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Hydrogen has the potential to be an alternative source of energy. However, most of the research on hydrogen storage carried
out in the past is based on low temperature (<80 K) whereas storage near room temperature is desired. Here, we report
room-temperature hydrogen storage capacity of defective single-walled carbon nanotubes (SWCNT) investigated using
molecular dynamics simulations and density functional theory. Four different types of defective SWCNTs are considered to
study room temperature hydrogen storage. We observed maximum adsorption capacity of SWCNT with 5 and 8-membered
ring defects, namely, D1. The SWCNT with other three defects studied here, Stone-Wales with 5- and 7-membered ring defect
(D2), 5-membered ring defect (D3), and 3-, 5- and 8-membered ring defect (D4) have negative adsorption effect compared
to the defect-free SWCNT. The highest gravimetric capacity of 1.82 wt.% is found for the D1 defective SWCNT at room
temperature, 298 K and 140 atm. The DFT calculations show that hydrogen adsorption strongly depends on the type of defect
where the 8-membered ring has the highest adsorption energy and the 3-membered ring has the lowest adsorption energy.
A combination of 5- and 8-membered defective rings can increase hydrogen adsorption significantly even at room temperature.

Keywords: single-walled carbon nanotubes, room temperature hydrogen adsorption, defect, molecular dynamics simulations, density
functional theory.
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XpaHeHue BOOPOJAa MPU KOMHATHO TeMmepaTrype B e eKTHbIX
OTHOCTEHHBIX YIIEPOTHBIX HAHOTPYOKaX: MCCTIeTOBaHME
MOJIEKY/IAPHOMN JMHAMUKHA
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Bonopos MOXXeT CTaTh anbTepPHATMBHBIM MCTOYHUKOM SHepruy. OpHaKo OONBIIMHCTBO MCCIENOBAHMUII [0 XPaHEHUIO
BOJOPOJia, IPOBEICHHBIX B IIPOIIIOM, OCHOBaHO Ha XpaHEeHUY IIpU HU3KUX TeMIleparypax (<80 K), Torma kak >kenaTe/IbHbIM
ABJIIETCS XpaHeHMe IIpM KOMHATHOJ TeMIleparype. B HaHHOI crarbe MBI cOOOLIaeM O CIIOCOOHOCTM HaKaIIMBAaTb
BOJOPOJ, IIpY KOMHATHOJI TeMIeparype B JedeKTHBIX OJHOCTOMHBIX YIIepOoRHbIX HaHOTpyOkax (OYHT), uccnegoBaHHbIX
C IIOMOLIIBIO MOJIeIMPOBAHMA MOJIEKY/IIPHON AUHAMVKY U Teopun GyHKumoHana wiotHocty (TOII). PaccMoTpeHs! yeThIpe
pasmuHbIx Tria gedextbx OYHT nyia usydenns xpaHeHus BOZOpofia IIpy KOMHATHON TeMneparype. Hamu Habmoganacn
MaKcuMarnbHas afcopbunonnas cnocobnocts OYHT ¢ 5- n 8-wrenHbiMu KonmblieBbiMu fedekramu, a umenHo D1. OYHT
C TpeMs JpyTMMM U3ydeHHbIMU 3fiech fedexramu: nedekt CToyHa-Yasbca ¢ 5- 1 7-4WIeHHBIM KOIbIeBbIM fedexroM (D2),
5-useHHbIi KOnbLeBOIT BedekT (D3) u 3-, 5- 1 8-ueHHbIiT KObIleBoi fedekT (D4) nMeoT oTpuaTeIbHbII ajCOPOIVIOHHBIN
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a¢pdexr no cpaBrennio ¢ 6GesgedpexrHorr OYHT. Hanbospiass rpaBumMerpuyeckas eMKocTb 1.82 Mac.% obHapy>keHa
mist OYHT ¢ gepexrom D1 mpu komuarHoit Temmeparype, 298 K n 140 arm. Pacuersr TOII nmokassBaoT, 4TO afcopOus
BOJIOPOfiA CHIBHO 3aBUCUT OT TUIA AedeKTa, Ife 8-wIeHHOe KOJIbL[O0 JMMeeT CaMyI0 BBICOKYI0 SHepruio agcopbumnu,
a 3-wIeHHOe KO/IBII0 MMeeT CaMylo HUBKYIo sHepruio agcopbrym. KombuHamms 5- 1 8-wieHHBIX feeKTHBIX KOJIEL MOXKET
3HAYUTEIBHO YBEIMINTH afCOPOLNIO BOJOPOAA HaKe TPV KOMHATHOI TeMIIepaType.

KiroueBble cioBa: OHOCTIOHbIE YITIePOHBIE HAHOTPYOKI, aficOPOIIMA BOZOPOJA IPY KOMHATHOI TeMIleparype, fiedeKT, MOTeKyIApHO-

AVUHAMIYECKOE MOJIE/IIPOBaHME, TEOPUA q)yHKLU/IOHaHa IIZIOTHOCTN.

1. Introduction

To fulfill the growing demand of energy and to reduce
the environmental pollution caused by the extreme use
of conventional carbon-based fossil fuels, hydrogen has
been found as a clean alternative source of energy without
any carbon emissions. However, the efficient on-board
hydrogen storage and release systems are currently limiting
the widespread utilization of hydrogen as a fuel in our
daily life. The U.S. Department of Energy (DOE) has set a
hydrogen storage target of 4.5 wt.% gravimetric capacity and
30 g H,/liter volumetric capacity at operating temperature
ranging between 233-333 K [1,2]. Several studies show
that in comparison to other conventional methods, physical
adsorption of hydrogen gas molecules on a solid adsorbent
is a promising approach to achieve the ultimate goal of
DOE [3-38]. The light-weight carbon-based materials have
been found to overcome the disadvantage of heavy system
weight and hence they are promising to meet the gravimetric
storage target [9]. Among all the hydrogen adsorbents,
carbon nanotubes (CNT) have been extensively studied in
the past and have been found to meet the storage targets at
cryogenic temperatures (<80 K) [10-12]. However, storage
capacity significantly decreases at room temperature as the
governing force i.e., van der Waals interaction decreases
with temperature. Finding a suitable hydrogen adsorbent
which will be efficient enough to reach the DOE target at the
ambient temperature is crucial.

The physical modification of the adsorbent affects the
interaction energy towards the hydrogen gas molecules. For
instance, foreign atom doped CNTs have higher hydrogen
adsorptivity than pure nanotubes which indicates that
structural changes can affect the adsorptivity [13,14]. Gamma-
irradiation which causes structural changes and defect
formation in the carbon nanotubes can increase the hydrogen
storage capacity [15]. Crumpled graphene can increase the
hydrogen storage capacity which is another example of the
effect of structural modification on hydrogen storage [16].
Our previous study suggests that presence of defects may
increase the hydrogen storage capacity depending upon the
type of defects [17]. A study of Zhou and Shi also shows that
Stone-Wales defect can be beneficial to adsorb some foreign
atoms [18]. Interestingly, incorporating a particular type of
defect, namely the Stone-Wales 5, 8 defect [19 - 21], hydrogen
storage capacity above the DOE target can be reached at a low
temperature of 80 K [17]. However, the effectiveness of the
defect on hydrogen storage at room temperature is unknown.
As the storage at room temperature is desired, it is important
to study the effect of the defects on hydrogen storage at room
temperature.

Widespread implementation of hydrogen-based energy
is mainly limited by lack of effective storage system at
ambient conditions and therefore, room temperature study
is essential which is missing to a large extent. Here, we report
room temperature hydrogen storage capacity of defective
single-walled carbon nanotubes (SWCNT) using molecular
dynamics (MD) simulations. We calculate adsorption energy
using density functional theory (DFT) to analyze the effects
of different types of defects. In this approach, we vary the type
of the defect which is characterized by the number of carbon
atoms present in one ring.

2. Model and Methods

We considered four types of defective (D1, D2, D3 and
D4) nanotubes to study the hydrogen adsorption, as
shown in Fig. 1. All molecular dynamics (MD) simulations
were carried out using LAMMPS molecular dynamics
simulations package [22] and density functional theory
(DFT) calculations were done using Quantum-Espresso
[23]. During the MD simulations, hydrogen molecules were
considered as single spheres for simplicity and the nanotube
was constructed considering all carbon atoms. Hydrogen
molecules were allowed to move while the nanotube was
fixed throughout the simulation at its initial position to
prevent floating of the SWCNT. 4000 hydrogen molecules
and one SWCNT were placed inside an 80 A cubic box
as shown in Fig. 2b. Periodic boundary conditions were
applied in all the directions. Newton’s equation of motion
was integrated for 5 ns with a timestep of 1 fs using velocity-
Verlet algorithm in the isothermal-isobaric (NPT) ensemble.
Interactions for physisorption were taken care using van
der Waals interaction which was modeled by the widely
used Lennard-Jones 12-6 potential model. Interaction
parameters for carbon atoms and hydrogen molecules have
been tabulated in Table 1, where € is the energy parameter, o is
the interaction diameter and r_is the cut-off distance where
potential was smoothly switched off [24,25]. Physisorption of
hydrogen molecules was investigated firstly using armchair,
chiral and zigzag SWCNT and then introducing defects in
SWCNTs. Length of the nanotube was kept fixed at a finite
length of 40 A. The temperature and pressure were kept

Table 1. Lennard-Jones interaction parameters for carbon atom and
hydrogen molecules.

¢ (kcal/mol) o (A) r.(A)

H,-H, 0.0733325 2.928 8.784
C-C 0.0553453 3.430 10.290

C-H, 0.0636932 3.179 9.537
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fixed throughout the simulations at 298 K and 140 atm,
respectively. All the analyses have been done using the system,
chopped from top and bottom in z-axis along SWCNT’s
length to neglect the edge effect and the hydrogen molecules
present only in the chopped section have been considered for
analysis. In this way, we have neglected the effect of a finite
length of the nanotube. In order to calculate the radial density
profiles, p(r) of hydrogen molecules perpendicular to the
central axis of SWCNT (z-axis), the system was divided into
several cylindrical bins and hydrogen density was calculated
by counting the number of hydrogen molecules present in
each bin divided by volume of that bin, as shown in Eq. (1):

N
P(?FW’ (1)

where, N is the total number of hydrogen molecules present
in a cylindrical bin, 8r is the bin width, r is the distance from
the center axis of the nanotube, and [ is the length of the
nanotube. Next, we estimated the gravimetric hydrogen
adsorption in weight basis (wt.%) by Eq. (2):

— M 100, )

Gravimetriccapacity =
my +m

adsorbent
where m,, is the total mass of adsorbed hydrogen and m
is the mass of adsorbent.

adsorbent

Diameter (D) of the SWCNT was calculated using Eq. (3):

V3 1 3)

D :7RC_C (az +ab+b2)5,

where R_ . is the equilibrium bond length of graphene i.e.
1.42 A and a, b are the chiral indices. Defect was inserted in
CNT by removing or modifying one or two carbon atoms
and forming different combinations of several n-membered
rings, where n varies from 3 to 8.

We used DFT calculations to optimize the structures of
the nanotubes and to calculate the adsorption energies of
hydrogen molecules for different n-membered rings using
the plane-wave basis set as implemented in Quantum-
Espresso [15]. Norm-conserving pseudopotential for carbon
and ultra-soft pseudopotential for hydrogen were used
with the local density approximation (LDA) of Perdew-
Zunger exchange and correlation (XC) function [26]. Kohn-
Sham equation [27] was solved to calculate energy with a
kinetic energy cut-off of 340 eV. Only Gamma points were
considered for all the calculations. The van der Waal forces
were included using the Grimme dispersion model [28].
The total adsorption energy was then calculated as the
summation of energy from self-consistent DFT and energy
from dispersion correction. One unit cell consisted of one
~13 A diameter and 11 A long armchair carbon nanotube

C d

Fig. 1. (Color online) Four types of defective rings that have been considered D1: Stone-Wales 5, 8-membered defective rings (a), D2: Stone-
Wales 5, 7-membered defective rings (b), D3: only 5-membered defective ring (c), and D4: 3-, 5-, 8-membered defective rings (d). Carbon
atoms belonging to 3-, 5-, 6-, 7-, 8-membered rings are shown in orange, blue, silver, mauve and red colors.

a

Fig. 2. System used in the DFT for calculating adsorption energies where r is the equilibrium separation distance of hydrogen molecule
from nanotube wall (a) and system used in the MD simulations (b). Carbon atoms are represented in gray and hydrogen molecules are

represented in white.
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made of ~200 carbon atoms and one hydrogen molecule as
shown in Fig. 2a. Adsorption energy (E, dSoqmﬂ) was calculated
using the following equation:

Eadsorption = ECNT+H2 - (ECNT + EH2 )’ (4)
where E_ . is energy of CNT, E, is energy of one free
hydrogen molecule and E ., is the energy of CNT with

adsorbed H,. Energy of optimized geometry was considered
in all cases.

3. Results and discussion

First, we considered armchair, chiral and zigzag defect-
free SWCNTs to study the room temperature hydrogen
adsorption in order to see the effect of chirality. Density
profiles of hydrogen perpendicular to the major axis of
SWCNT, p(r), from the center of the SWCNT (r=0) were
calculated for armchair, chiral and zigzag SWCNTs of ~13 A
diameter at 298 K and 140 atm as shown in Fig. 3a. (We
found 13 A diameter is an optimum diameter for hydrogen
storage, for more details see the Supplementary Material).
In Fig. 3a, p(r) at r<~5 A represents the densities of H,
molecules which are inside the nanotubes and p(r) at r>~8 A
represents the densities of H, molecules which are outside the
nanotubes. The two peaks in Fig. 3 a show that H, is adsorbed
on the inner and outer surfaces of SWCNTs. We observed
monolayer hydrogen adsorption both inside and outside
the SWCNT for all three SWCNTs. Next, we calculated the
amount of adsorbed hydrogen in wt.%, plotted in Fig. 3b.
To estimate the adsorption amount, we considered the H,
molecules which are in the adsorbed layer of SWCNTs. The
adsorbed layer is defined as the region under the peaks in the
density profiles. We note that the hydrogen adsorption is not
significantly affected by the chirality, clearly seen in Fig. 3b,
that shows that the gravimetric capacity is almost same for
the three SWCNTs. Therefore, we considered only one type
of SWCNT, armchair SWCNT of diameter 13 A to study
the room temperature hydrogen adsorption in defective
SWCNT.

Density profiles of hydrogen molecules for the defective
SWCNTs are shown in Fig. 4. All the plots show monolayer
adsorption for the SWCNTS of all types of defects which is in
contrast with hydrogen adsorption in low temperature where

.02 ‘ ‘
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the multilayer adsorption is observed [17]. Incorporation
of defects leads to structural deformation in the wall of the
nanotubes. The structural changes can be identified from the
change in starting point of the adsorbed H, layer both in the
inner and outer surface of SWCNT. We note from the density
profiles that SWCNT with D1 defect remains structurally
unaltered upon defect incorporation. Except D1 defected
SWCNTs, other three i.e., D2, D3 and D4 defected SWCNTs
are significantly altered due to the incorporation of defects
and the alteration increases with percentage defect (% D,). At
higher % D, D3 and D4 defected SWCNTs are structurally
distorted to such an extent that the effective diameter of the
SWCNTs decreases and hence, bulk H, density inside the
nanotubes could not be reached.

Fig. 5 shows how hydrogen adsorption varies with
increasing percentage of defects compared to defect-free
nanotube, where %D=0 indicates defect-free SWCNT.
The wt.% increases for SWCNTs with D1 defect, and wt.%
decreases for the SWCNTs with all other three defects i.e.,
D2, D3 and D4. The hydrogen adsorption capacity was found
to be the lowest for the SWCNT with D4 defect.

In order to understand the discrepancies in the wt.%
for different defective SWCNTs, we calculated adsorption
energies for various n-membered rings using DFT
calculations. We note that the adsorption energies are
different for different n-membered rings which lead to the
discrepancies in the storage capacities. Eight-membered ring
from D1 defect has the highest E, . and three-membered
ring from D4 defect has the lowest E, . which is in line
with the storage capacities of the defective SWCNTTs.

4. Conclusions

The room temperature hydrogen storage capacity of four
defective SWCNTT is thoroughly investigated using molecular
dynamics simulations. At room temperature both the defect-
free (pristine) and defective SWCNTS show monolayer
adsorption inside and outside the nanotubes. We found that
structural defects play a crucial role in hydrogen adsorption.
Stone-Wales defect containing five- and eight-membered
rings significantly increases hydrogen adsorption, whereas,
presence of three-, five- and seven -membered rings
decreases the adsorption capacity which is attributed to the
difference in the adsorption energy of different n-membered

2
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Fig. 3. (Color online) Density profile of hydrogen molecules perpendicular to the major axis of SWCNT (a), and gravimetric hydrogen
adsorption in wt.% for armchair, chiral and zigzag SWCNT at room temperature (b).
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Fig. 4. (Color online) Density profile of hydrogen molecules perpendicular to the major axis of SWCNT as a function of percentage defect,
% D, for D1: Stone-Wales 5-, 8-membered defective rings (a), D2: Stone-Wales 5-, 7-membered defective rings (b), D3: only 5-membered
defective ring (c), and D4: 3-, 5-, 8-membered defective rings (d).
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Fig. 5. (Color online) Gravimetric hydrogen adsorption capacity, wt.% of defective SWCNTSs as a function of percentage defect, % D,, at
298 K (a). Adsorption energy of different #-membered rings (b).
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carbon rings. The highest gravimetric capacity of 1.82 wt.%
at 298 K and 140 atm is found for the defective SWCNT with
5- and 8-member defective rings.

We stress that the defect induced surface modification
can enhance the room temperature hydrogen adsorption
which is attributed to the increase in the adsorption energy
towards the hydrogen molecule. Therefore, our study suggests
to propound surface modification in order to increase the
adsorption energy which would lead us to reach the hydrogen
adsorption goal even at room temperature.

Supplementary material. The online version of this paper
contains supplementary material available free of charge at the
journal's Web site (lettersonmaterials.com).
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