biggest in all elastic con-
stants, which case is the same as those for Young’s modulus,
shear modulus, and Poisson ratio. The Young’s modulus, Pois-
son ratio, and shear modulus of the nanotubes can be obtained
from Egs. (7) and (8), and Young’s modulus is determined by
C11, C12, C13, and C33. But Cy; and C33 are much larger than
other elastic constants, so Young’s modulus of the nanotubes
is mainly affected by Cj; and Cz3. Poisson ratio is affected
not only by the elastic constant but also by Young’s modulus.
Shear modulus is determined by Young’s modulus and Poisson
ratio. By comparing the nanotubes (9,3), (9,6) as shown in the
Supplementary information (Tables A2, A3 in Appendix A)
with those in Table 2, it is found that when the radius of the
nanotubes is nearly 15 nm, Young’s modulus does not change
linearly with the increase of the chiral angle. However, when
the chiral angle is 0°, Young’s modulus, Poisson ratio, and
shear modulus of the nanotubes are lowest. So the nanotubes
with a certain chiral angle will improve the mechanical prop-
erties of nanotubes.
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Fig. 2. Elastic constants Cyy, Cj2, C13, C33, Caa, and Cg at temperatures ranging from 100 to 500 K with chiral angles of (a) 90°, (b)

36.49°, (c) 10.47°, (d) 20.29°, (e) 0°, respectively.

Table 2. Elastic constants, Young’s moduli, Poisson ratios, and shear moduli (in unit GPa) of anatase (101) nanotubes with different chiral

angles at 300 K, and radius of each nanotube of about 15 nm.

TNTs Ci Ci2 Ci3 Cs3 Caa Ces E| E, 4 Vi M My
(0,26) 6 =90° 56.65 19.16 12.96 77.22 12.53 18.54 49.18 72.79 0.31 0.17 18.54 12.53
(8,16) 6 = 36.49° 43.17 15.47 17.13 54.62 16.98 14.33 35.10 44.61 0.27 0.29 14.33 16.98
(10,10) 6 = 20.29° 53.16 18.19 13.81 62.97 13.29 17.14 45.55 57.62 0.30 0.19 17.14 13.29
(10,5) 6 = 10.47° 56.12 19.23 13.08 73.38 12.54 18.35 48.48 68.84 0.30 0.17 18.35 12.54
9,000 =0° 38.54 12.81 15.60 54.58 15.26 12.42 32.03 45.10 0.25 0.30 12.42 15.26

The elastic constants are also sensitive to the radius of
the nanotubes. The relationship between the elastic constants
and the radius of nanotubes under the same chiral angle is cal-
culated, where the chiral angles are 7.03° (Table A2), 10.47°
(Table 3), 13.85° (Table A3), 36.49° (Table A4) respectively.

Table 3 displays that as the radius of each chiral nanotube
increases, the elastic constants first increase and then gradually

decrease. And C;; and C33 are most obvious because of the
transversely isotropic structure. The four kinds of nanotubes
with different chirality described above have an optimal radius
range from about 10 nm to 15 nm. This means that the anatase
(101) nanotubes should have maximum elastic constants in a
radius range of about 10 nm—15 nm no matter what kind of
chirality they have.

Table 3. Elastic constants, Young’s moduli, Poisson ratios, and shear moduli (in unit GPa) of anatase (101) nanotubes with different radii at chiral

angle 10.47° and temperature 300 K.

TNTs Ciy Ci2 Ci3 Cs3 Cyy Cee E) E, \ 2 M My
4,2) R=6.61 52.36 17.80 12.95 58.99 13.88 17.71 44.99 54.21 0.30 0.18 17.71 13.88
(6,3) R=9.92 56.15 19.10 12.19 65.28 12.84 18.63 48.62 61.33 0.31 0.16 18.63 12.84
8,4 R=13.22 61.11 22.38 15.55 77.90 12.93 18.88 51.60 72.11 0.33 0.19 18.88 12.93
(10,5) R =16.53 56.12 19.23 13.08 73.38 12.54 18.35 48.48 68.84 0.31 0.17 18.35 12.54
(12,6) R =19.83 48.44 16.69 10.26 57.16 10.11 15.78 41.87 53.93 0.32 0.16 15.78 10.11
(14,7) R =23.14 46.52 16.41 10.10 54.81 9.84 15.08 39.92 51.57 0.33 0.16 15.08 9.84
(16,8) R =26.44 41.54 13.30 9.15 49.06 9.05 13.00 36.46 46.01 0.29 0.17 13.00 9.05
(189) R =129.75 37.85 12.14 8.45 47.85 8.80 12.02 33.24 44.99 0.29 0.17 12.02 8.80
(20,10) R =33.05 34.96 11.61 7.96 44,71 8.23 11.61 30.45 41.99 0.30 0.17 11.61 8.23
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Fig. 3. Plots of radius-dependent (a) Young’s modulus, (b) Poisson ratio, and (c) shear modulus (in unit GPa) of anatase (101) nanotubes with chiral angle
7.03° and different radii. (d) Young’s modulus, (e) Poisson ratio, and (f) shear modulus (in unit GPa) of anatase (101) nanotubes with chiral angle 10.47°

and different radii.
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Fig. 4. Plots of radius-dependent (a) Young’s modulus, (b) Poisson ratio, (c) shear modulus (in unit GPa) of anatase (101) nanotubes with chiral angle
13.85°and different radii; (d) Young’s modulus, (e) Poisson ratio, and (f) shear modulus (in unit GPa) of anatase (101) nanotubes with chiral angle 36.49°

and different radii.

Because Young’s modulus is mainly determined by Cy;
and C33, Young’s modulus also presents an increase and then
decrease trend as radius increases. From Figs. 3 and 4, it can
follow that shear modulus and Young’s modulus have maxi-
mum values in a range of 10 nm—15 nm. The variation trends

of Young’s modulus in an isotropic plane E| and Young’s mod-

ulus perpendicular to the isotropic plane E | are basically the
same, so are () and i, . However, Poisson ratio fluctuates in a
certain range. The calculated elastic modulus values are very
similar to Young’s modulus values obtained from the direct
compressive measurements of individual TiO, nanotubes!*?!

(23 GPa—44 GPa) and nanoindentation'*3! (36 GPa-43 GPa)
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in a diameter range of about 35 nm—70 nm. From the analysis
above, it can be concluded that in a nanotube radius range of
10 nm-15 nm, Young’s modulus and shear modulus will have
maximum values. Saeed et al.!'”! successfully improved the
mechanical properties of epoxy resin by using nanotubes with
a diameter range of 10 nm—20 nm. Because the chiral distri-
bution of nanotubes used experimentally is so wide that it is
difficult to determine a single chiral angle of the nanotubes,
and thus there will be a lot of nanotubes with different chiral
angles in the experiment. However, figures 3 and 4 show that
among all the nanotubes, those in a radius range below 15 nm
dominate their optimal mechanical properties. And for chiral
nanotubes at 36.49° in a radius range of 8 nm—14 nm, Young’s
modulus does not differ from each other very much. There-
fore, making the diameter of nanotubes as small as possible
can improve the mechanical properties of composites.

108 M (472)
200 (6,3)
0
200 (8,4)
0
) 408 A~ N AN (10,5)
R 400 (12,6)
> of (i)
600 (16,8)
| Y, PV N
600 M/WAJ\JL (20,10)
0 10 20 30 40

Frequency/THz

Fig. 5. Plots of phonon density of states (DOS) versus frequency with chiral
angle of 10.47° and different radii from (4, 2) to (20, 10).

As shown in Fig. 5, phonon densities of states of TNTs
with different radii are calculated. Because atoms continu-
ously vibrate at the equilibrium position, there is an interaction
between atoms in the crystal, and the vibrations of each atom
are not isolated from but interconnected with each other, thus
forming elastic waves of various modes. The elastic proper-
ties of the crystal can be further analysed from the frequency
of crystal vibration. It is worth noting that the nanotubes (4,2),
(6,3), (8,4) have additional vibration modes at high frequen-
cies ranging from 25 THz to 28 THz, which means that there
is a strong elastic force between atoms. With the increase of
radius, the high frequency vibration disappears, which shows
that the large nanotubes do not have high frequency vibra-
tion and have low elastic forces compared with the small nan-
otubes. Therefore, elastic properties of nanotubes with small
radius are better than those with large radius. This confirms
those observations in Figs. 3 and 4. The variation of calcu-
lated Young’s modulus and shear modulus are small when the
radius of nanotubes is small (5 nm-15 nm) due to the high vi-
bration frequency. However, as the radius increases, the elastic
constant sharply decreases.

4. Conclusion and perspectives

In this work, the elastic constants, Young’s modulus,
Poisson ratio, and shear modulus of anatase nanotubes were
calculated by using MA potential function and transversely
isotropic structure model. The elastic constants of TNTs are
found to be not significantly affected by temperature. By cal-
culating the elastic constants of nanotubes with the same ra-
dius but different chirality, it can be found that the elastic con-
stants are not proportional to the chiral angle. In addition, both
C11 and C33 are larger than the other elastic constants due to the
transversely isotropic structure. By calculating the elastic con-
stants of nanotubes with the same chirality but different radii,
the elastic constants, Young’s modulus and shear modulus first
increase and then decrease as radius increases. The maximum
values appear in a radius range of 10 nm—15 nm, and Poisson
ratio fluctuates in a certain range. Nanotubes with a radius
range of 5 nm—15 nm have high frequency vibration and large
elastic constants compared with big nanotubes. Therefore, the
radius of the nanotubes should be as small as possible to en-
hance their mechanical properties in practice.
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Appendix A: Supplementary information

The following are the supplementary data to this article:
Elastic constants C;; (in unit GPa) of rutile TiO; from 300 K
to 1000 K; Elastic constants, Young’s modulus, Poisson ratio,
and shear modulus (in unit GPa) of anatase (101) nanotubes
with different radii at different chiral angles (7.03°, 13.85°,
and 36.49°) at 300 K.

Table Al. Calculated and experimental results of elastic constants Cj; (in
unit GPa) for rutile TiO, from 300 K to 1000 K.

T/K Method Ci1 Cs3 Cyq Ces Cx Cp
This work  312.54 48320 136.88 210.63 150.63 200.66
300 pyperiment 2673 4839 1239 1904 1464  174.1
This work  311.81 479.38 135.66 19836 146.55 196.88
330 Experiment 2658 4807 1230 187.1 1462 1725
This work 308.62 476.61 131.99 19649 14627 192.17
400 gy periment 2640 4762 1220 1839 1452 1704
This work 31027 476.11 139.42 19639 15094 190.42
430 Experiment 261.50 47120 12090 18030 143.60 167.70
This work  299.00 47891 139.54 19552 144.12 185.06
00 Eperiment 2603 4672 1200 1774 1434 1663
This work  297.09 473.98 13170 19521 141.65 182.76
600 Eyperiment 2554 4585 1181 1709 140.5 1611
This work  310.15 470.99 13585 19033 137.93 187.50
700 Eyperiment 2510 450.0 1162 1648 137.9 1565
This work 296.06 465.65 132.93 19337 138.04 183.53
800 Eyperiment 247.1 4421 1144 1590 1359 1523
This work 273.67 462.10 138.02 18022 136.69 169.18
900 pperiment 2432 4351 1126 153.5 1342 1482
This work 270.88 458.53 12849 186.62 133.42 164.26
1000 g periment 2389 427.0 1107 1482 131.8  143.7
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Table A2. Elastic constants, Young’s moduli, Poisson ratios, and shear moduli (in unit GPa) of anatase (101) nanotubes with different radii at chiral

angle 7.03° at 300 K.

TNTs Ci C2 Ci3 Cs3 Cyg Ceo E| E| \q Vi M) Hi
3, 1)R=491 47.75 17.51 12.14 56.97 13.35 17.43 40.23 52.45 0.33 0.19 17.43 13.35
(6,2) R=9.82 56.04 18.10 11.46 64.48 12.55 17.87 49.22 60.94 0.30 0.15 17.87 12.55
9,3) R=14.74 62.08 22.75 14.06 81.26 11.20 189 52.73 76.60 0.34 0.17 18.90 11.20
(12,4) R = 19.65 49.88 16.96 9.63 58.22 9.41 15.97 43.40 55.44 0.32 0.14 15.97 9.41
(15,6) R =24.56 44.34 15.70 9.45 52.85 9.03 14.74 38.05 49.88 0.33 0.16 14.74 9.03
(18,6) R =29.47 37.84 12.96 8.21 48.44 8.65 12.73 32.78 45.79 0.32 0.16 12.73 8.65

Table A3. Elastic constants, Young’s moduli, Poisson ratios, and shear moduli (in unit GPa) of anatase (101) nanotubes with different radii at chiral

angle 13.85° at 300 K.

TNTs Ciy Cr2 Ci3 C33 Cyy Ceo E) E, 7 \a8 ) 138
3,2)R=5.02 47.94 17.38 12.64 57.31 13.60 17.17 40.44 52.42 0.32 0.19 17.17 13.60
(6,4) R=10.04 54.39 20.73 13.59 67.00 13.10 20.17 45.38 62.08 0.35 0.18 20.17 13.10
(9,6) R=15.06 55.24 22.27 15.88 78.36 13.76 19.21 45.04 71.85 0.37 0.20 19.21 13.76
(12,8) R =20.08 47.86 16.52 11.20 55.97 11.07 15.54 41.15 52.07 0.31 0.17 15.54 11.07
(15,10) R=25.10 43.64 14.62 10.77 50.82 9.27 13.95 37.68 46.84 0.30 0.18 13.95 9.27
(18,12) R=130.13 38.19 12.71 9.40 48.53 8.93 12.29 33.11 45.06 0.30 0.18 12.29 8.93

Table A4. Elastic constants, Young’s moduli, Poisson ratio, and shear moduli (in unit GPa) of anatase (101) nanotubes with different radii at chiral

angle 36.49° at 300 K.

TNTs Ci C2 Ci3 Cs3 Cyq Ce6 E) E, \ \a8 M I

(4,8) R=8.08 4886 1646 1825 6825  19.66 1608 4093 5805 026 028 1608  19.66
G,J00R=10.11 4951 1705 1856 6645 1849 1666  41.15 5610 027 028 1666  18.49
(6,12)R=12.13 4941 1764 2001 7047 19.15 1657 4046 5853 027 030 1657  19.15
(T,14)R=14.15 4575 1564 1685 5745 174 1527 3800 4820 026 027 1527 174
8,16)R=16.17 4317 1547 1713 5462 1698 1433 3510 4461 027 029 1433 1698
(O,18)R=18.19 4302 1456 1521 5101 1552 1429 3587 4297 026 026 1429 1552
(1020)R=2021 4261 1429 144 4867 1463 1422 3573 4138 026 025 1422  14.63
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