A \

"
A4 Ce0e06

http://pubs.acs.org/journal/acsodf

Engineering of Hydrogenated (6,0) Single-Walled Carbon Nanotube
under Applied Uniaxial Stress: A DFT-1/2 and Molecular Dynamics
Study

Yumnam Thakur Singh, Bhanu Chettri, Lalrin Kima, Zosiamliana Renthlei, Prasanta Kumar Patra,
Mattipally Prasad, Juluru Sivakumar, Amel Laref, Madhav Prasad Ghimire,* and Dibya Prakash Rai*

Cite This: ACS Omega 2023, 8, 6895-6907 I: I Read Online

ACCESS | [l Metrics & More ’ Article Recommendations | Q Supporting Information

ABSTRACT: Herein, we systematically studied the electronic, optical, and mechanical
properties of a hydrogenated (6,0) single-walled carbon nanotube [(6,0) h-SWCNT]
under applied uniaxial stress from first-principles density functional theory (DFT) and
molecular dynamics (MD) simulation. We have applied the uniaxial stress range from
—18 to 22 GPa on the (6,0) h-SWCNT (— sign indicates compressive and + indicates Compression Extension
tensile stress) along the tube axes. Our system was found to be an indirect

semiconductor (I'—A), with a band gap value of ~0.77 eV within the linear

combination of atomic orbitals (LCAO) method using a GGA-1/2 exchange- (c) (d

correlation approximation. The band gap for (6,0) h-SWCNT significantly varies with (
the application of stress. The indirect to direct band gap transition was observed under

compressive stress (—14 GPa). The strained (6,0) h-SWCNT showed a strong optical ?

absorption in the infrared region. Application of external stress enhanced the optically

active region from infrared to Vis with maximum intensity within the Vis-IR region,

making it a promising candidate for optoelectronic devices. Ab initio molecular dynamics (AIMD) simulation has been used to study
the elastic properties of the (6,0) h-SWCNT which has a strong influence under applied stress.

Bl INTRODUCTION ablation method gives high-quality and high-purity nanotubes,
but the cost of production is high. The most cost-efficient
method is the arc-discharge method. Normally CNTs are
synthesized by the thermal chemical vapor deposition method
and also best suited as it allows control of the experimental

In recent decades, nanoscience and nanotechnology have been
directed to the carbon nanostructures (graphene, diamond,
nanotubes, and nanowires, etc.) due to their fascinating
. . 1—4 . . . . .
physical properties” " as well as their potential application in

nanoelectronics.”™® With the discovery of graphene,” other conditions.”" CNTs, not only in pure form but also in contact
allotropes of carbon were also discovered and carbon with foreign elements, show unique functionality.””*" The
nanotubes (CNTs) was one of them which was first discovered ZnO/SWCNT network shows better CO detection ability in
in 1991."° One dimensional (1D) single-walled carbon comparison with the ZnO cluster or with bare SWCNTs.*
nanotubes (SWCNTs) have become a focal point for many Wang et al.*® from experimental approaches reported that
researchers with the hope of constructing nanomechanical CNT decorated with MoS, shows excellent photosensing
sensors, nanoelectronics and optoelectronic devices.'' ™" performance. Mechanically, carbon nanotube-polyurethane
Many researchers have conducted extensive experimental and (CNT-PU) nanocomposite shows an excellent Young’s
theoretical research on it."*™'® Structurally, like in graphene, modulus (Ey) value of 1.27 GPa which is 10 times higher
C—C bonds are formed by sp bonding in CNTs. The tube than normal PU.** Recently, Hu et al,”” using coarse-grained
diameter of CNTs is in the range of nanometers and the tube molecular dynamics (CGMD) simulations, investigated the
length in the range of microns to centimeters. Depending upon friction behaviors and microscopic mechanism of carbon
the chirality and the number of tube walls that are arranged nanotube networks (CNNs) which provided a better under-

concentrically, CNTs can be classified as zigzag, armchair,

chiral, single-walled (SW), and multiwalled (MW) carbon
nanotubes (CNTS).19'2() Received: December 1, 2022
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So far, CNTs have been synthesized in laboratories from
various experimental methods.”’ They are categorized into
three methods depending upon the experimental conditions
viz. (a) laser-ablation method**~** (b) arc-discharge,”~*” and
(c) thermal chemical vapor deposition method.”**” Laser-
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standing of the structural deformation for CNNs and
composites under tension, compression, and compaction.
CNTs also have diverse medical applications such as stem
cell differentiation and cell adhesion in designing organic as
well as inor%anic composites, cell compatibility, and scaffolding
element.”*™ As an open-mouthed structure, drug loading in
CNTs is very simple. Certain types of CNT's can be internally
filled with various chemicals and biochemicals with sizes
ranging from small molecules to large proteins. Having the
capability to carry multiple therapeutic moieties or other
functional molecules, CNTs helps in probing, imaging, and
targeting at specific sites. 0™+

SWCNTs exhibit unconventional electronic properties; i.e.,
it shows different electronic behavior depending on the
chirality. Several studies have reported modified electronic,
optical, and mechanical behavior of SWCNT depending on
their chirality,"”** doping manifestation,” ™" and applied
28759 For nanomaterials, modification of physical
behavior by doping is a standard technique as it can easily
manipulate the band structure of the material by creating
additional energy levels within the band gap. However,
hydrogenation, which is a dopant-free and also easily
controllable method, can also modify the energy band
structure of nanomaterials. Hydrogenated graphene is a direct
band gap insulator which is due to the formation of an sp bond
in which the free 7-electron of C atom couple with the 1s
electron of H atom.”’ Guzman et al>® by using density
functional theory (DFT) have investigated the band structure
for a hydrogenated silicene sheet and reported the opening of
the band gap to 2.2 eV. CNTs can interact with hydrogen
through both physisorption and chemisorption mechanism.
The possibility of hydrogen chemisorption was first reported
by Yuchen et al.>” through an MD simulation method which
was later experimentally supported by Nikitin et al.>* For
hydrogen as an energy source, researchers are mostly focused
on physisorption as chemisorption requires a high temperature
value (approximately 1000 K) to release the hydrogen atoms
from the CNT surface.”*™° But Mercuri,’’ from the first
principle MD simulation study, reported the possibility of
releasing the hydrogen chemisorbed on the side wall of the
(10,0) SWCNT by thermal activation at 650 K. Beyond
hydrogen storage, hydrogenation can also tailor both the
physical and chemical properties of nanotubes. Denis et al.,>®
from DFT, reported the increase in band gap for zigzag
SWCNTs with an increase in hydrogen coverage. The authors
also reported a band value of 3.38 eV for (16,0) SWCNT at
50% hydrogen coverage. Zhu et al,” from the experimental
approach, reported the dramatic enhancement on the field
emission properties for hydrogenated TiO, nanotubes (TNAs)
in comparison with pristine TNAs. Owing to high flexibility,
low density, and a large aspect ratio, CNTs are also one of the
most promising materials in the field of flexible strain
sensors.”’ Yamada et al.°' fabricated a wearable strain sensor
containing aligned SWCNT's which have a strain measurable
capacity 50 times more than conventional metal strain gauges.
Zhou et al.” also designed a crack-based strain sensor with a
superwide workable strain range and an ultrahigh sensitivity by
spray-coating CNT ink onto an electrospun thermoplastic
polyurethane fibrous mat. Recently, Choi et al.”* successfully
developed an asterisk-shaped carbon nanotube strain sensor
having a good sensing ability at microdeformation and also
able to recognize the direction of the applied tensile stress. In
this study, we consider a fully hydrogenated (6,0) SWCNT
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[(6,0)h-SWCNT]. After that, we have systematically inves-
tigated the electronic, optical, and mechanical properties under
different strength of uniaxial compressive and tensile stress.
The first principle based DFT-1/2 approach is used for
electronic and optical properties calculations. For mechanical
properties analysis, ab initio molecular dynamics (AIMD)
based on DFT was employed as implemented in VNL-ATK
software package®*

B COMPUTATIONAL DETAILS

All of the electronic and optical properties were calculated by
adopting the linear combination of atomic orbitals method
(LCAO) employed in QuantumATK Q-2019.12.°* To correct
the self-interaction error of electrons, generalized DFT-1/2
(GGA-1/2) with Perdue—Burke—Ernzerhof formalism®*°® was
used as exchange-correlation functional. The complex
nucleon—nucleon interaction was described based on a
Pseudo-Dojo pseudopotential.”” The plane wave cutoff energy
was set to 55 Ha (1500 eV). In all of the electronic
calculations, the first Brillouin zone integration was performed
by sampling 1 X 1 X 3 k-mesh. For optical calculations, a high
k-mesh value of 1 X 1 X 22 was used. We have employed the
Force field method for geometry optimization using potential
set “TeroffCH2005”.°® No constraints were imposed in any
axis during optimization.

We have checked the thermodynamic stability by calculating
the phonon dispersion relation as implemented in Quantu-
mATK Q-2019.12. To test the thermal stability, we performed
Ab Initio Molecular Dynamics (AIMD) at room temperature
(300 K) for each system. Here we opt the canonical ensemble
(NVT) with constant temperature and the total time steps for
each MD simulation is taken as 30 Ps. Further, we examined
the structural stability by calculating the formation energies
which is given by eq 1%

Eforszt_ncXEC_nHXEH

(1)

where E, is the total energy of the (6,0) h-SWCNT, n,, ny, E,
and Ey are the number of carbon atoms in the system, the
number of hydrogen (H) atoms in the system, the chemical
potential of carbon, and the chemical potential of hydrogen,
respectively.

For mechanical properties, a series of MD simulations are
performed for each system using the TeroffCH200S classical
potential as the potential function for two C—H atoms. Setting
the reservoir temperature at 300 K, the initial velocity of the
atoms are taken from the Maxwell-Boltzmann distribution.
The total time steps is set at 100000 fs, and for each 1000 time
steps a strain value of 0.007 is applied. The correspond stress
value is calculated from eq 27"

P

e =1/v —Z mivi“viﬁ +1/2
i i i

2)
where m; and v; are the mass and velocity of the of the ith

atom, F;; is the force between the ith and jth atoms, @ and f§ are
the Cartesian components, V is the total volume occupied by

all the atoms, and rt{-j is the projection of the interatomic

distance along the o coordinate.

B RESULTS AND DISCUSSION
The optimized structure of the hydrogenated (6,0) SWCNT
((6,0) h-SWCNT) is shown in Figure 1. One hydrogen (H)

https://doi.org/10.1021/acsomega.2c07637
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Figure 1. Optimized structure for (6,0)h-SWCNT with (a)
compressive and (b) tensile stress. (c) Side view and (d) front view
of electron localization function for (6,0)h-SWCNT.

atom is bonded with each carbon (C) atom with the bond
length (dc_p) 1.32 A. The carbon—carbon bond length (d¢_)
value is 1.47 A which is very closed to 1.52 A.”> The measured
bond angles Oc_c_y and Oc_c_c are 99.27° and 188.57°
respectively. For our investigations, compressive stress (-
sign) and tensile stress (+ sign) are progressively applied along
the z-axis. Each structure was optimized at different applied
stress. For dynamic stability analysis, we have calculated the
phonon dispersion relations along the high-symmetry
directions of the first Brillouin zone, and the results are
shown in Figures 2 and 3). For dynamic stability calculation,
we are more focused on the lower energy branches, i.e., three
acoustic branches viz. the transverse acoustic branch (TA),
twisting acoustic branch (TW), and longitudinal acoustic
branch.”® Under compressive stress, (6,0) h-SWCNT shows
no negative energy up to the stress value of —3 GPa and hence

confirmed dynamical stability (figure not shown here). From
stress values of —4 to —18 GPa, we have noticed small negative
energies of the range —1 + 0.5 eV. Within these stress values,
TA branch and TW branch become negative showing the
possibility of C—C bond bending in the nanotubes but the LA
branch remains unaffected. On increasing the compressive
stress beyond —18 GPa large negative energy values are
observed indicating structural instability. Under tensile stress,
no negative energy appeared up to the stress value of ~22 GPa,
and hence, we report its dynamical stability up to ~22 GPa.
We have also analyzed the thermal stability and the
structural stability for each system as well. For thermal stability
analysis, each system is heat-treated at 300 K using AIMD
within 30 Ps with 20000 steps. Figures 4 and 5 show the
temperature fluctuation as a function of time. Throughout the
MD simulation process, the temperature remains fluctuated
around 300 K which shows that there is no structural transition
and bond breaking in our systems up to 30 Ps of heating. Also
no remarkable changes are observed in the atomic structures of
the nanostructures, as presented in Figures 4 and 5. Hence, our
systems are thermally stable at room temperature. To check
the structural stability, we have calculated the formation
energies for all the systems, and results are shown in Figure 6.
The negative value in formation energy shows that (6,0)h-
SWCNT is structurally stable under our reference stress values
(—1 GPa to —18 GPa for compressive and 0 GPa to 22 GPa
for tensile). The minimum formation energy is observed at 0
GPa, and hence, it is considered to be structurally most stable.
Electronic Properties. This section discusses the elec-
tronic properties of the pristine and the hydroginated
(6,0)SWCNT. DFT-1/2 method has been implemented for
predicting the electronic and optical properties. From the
literature,”* the Heyd—Scuseria—Ernzerhof (HSE) functional
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Figure 2. Phonon dispersion relation for (6,0) h-SWCNT with compressive stress values of (a) 0 GPa, (b) —5 GPA, (c) —10 GPa, and (d) —15

GPa.
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also known as HSE06 is efficient in predicting the electronic the other hand, the DFT-1/2 approach is semilocal, and hence,
and optical properties of semiconducting materials but it the calculations converge in a more feasible time with accuracy
comes with expensive computational time and resources. On comparable to HSE06. This method has been successfully
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implemented by other researchers for predicting the electronic
and optical Eroperties of the low dimensional and bulk
materials.”*~"” The results from HSE06 and DFT-1/2 are also
presented in order to support the accuracy of the DFT-1/2
method implemented for all the calculations. The band
structure plot using HSEO06 is presented in Figure S1. In
comparison with the DFT-1/2 approach, we have found that
the band gaps resulting from HSEO6 are of the same order as
that of the DFT-1/2. Pristine (6,0)SWCNT is metallic in
nature.”® Hydrogenation results in the opening of the
semiconducting band gap (E,) value up to 0.744 eV. The
reason for such an opening in the band gap is attributed to sp*
rehybridization of the n-electron of C atoms with the Is-
electron of H atoms. Sljivancanin, from the DFT study of the
hydrogenated (5,5) SWCNT, also reported a similar result.”’
The result of the partial density of states (PDOS) shows that
the conduction bands are mostly contributed by H-1s states

6899

but the valence band is primarily occupied by admixture of H-
1s and C-2p states (see Figure 7a).

Figures 7 and 8 show the stress effect on the band structure
and band gap. Under uniaxial compressive stress, the band gap
oscillates with stress varying from —1 to —7 GPa. Interestingly,
when the stress varies from —7 to —18 GPa, the band gap
drops significantly which shows that (6,0)h-SWCNT is in the
buckled state. As the buckling occurs, the bond lengths and
bond angles of the neighboring C atoms become spatially
inhomogeneous causing an abrupt change in the electronic
band structure.”” The maximum band gap value is observed at
the stress value of —7 GPa. Careful investigation of the band
structures also shows that the increase of the compressive
stress slowly shifts the indirect band gap for (6,0) h-SWCNT
toward the direct band gap. The first indirect to direct band
gap transition is observed at the stress value of —14 GPa (see
Table S1). Zhang et al,*" from the theoretical investigation of
the phosphorene nanotube, also reported similar results. In the
case of tensile stress, the band gap for (6,0) h-SWCNT evolves
in two phases. The first phase corresponds to the stress value
from 1 to 9 GPa and second phase from 10 to 22 GPa. In the
first phase, the band gap drop significantly with an increase in
stress and reaches a minimum energy value of 0.506 eV. In the
second phase, the band gap increases with stress up to the
maximum value of 1.001 eV. Unlike compressive stress,
indirect to direct transition of the band gap is not observed in
the case of tensile stress (see Table S2). More details of our
calculations are shown in Tables 1 and 2.

At constant temperature, the electrical conductivity (o) of a
material is inter-related with its band gap (E,) and can be
expressed as

T3/26_E3/2kT

o=Cly + p)e (3)
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Figure 8. Band structure and PDOS with tensile stress (a) 5 GPa, (b) 10 GPa, (c) 15 GPa, and (d) 20 GPa.

Table 1. Calculated Electronic Properties for (6,0)h-
SWCNT under Compressive Stress

Table 2. Calculated Electronic Properties for (6,0)h-
SWCNT under Tensile Stress

stress HOMO LUMO direct band gap  indirect band gap stress HOMO LUMO direct band gap  indirect band gap
(GPa) (ev) (ev) (ev) (eV) (GPa) (ev) (eV) (ev) (eV)
0 —0.383 0.361 0.774 0.744 S —0.289 0.301 0.609 0.590
=5 —0.401 0.386 0.830 0.787 10 —0.251 0.256 0.521 0.507
-10 —0.338 0.379 0.773 0.717 15 —0.317 0.310 0.640 0.628
-1 —0.183 0.256 0.439 0.439 20 —0.471 0.414 0.891 0.885
where C = proportionality constant; T = temperature (Kelvin; and k = Boltzmann’s constant. The exponential relation

}. = electron mobility; y;, = hole mobility; e = electron charge,
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between ¢ and E; in eq 3 indicates the dramatic increase in
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conductivity with small decrease in band gap. Under
compressive stress, the band gap for (6,0)h-SWCNT is
reduced by 70.83% (see table S1). Similarly, under extension
stress, the band gap for (6,0) h-SWCNT has been reduced by
32% (see Table S2). Thus, the rough estimation indicates the
possibility of enhancing the electronic conductivity for (6,0) h-
SWCNT with stress application (under both compressive and
tensile). For a piezo-resistive base stress sensor, the change in
conductivity when stress is applied is the basic mechanism.****
A change in conductivity with stress shows that (6,0)h-
SWCNT has good potential application for a piezo-resistive
base stress sensor.

To examine the ability of the (6,0) SWCNT as a host for
incoming H atoms, the average adsorption energy is calculated
using eq 4

Egwent + ma X Eg = Egg h—swonr

Eads(ev/H) = (4)
where Egwents Ew, E(gojn—swent are, respectively, the total
energy for pristine (6,0) SWCNT, isolated H atom, and
hydrogenated (6,0) SWCNT, and n denotes the number of
hydrogen atoms.”* Nikitin et al>* from the experimental
approach reported the release of hydrogen from hydrogenated
SWCNTs at a temperature value of 600 °C. The authors also
reported the possibilities of reducing the temperature to 50—
100 °C using an appropriate metal catalyst. Here, we are also
reporting the reversibility kinematics (H adsorption =
desorption) for all our systems by computing the desorption
teg}perature (Tp) of H atoms using Van’t Hoff equation given
as

n

IE .| -
T, (K) = L‘S(% —In P)

Ky (%)

where E,4 is the average adsorption energy, R is the gas
constant (8.3145 J K™! mol™), Kj is the Boltzmann constant
(1.38 X 1072 J K™"), AS is the change in entropy of hydrogen
from gas to liquid phase, and P represents the equilibrium
pressure taken as 1 atm. (6,0)h-SWCNT with no stress shows
an E, 4 value of —1.937 eV/H and high T}, value of 1530.194
K. With compressive stress, E, 4, and T, values obtained are in
the range of —1.650 + 0.50 eV/H and 1250 + 150 K (see
Table S3). Under extension uniaxial stress, E,4; and Ty, values
significantly reduce with an increase in the applied stress. At a
stress value of 22 GPa, we obtain the T}, of 488.821 K which is
near ambient temperature.*® Our results show the possibility of
(6,0)h-SWCNT to recognize as a safe reservoir for hydrogen
storage. Table 3 shows more details of our results.

Optical Properties. In this section, we are investigating the
stress effect on optical properties of (6,0)h-SWCNT. Here we
are mostly focused on the absorption coefficient (@,) and
refractive index (n) calculated from the dielectric function

Table 3. Calculated Adsorption (E,4,) Energies and
Desorption Temperature (Tp) for (6,0) h-SWCNT under
Compressive and Tensile Stress (in GPa)

Eads Eads

Compressive  (eV/H Tp (K)  Tensile (eV/H Tp (K)
0 —1.937 1530.194 S —1.839 1452.843
-5 —1.960 1548.403 10 —1.670 1319.487
-10 —1.856 1457.971 15 —1.432 1131.477
—15 —1.645 1299.875 20 —0.966 762.966
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e(w) = €;(w) + ie;(w). The real part €,(w) characterizes the
degree of polarization under an external electric field, and the
imaginary part €,(w) characterizes the interband electronic
transition from occupied states to unoccupied states.””** ¢,(@)
can be directly calculated from the one-electron orbitals and
energies obtained from the Kohn—Sham equations. It is given

by the equation below®””°
e -~ - -
@) =2y /d3k| <kJplk, > P1 - f(k)]
amw” ok

6(Ezﬂ - Ezﬂ — hw) 6)

N

where p is the momentum operator, lk,> is the eigenfunction

of the eigenvalue, and f(k,) is the Fermi Distribution function.
The real part of the dielectric function is obtained by the
Kramers—Kronig transformation from its corresponding
imaginary part as

2
glw)=1+ .

/‘°° (0o do'
12 2
0 0 -w

(7)

Once the €,(®) and ¢,(w) are obtained, the absorption
coefficients a(w) and refractive index n(@) can be calculated
as

o - \/Zw(le(w)l - g(w))

! c (8)

where le(w)l = /e (w) + £} (w).

m(w) = J )

Figures 9 and 10 show our calculated n(®) and a,(w) at
various stress values considering light polarized along the tube
axis. For a clear illustration of our results, we are showing the
plots for certain stress values. With no stress (0 GPa), the n
plot for (6,0) h-SWCNT shows two prominent peaks, where
the first peak is at around 1.11 eV and the second peak is at
around 2.0 eV with the refractive index values of 1.14 and 1.05,
respectively, and as the photon energy is further increased the
n almost remains unity (see the black dotted line in Figure 9a).
The calculated refractive index at the static limit (E = 0.0 eV)
is 1.12. Similarly, as in the case of 0 GPa, the n plot for the
(6,0)h-SWCNT under uniaxial compressive stress also shows
two prominent peaks for each stress value (see Figure 9a).
With the increase of the stress, the peak values are shifted more
toward the lower energy region. However, for uniaxial tensile
stress, n plot shows only one prominent peak for each different
stress (see Figure 9b). In this case, the peak value shifted more
toward the lower energy region with the increase of the stress,
until it reached 9 GPa. From the stress value of 10 GPa, the
major peaks are then shifted back to the higher energy region.
In the case of both compressive and tensile stress, the higher
stress value results in a higher static refractive index value and
also with an increase of stress the maximum and minimum n
values become higher and lower. Our results indicate that the
effect of the photon energy on the refractive index of (6,0)h-
SWCNT is more distinctive with the application of stress.

(6,0) h-SWCNT also shows strong optical absorption along
the tube axis under uniaxial stress. With stress 0 GPa, the
absorption plot for (6,0) h-SWCNT shows two distinct peaks

(812 + 822)1/2 + &
2
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Figure 10. Absorption coefficient for (6,0)h-SWCNT under (a) compressive and (b) tensile stress.

(black dotted line in Figure 10a), with the lesser intensity one
at 1.2 eV denoted by Al(black) and the higher intensity one at
2.3 eV denoted by Bl (black). The optical band gap is
determined by plotting a tangent along the absorption curve as
shown in Figure 10. Our calculated optical band gap value for
(6,0)h-SWCNT at 0 GPa is 0.82 eV which is good in
agreement with the electronic band gap value. Following the
band structure, PDOS (Figures 7 and 8), and absorption
spectra (Figure 10), this optical band gap corresponds to the
s—p transition between the top of the valence and bottom of
the conduction band at the I'-symmetry point. The Al(black)
peak corresponds to the electronic transition between the third
of the valence band to the first of the conduction band. The
B1(black) peak has the possibility transition from the fourth
band of the valence band to the second of the conduction
band. Under compressive stress, more distinctive absorption
peaks appeared with the increase of stress and also the
maximum intensity peak as well as the optical band gap shifted
more toward the lower energy region (see Figure 10a). For
tensile stress, the optical absorption properties evolve in two
phases, the same as the electronic band structure. In the first
phase (1—9 GPa), the maximum intensity peak as well as the
optical band gap shifted toward the lower energy region which
is contrary in the second phase (10—22 GPa). On increasing
the tensile stress, we have noticed a higher number of
distinctive peaks in the Vis-IR region (see Figure 10b). A strain
study of zigzag a-Te nanotubes by Yang et al.”' also reported
the similar nature of the optical response. The details of
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electron transitions are presented by drawing vertical lines (the
color code represent the absorption plot of same color) as
shown in Figures 7 and 8. In our calculations, (6,0) h-SWCNT
is optically very active within the Vis-IR range under the
reference values, and also more interestingly, the maximum
absorption intensity in each value was always located within
the Vis-IR range showing potential application in optoelec-
tronic devices. For the systems with stress values of —5 and §
GPa, the a,(w) plot using the HSE06 method are also
calaculated for supporting the accuracy DFT-1/2 method, and
the results is shown in Figure S2. In comparison with the DFT-
1/2 approach, the optical responses resulting from HSE06 are
of the same order as that of the DFT-1/2.

Mechanical Properties. The diameter dependence of the
mechanical properties of CNTs [both single-walled carbon
nanotubes (SWCNTs) and multi-walled carbon nanotubes
(MWCNTSs)] have been reported by many researchers.””"* In
most of the previous work, the diameter of CNTs was
modulated by the choice of different chiral indices”””® and
MWCNTSs with number of layers.”””® Liang et al,” from
theoretical approaches, reported the an-isotropic behavior of
SWCNTs with tube diameter less than 10 A. The authors also
reported the difference in the elastic responses of the tube
having diameter less than 10 A from that of the tube with
diameter greater than 20 A. In this section, we are reporting
the elastic behavior for (6,0) h-SWCNT under different values
of compression and extension pressure. For our investigation,
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Figure 11. Average energy—time steps plot for (6,0)h-SWCNT under (a) compressive and (b) tensile stress.
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Figure 12. Stress—strain plot for (6,0)h-SWCNT under (a) compressive and (b) tensile stress.

we carried out a series of MD simulations using NVT Martyna
Tobias Klein algorithm."'*

First, the mechanical stability for all systems is investigated
by calculating the average energy using MD simulations. Each
system shows constant average energy over the time steps of
50 ps shown in Figure 11 which confirm that our systems are
mechanically stable at room temperature.'’" For verification of
our MD simulation results, we also check the Born—Huang
criteria' > for the systems with stress —5 and 5 GPa. Six
independent elastic constants (C,;;, Cyy, Cy3, Cs3, Cuyy Ces) are
required to meet Born—Huang criteria for stability (Cy; > ICy,|,
2CJ, < C33(Cyy + Cpy), Cyy > 0, Cgs > 0). Table S4 shows that
the calculated elastic constant values and the stability criteria
are satisfied. For further investigation of the mechanical
characteristics, the stress—strain relations are generated and
shown in Figure 12.

In each stress—strain graph (see Figure 12), it is observed
that the stress value increases linearly with increase in strain
value at the first stage (Hooke’s region). When the strain value
reaches the critical failure, the corresponding stress value drops
rapidly and then progressively drops to zero as the strain value
is increased. A similar stress—strain trend was also reported by
Yazdani et al.'” The obtained failure strain for (6,0)h-
SWCNT without stress (black symbol) is 0.35, which is
slightly less than the pristine (6,0) SWCNT value of 0.39 (see
Figure S1). But the ultimate stress was significantly reduced by
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40.54% in comparison with that of pristine (6,0) SWCNT. For
the systems with compressive stress, more stress results in a
greater value of failure strain and also a greater linear extension
(Hooke’s region) in the stress—strain graph (see Figure 12a).
But the ultimate stress shows no significant change with an
increase in stress, and the values are in the range of 20 + 5
GPa. In the case of the systems with tensile stress, the failure
strain value drops significantly with the increase of the stress
and also shows the shorter linear extension region. But here,
the system with higher shows greater ultimate stress value[see
Figure 12(b)]. From the stress—strain graph, the Young's
Modulus (Ey) is calculated taking the slope of the linear region
of the curve. In Tables 4 and 5, the obtained ultimate strength,
failure strain, and E, values of our systems are tabulated. Our

Table 4. Calculated Bond Length (1) in A, Tube Diameter
(6d) in A, Ultimate Stress (U,) in GPa, Failure Strain F,, and
Young’s Modulus (E,) in GPa of (6,0) h-SWCNT under
Compressive Stress in GPa

P 5l 5d U, F, E,
pristine (6,0) 1.44 491 40.57 0.39 1541.72
0 147 5.04 24.12 0.3 903.13
-5 1.45 5.15 27.24 0.4 599.12
~10 1.44 5.30 20.31 0.45 45323
-15 143 5.38 22.12 0.55 391.74
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Table S. Calculated Bond Length (81) in A, Tube Diameter
(6d) in A, Ultimate Stress (U,) in GPa, Failure Strain F,, and
Young’s Modulus (Ey) in GPa of (6,0) h-SWCNT under
Tensile Stress in GPa

P ol od U, F, E,
1.49 4.95 25.23 0.30 1009.24
10 1.51 4.84 27.52 0.25 1226.75
15 1.54 4.73 28.35 0.20 1449.40
20 1.58 4.55 30.34 0.16 2072.69

calculated E, value of 1541.721 GPa for prlstlne (6,0) SWCNT
is very cons1stent with the earlier results.'”* After hydro-
genation, the E, value is reduced almost by 41% (903.130
GPa), which is supported by Li et al. mssp -hybridized C atoms
in (6,0) SWCNT are converted into sp* hybridization due to
hydrogenation; ie., the C=C is changed to C—C. As the
strength of double bond is always stronger than the strength of
the single bond, the E, value reduces with hydrogenation. But
in comparison with the graphyne nanotubes (GNTs), (6,0)h-
SWCNT exhibits a larger E, value than that of the GNTs. 106
Careful study of Table 5 shows a larger bond length and tube
diameter for (6,0) h-SWCNT in comparison with that of the
pristine (6,0) SWCNT as sp*-hybridized C atoms are pulled
away from their original sites deforming the stable structure of
the pristine one. Under compressive stress, we have noticed a
decrease in bond length whereas the tube diameter increases
(Table 4). Meanwhile, under tensile stress the bond length
increases and the tube diameter decreases as expected (Table
5). The E, significantly drops with an increase in compressive
stress (see Table 4). But, in case of tensile stress, the system
with higher stress shows larger E, (see Table 5). A similar
trend of E, and tube diameter (5d) variations were also
reported by Liang et al.”” Hence, (6,0)h-SWCNT shows a
wide range of variation in failure strain and E under external
stress which is similar to the HfN, monolayer,”” and also such
ability offers it as a promising functionality for making flexible
strain-dependent sensors.

Conclusion. In this work, we have studied the effect of
stress on the electronic, optical, and mechanical properties of
hydrogenated (6,0) SWCNT [(6,0) h-SWCNT] from first-
principles DFT calculations. Under compressive stress we have
observed an indirect to direct electronic band gap transition at
—14 GPa. This band gaps tunability under applied stress offers
the potential functionality of hydrogenated SWCNT in
nanoelectronic and nanosensor devices. The effect of stress
dependency on the kinematics gives reversibility in the
adsorption—desorption of hydrogen atom which urged to
calculate the desorption temperature (Tp). The calculated Ty
= 488.82 K at 22 GPa is very close to room temperature, an
appropriate temperature for the release of hydrogen as a fuel.
(6,0) h-SWCNT possesses strong optical properties along the
tube axis and optically very active in the infrared region.
Application of the stress resulted in strong optical absorption
within the Vis-IR range as the intensity of spectra is maximum
within this range, showing its applicability in optoelectronic
and nanophotonic devices. The study of the mechanical
properties from MD-simulations showed the reduction of the
E, for (6,0) h-SWCNT by 41% in comparison with pristine
(6 0) SWCNT. The E, have been further reduced to 391.74
GPa by applying compresswe stress. However, under tensile
stress, E, has been enhanced to 2072.69 GPa. Our study

confirmed the multifunctional properties of (6,0) h-SWCNT
under stress modulation.
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Figure S1: Band structure for (6,0)h-SWCNT with
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