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� The effect of different defects on

hydrogen storage of graphene is

studied.

� Monovacancy defected graphene

layer has a high potential to adsorb

H2.

� The effect of strain on hydrogen

storage capacity of graphene layer

is reported.

� The strained graphene layer is

found to be more active for

hydrogen storage.

� The effect of defects on the stress

and strain of graphene is also

studied.
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a b s t r a c t

The adsorption of hydrogen molecules on monolayer graphene is investigated using mo-

lecular dynamics simulations (MDS). Interatomic interactions of the graphene layer are

described using the well-known AIREBO potential, while the interactions between gra-

phene and hydrogen molecule are described using Lennard-Jones potential. In particular,

the effect of strain and different point defects on the hydrogen storage capability of gra-

phene is studied. The strained graphene layer is found to be more active for hydrogen and

show 6.28 wt% of H2 storage at 0.1 strain at 77 K temperature and 10 bar pressure. We also

studied the effect of temperature and pressure on the adsorption energy and gravimetric

density of H2 on graphene. We considered different point defects in the graphene layer like

monovacancy (MV), Stone Wales (SW), 5-8-5 double vacancy (DV), 555e777 DV, and 5555-6-

7777 DV which usually occur during the synthesis of graphene. At 100 bar pressure, gra-

phene with 1% concentration of MV defects leads to 9.3 wt% and 2.208 wt% of H2 storage at
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77 K and 300 K, respectively, which is about 42% higher than the adsorption capacity of

pristine graphene. Impact of defects on the critical stress and strain of defected graphene

layers is also studied.

© 2021 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
with an SSA of 2800 m2/g and found the maximum hydrogen

Introduction

More than 85% of energy consumption comes from non-

renewable sources, which will be depleted in the next 50

years if their consumption continues at the current rate [1]. The

combustion of conventional fuels with air releasing gases like

CO, CO2, SO2, etc. [2] cause severe damage to the environment

and human health. Significant efforts are being placed to

reduce fossil fuel dependency and find an alternative energy

source [3]. The recent interest in hydrogen as an alternative fuel

has sparked a lot of research into the technological aspects of

its production, storage, and distribution [4]. Hydrogen is the

lightest substance in the universe; at the same time, it is one of

the abundant sources of energy and has a high energy content

per unit mass of 142 MJ/kg [5]. Developing a productive and

steady hydrogen economy faces the problems linked with the

availability, storage, and transportation of hydrogen [6].

Hydrogen as a fuel has a widespread application, especially in

the automobile industry. The lack of safe and efficient onboard

storage and release systems problems triggered the researchers

to find an efficient and economical solution [7].

The large-scale storage of hydrogen plays a fundamental

role in potential future hydrogen economy. There are different

methods available to store hydrogen, namely, physical and

chemical storage [8]. In a physical storage system, either

hydrogen gas is compressed at very high pressure or stored at

cryogenic temperatures [9]. In a chemical storage system,

storage of hydrogen is accomplished by halides via chemi-

sorption and physisorption (physical adsorption) [10]. Physical

storage and chemisorption have several disadvantages, like

energy losses in refrigeration, boiloff effect, and required high

thermal energy for desorption [11]. In physisorption, the

hydrogen gas in molecular form adsorbs on the surface via

van der Waals forces of attraction that arises due to mutually

induced dipole moments in the carbon substrate and

hydrogen molecules. Once the H2 gas molecules cover the

adsorbent's entire surface, the adsorption saturates [12].

Physisorption is genuinely reversible, safe, portable, andmore

viable [13]. Graphene is a monolayer of carbon atoms that was

first synthesized by the Manchester university group of re-

searchers [14], tightly bonded in a hexagonal honeycomb lat-

tice structure, and exhibits excellent unique properties [15]. It

has high thermal conductivity, excellent mechanical proper-

ties (strength ~ 130 GPa), superhydrophobicity, and Young's
modulus ~ 1 TPa [16,17]. It is one of the most robust materials

with a specific surface area (SSA) up to 2630 m2/g [18].

Various carbon-based nanomaterials are investigated for the

physisorption of hydrogen so far. Hirscher and Panella [19]

experimentally found that the carbon nanostructure has a high

SSA and can store hydrogen up to 4.5 wt% at 77 K. Jin et al. [20]

experimentally investigated the microporous activated carbons
in and defect engineerin
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adsorption of 1 wt% at room temperature. Subsequently, Braga

et al. [21] studied the carbon nanoscrolls for hydrogen adsorp-

tion using the atomisticMD simulations. They revealed that at a

lower temperature of 77 K, hydrogen molecules adsorb, and on

increasing the temperature to 300 K, their desorption occurs.

Armandi et al. [22] experimentally investigated the hydrogen

adsorption at porous graphene at different temperatures with

maximum uptake of 2 wt% of hydrogen, and pores play a major

role in physisorption. Ma et al. [23] experimentally studied the

hydrogen adsorption behavior of graphene sheets in powder

form at 77 K and 100 KPa. They found that the specific surface

area of graphene and binding mechanism of hydrogen are

responsible for the H2 storage. Hong-Lae Park et al. [24] studied

the boron substituted Li decorated graphene sheet using the

density functional theory (DFT). Their results revealed that the

boron substitution enhances the ability of lithium decorated

sheets for hydrogen adsorption and gets the high hydrogen

storage. Subsequently, Srinivas et al. [25] experimentally syn-

thesized the graphene powder by the reduction of exfoliated

graphite oxide and reported the hydrogen wt.% 1.2 and 0.1 at

77 K and 298 K, respectively. Zhou et al. [26] studied the effect of

strain on hydrogen storage capability of metal decorated gra-

phene. Their results showed that the strain prevents the metal

from clustering and increases the hydrogen uptake. Xue and Xu

[27] studied the effect of biaxial strain up to 10% using the first

principle. They concluded that the structurally deformed gra-

phene has more potential to store the hydrogen than pristine.

Wang et al. [28] experimentally investigated the NieB doped

graphene via chemical reduction method and obtained the

maximum hydrogen storage uptake up to 2.81 wt% at 77 K.

Surya et al. [29] reported that the monolayered graphene sheets

become chemically active by physical modification, and the

introduction of strain is a non-destructive technique. The study

highlights the interplay between the induced strain and the

adsorption of chemical species.Wuet al. [30] studied the pillared

graphene using the MD simulations. They found that large

interlayer distance maximizes hydrogen storage and nullifies

the edge effect at low temperature and high pressure. Sen et al.

[31] studied the effect of different types of double vacancy (DV)

defected graphene sheets for hydrogen storage using the DFT

calculations andMD simulations. Their results revealed that the

defected graphene is well suited for hydrogen storage compared

to pristine one and has excellent stability. Zheng et al. [32]

experimentally investigated the adsorption equilibrium of

hydrogen on graphene sheet from 77 K to 293.15 K. They found

that hydrogen molecules strongly interact with the graphene

sheet and its high specific surface area can lead to store higher

wt.% of hydrogen. Kim et al. [33] studied the lithium decorated

defected graphene for hydrogen storage using the DFT. They

observed that the SW defected graphene attracted more Li

atoms and showed greater potential to store the hydrogen.
g of graphene for hydrogen storage via atomistic modelling, In-
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Subsequently, Yadav et al. [34] investigated the effects of

different types of vacancy defects on graphene for hydrogen

storage using the DFT. Their results revealed that the defected

graphene sheet has lower adsorption energy and binds

hydrogen with a maximum gravimetric density of 7.02%.

Seenithurai et al. [35] studied the Li decorated double carbon

vacancy defect graphene (DVG) for hydrogen storage appli-

cation using the DFT calculations. They found that lithium

atoms' decoration is enhanced with defected graphene and

can be useful for reversible storage applicationswith 7.26wt%.

Ao et al. [7] investigated the adsorption of hydrogenmolecules

over porous graphene decorated with Al using DFT calcula-

tions. They found that the Al enhances the interaction of H2

molecules with porous graphene, and gravimetric density can

reach up to 10.5 wt%. Liao et al. [36] investigated the biaxial

strain effects on Ti decorated defected graphene with first-

principle calculations. Their analysis showed that the strain

modifies the system's d level configuration, which affects the

binding energy between H2 and Ti atoms, enhancing the

hydrogen storage ability. Nagar et al. [37] reviewed the H2

storage capabilities using chemically modified graphene-

based materials. They concluded that combining structural/

surface modifications could create a pathway forward to

elevate the H2 storage capacity. Arhiharan et al. [38] experi-

mentally investigated the nitrogen-doped graphene and

found that it can hold up to 1.5 wt% of H2 at room temperature

and 90 bar pressure. Shiraz and Tavakoli [39] reviewed the

graphene-based materials for the storage of hydrogen. They

found that the porous, activated, and defected graphene ma-

terials can be used potentially for hydrogen storage. Deng

et al. [40] studied the effect of strain engineering on 2D

nanomaterials. They revealed that strain modifies the atomic

structure, chemical activity, and mechanical properties.

A literature survey suggests numerous experimental and

first-principle studies on carbon nanostructures (CNT, gra-

phene, etc.). Some of the studies were performed on graphene

using MD simulations [30,31,41e48]. To the best of our

knowledge, there is no single study that reports the effect of

strain and vacancy defects on the hydrogen adsorption on

graphene layer using theMD simulations. This has inspired us

to conduct the present work. The work stated in this paper is

based on the modification of graphene by providing the strain

and different structural defects like monovacancy (MV), Stone

Wales (SW), and double vacancy (DV), and analyse the H2

adsorption and desorption capability. We also examine the

effects of pressure and temperature on adsorption and

desorption phenomena using the MD simulations. Addition-

ally, we widen our research scope beyond this and find the

change in mechanical strength when we created different

defects in graphene layer as mentioned above.
Methodology

Computational details

MD is the most commonly used semi-empirical method. It

is a mechanics-based computer simulation in which time

evaluation of a set of interacting atoms is followed by inte-

grating their equations of motion. MD simulations carried out
Please cite this article as: Kag D et al., Strain and defect engineerin
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in this study uses the large scale atomic/molecular massively

parallel simulator (LAMMPS), an open-source package devel-

oped by Sandia National laboratories [49]. In this study, the

effect of uniaxial strain [43,50] and various point defects [51]

on hydrogen adsorption capacity of graphene is simulated at

different pressure ranging from 0 bar to 100 bar and at a

temperature of 77 K and 300 K using MD simulations. To carry

out MD simulations, graphene layer is modelled separately

using the visual molecular dynamics (VMD) and visualization

for electronic and structural analysis (VESTA) [52,53] and then

imported in LAMMPS. The interatomic interactions in gra-

phene is described in terms of the adaptive intermolecular

reactive empirical bond order (AIREBO) force field [54]; it has

been successfully applied to predict the properties of gra-

phene [55,56]. In AIREBO potential, the potential energy (E) of

an atomic configuration consists of three terms:

E¼1
2

X
i

X
jsi
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ij þELJ
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ksi;j
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3
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where EREBO is REBO energy; this term in AIREBO potential

gives the model its reactive capabilities which only describes

the short-ranged CeC, CeH, and HeH interactions (r < 2 A0).

Further, ELJis Lenard-Jones energy; this term adds non-

bonded interactions,

ELJ
ij ¼ 4εij

h�sij

r

�12

�
�sij

r

�6i
(2)

where the ij indices indicate the chemical species (C or H) of

two interacting atoms; eij and sij are the well-depth energy

and the distance at which pair interaction energy goes zero,

respectively; and ETORSIONis Torsion energywhich describes the

dihedral angle preference in hydrocarbon configurations.

Initially, graphene layer (100 �A � 100 �A) modelled using the

modelling software are not in their minimum energy configu-

ration. A minimization and equilibration of the graphene layer

is performed to obtain a relaxed graphene, as shown in Fig. 1(a).

Further, Fig. 1(b) illustrates the systemwith graphene layer and

hydrogenmolecules after 1 ns and Fig. 1(c) shows the adsorbed

hydrogenmolecules around the graphene layer. All simulations

are performed with a time step size of 0.001 ps, with a simu-

lation box size of 150 �A � 150 �A � 100 �A to encapsulate the

accurate hydrogen adsorption dynamics. Firstly, the optimized

graphene structure is obtained by minimizing the system's
energy, using the conjugate gradient method. Initially, the

modelled structure has some pre-stored stress, so a relaxation

at low temperature (77 K) for 250 ps using the NVT and NPT

ensembles was carried out to obtain stress-free graphene layer.

After that, H2 molecules are added to the simulation box, and

further simulations are performed using the NPT ensemble to

achieve the adsorption capacity at the desired pressure and

temperature. Then, an equilibration run of 1 ns is conducted

under the isothermal and isobaric conditions. The above

simulation steps are performed multiple times for each pres-

sure and temperature to obtain reliable results.
Strain engineering

After obtaining stress-free/relaxed graphene layer, the

armchair direction of the graphene is stretched. One end of
g of graphene for hydrogen storage via atomistic modelling, In-
dene.2021.04.098
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Fig. 1 e Modelled graphene layer (black dots ) and H2 molecule (blue dots ): (a) Initial system configuration with relaxed

graphene, (b) at simulation time 1 ns, and (c) adsorbed H2 molecules around graphene layer. (For interpretation of the

references to color in this figure legend, the reader is referred to the Web version of this article.)
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the sheet (left side) is fixed, and the other end (right side) is

free, as shown in Fig. 2. Then, the free edge of the graphene

layer is displaced along the direction perpendicular to the

edge. Initially, CeC bond length is 1.42 A�, and the maximum

elongation of CeC bond in this study is set to the bond length

of 1.562 A�; thus, a limited strain of 10% strain is provided. The

strain (e) is calculated as,

e¼Change in length
Initial length

¼ l� lo
lo

(3)

where l ¼ final CeC bond length in graphene layer.

l0 ¼ initial CeC bond length.

Defect engineering

The particle irradiation process of solids with energetic par-

ticles such as electrons or ions is a well-known technique to

create atomic defects in thematerial and alter their properties

[51,57]. This work considers the different types of point va-

cancy defects such as MV, SW and DV defects. These defects
Fig. 2 e Graphene layer under tension.

Please cite this article as: Kag D et al., Strain and defect engineerin
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often occur randomly during the synthesis of graphene. We

intend to measure how different types of vacancies and their

concentration influence the hydrogen adsorption capability of

graphene. The vacancy concentration (r) is calculated using

the following relation [58,59]:

r¼Nr

N
� 100 (4)

where Nr is the number of removed C atoms and N is the total

number of atoms in the pristine graphene. To create a vacancy

defect, unless otherwise mentioned, the carbon atoms from

the central segment of graphene layer are removed, as shown

in Fig. 3. The figure shows the pristine and different vacancy

defects, such as MV, SW, and different types of DV defects.

TheMV defect is createdwhen one C atom is removed from its

lattice position. In SW defect, any one of the CeC bonds

rotated by 900, creating heptagon and pentagon rings. When

two adjacent MV combines or two adjacent C atoms are

removed simultaneously, a 5-8-5 DV defected graphene is

obtained. Further, when the one side of the octagon formed in

5-8-5 is rotated by 900 then 555e777 DV defect is made, and in

last, when the other side of the octagon is also turned by 900

then 5555-6-7777 DV defect is created.

Gravimetric density (wt.%) calculations

The amount of H2 molecules adsorbed are calculated by

observing the distribution of potential energy of the mole-

cules. In the simulations, H2 molecules are physically

adsorbed around the graphene layer, as illustrated in Fig. 1

(b) and a figure in GA. The potential energy of each of the

hydrogen molecules is obtained. It is observed that the dis-

tribution of potential energy with the number of hydrogen

molecules follows a pattern that the particle near the sheet
g of graphene for hydrogen storage via atomistic modelling, In-
dene.2021.04.098
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Fig. 3 e Pristine and defected graphene sheets.
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had lower potential energy that means the hydrogen mole-

cule is in a stable position. It is considered that the H2 mol-

ecules having potential energy lower than �0.012 eV are

adsorbed [60]. Fig. 4 shows the potential energy distribution

of each H2 molecules around the graphene layer at 77 K and

10 bar with a probabilistic curve fitting. It is revealed that a

local minima point exists in the energy distribution; below

this minimum point, adsorbed H2 molecules lie, as shown in

Fig. 4 (a). For the validation of the estimation method, the H2

molecules belonging to the adsorbed potential energy are

segregated and can be observed to be surrounding the sheet

as visualized in Fig. 4 (b). Carbon atoms of graphene are kept

hidden for clarity. Then the numbers of adsorbed hydrogen

molecules are counted.
Fig. 4 e (a) Potential energy distribution of hydrogenmolecules, a

10 bar.
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The measure of the gravimetric density (wt.%) of the stor-

age system is given by Eq. (5). An average of thewt.% of the last

50e100 timesteps of the equilibrated system is used to get an

accurate adsorption value. To the best of our knowledge, no

other study has used this method to observe the adsorption

phenomena using the MD simulations.

wt: %¼ mh � n
mh � nþmc �N

� 100 (5)

where mh is mass of hydrogen molecule, mc is mass of carbon

atom, n is number of adsorbed hydrogen molecules, and N is

number of carbon atoms in a graphene layer.

An adsorption energy is calculated by,

Eadsorption ¼EGrapheneþH2
� �

EGraphene þEH2

�
(6)
nd (b) Scattered contour curve for H2 adsorption at 77 K and

g of graphene for hydrogen storage via atomistic modelling, In-
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where EGraphene is the potential energy of graphene layer, EH2
is

the potential energy of hydrogen molecule, and EGrapheneþH2

is the potential energy of graphene layer with adsorbed

hydrogen molecules. It should be noted that the adsorption

energies calculated are negative values and signifies the

strength of the attraction between the graphene layer and

hydrogen molecules. A higher value indicates a stronger

attraction among the adsorbate and adsorbent.
Results and discussions

Our extensive MD simulations unravel the effect of strain and

defects on hydrogen adsorption capacity of graphene.

Adsorption MDS are performed on deformed graphene by

applying tensile load discussed in section Strain effect, and

the effect of various vacancy defects on the adsorption ca-

pacity of graphene layer is discussed in section Effect of

defects. The mechanical strength of the graphene with

various defects is also discussed in this section.

Strain effect

The impact of strain on graphene layer for their ability to

adsorb hydrogen is performed using MD simulations. Strain is

provided in a uniaxial armchair direction graphene. Fig. 5

represents the variation of wt.% of hydrogen adsorption of

graphene layer with strain. To calculate the strain, we have

used Eq. (3). Once the required strain is provided, the system is

equilibrated at the desired temperature and pressure. Then,

the wt.% is calculated using the method provided in section

Gravimetric density (wt.%) calculations at 77 K temperature

and 10 bar pressure. Fig. 5 depicts an increase in the wt.% of

hydrogen adsorption of the strained pristine graphene from

5.42 to 6.28 with an increasing strain. The strain provided to

graphene increases the chemical activity and makes them

more chemically active for hydrogen adsorption [29].
Fig. 5 e Variation of wt.% of hydrogen adsorption on

graphene with strain at 77 K and 10 bar.

Please cite this article as: Kag D et al., Strain and defect engineerin
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Simultaneously, the CeC bond length also increases, due to

which the total surface area increases. As physisorption is a

surface phenomenon, the wt.% increases with the increment

in strain. As the effect of pressure and temperature on wt.% is

being studied, the system equilibration is very important for an

accurate simulation. Fig. 6 represents the evolution of the

gravimetric density and pressurewith time. It can be seen from

Fig. 6 that wt.% and pressure both are equilibrating very well

with a mean value of 5.5 and 10 bar, respectively, with a time

step size of 0.001 ps and a simulation run time of 1 ns.

Effect of defects

As mentioned earlier in section Defect engineering, the pres-

ence of vacancies causes stress in the system and alter the

chemical reactivity [61]. Fig. 7 (a) represents the variation of

gravimetric density with pressure for pristine graphene at a

constant temperature. The wt.% increases with an increase in

pressure at a temperature of 77 K, and at higher pressures

(after 50 bar), thewt.% becomes invariablewith the increase in

pressure. So, it is concluded that the saturation state had

achieved at the given temperature. Fig. 7 (b) represents the

variation of average adsorption energy with pressure at a

constant temperature. From the respective figure, we can

conclude that at a lower temperature the magnitude of

average adsorption energy is more as compared to that at a

higher temperature. If the magnitude of average adsorption

energy is more, the stronger is the interaction between the

interacting elements, and hence the wt.% is more at lower

temperature. As the magnitude of average adsorption energy

increases with an increase in pressure, it can hold more H2

molecules. With the pristine sheet, a maximum value of

6.55 wt% of H2 at 77 K temperature and 1.17 wt% of H2 at 300 K

is achieved. The average adsorption energy calculation of

hydrogen molecule on the graphene layer is found to be

�0.0402 eV at a temperature of 77 K [34,62]. Also, a 0.6 wt% of

H2 at 77 K and 1 bar pressure, and 0.083 wt% of H2 at 300 K and
Fig. 6 e Variation of wt.% of hydrogen adsorption on

graphene and pressure with no. of timesteps.

g of graphene for hydrogen storage via atomistic modelling, In-
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Fig. 7 e (a) Adsorption isotherm and (b) Average adsorption energy vs potential energy for pristine graphene.
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1 bar pressure [23] is achieved. At higher temperatures, mol-

ecules' kinetic energy increases, leading to the desorption of

H2 molecules; hence, at 300 K, a lower wt.% is obtained.

As earlier we have discussed different types of vacancy

defects in graphene, here we see the effect of defects on

adsorption of hydrogen on graphene layer in Fig. 8. Fig. 8 (a)

represents the comparison of the gravimetric density of gra-

phene containing 1% of MV concentration with the pristine

graphene at various pressures and temperatures. It is

observed that the wt.% of H2 over the graphene containing the

MV concentration is more than pristine, and with increment

in pressure, thewt.% of H2 increases. The graphene containing

MV defects achieve a maximum value of 9.3 wt% of H2 at 77 K

temperature and 2.208 wt% of H2 at 300 K, at a constant

pressure of 100 bar. Whereas graphene containing MV defects

achieves a minimum value of 0.25 wt% of H2 at 77 K and

0.00625 wt% of H2 at 300 K, at a constant pressure of 0 bar. The

average adsorption energy of the H2 molecule adsorbed on

graphene is found to be �0.3282 eV at a temperature of 77 K

[34]. With 1% of MV concentration defect, the percentage rise

in wt.% is around 42% compared to the pristine graphene at

77 K and 100 bar. Fig. 8 (b) represents the comparison of the

gravimetric density of H2 of graphene layer containing 1% of

SW concentration with the pristine graphene at different

pressures and constant temperature. This figure depicts that

the wt.% H2 of the graphene with SW defect is more than the

pristine graphene. In the case of graphene containing the SW

defects at a pressure of 100 bar, a maximum value of 7.23 wt%

of H2 at 77 K and 2.1043 wt% of H2 at 300 K temperature is

obtained, and a minimum value of 0.208 wt% of H2 at 77 K and

0.00561 wt% of H2 at 300 K at a pressure of 0 bar is obtained.

The average adsorption energy of hydrogen molecule on gra-

phene with SW defect is found to be �0.04409 eV at a tem-

perature of 77 K (in literature the value is �0.0610 eV) [34,62].

With 1% of SW defect concentration, the percentage rise in

wt.% of H2 is around 10.4% compared to the pristine graphene

at 77 K and 100 bar.
Please cite this article as: Kag D et al., Strain and defect engineerin
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Fig. 8 (c) represents the comparison of the gravimetric

density of H2 of the graphene layer containing 1% concentra-

tion of 5-8-5 DV defect with the pristine graphene at different

pressures and constant temperature. It is observed that the

adsorption wt.% of H2 molecules is more in 5-8-5 DV defect as

compared to pristine. Graphene layer containing the 5-8-5 DV

defects can adsorb amaximumvalue of 8.763wt% of H2 at 77 K

and 2.3098 wt% of H2 at 300 K temperature, and the minimum

value of 0.234 wt% of H2 at 77 K and 0.0085 wt% of H2 at 300 K,

at a pressure of 0 bar. The average adsorption energy of the H2

molecule for adsorption on 5-8-5 DV graphene is �0.0956 eV,

which is in magnitude greater than the average adsorption

energy for the pristine graphene. With 1% concentration of 5-

8-5 DV defect, the percentage rise in wt.% of H2 is around 34%

compared to the pristine graphene at 77 K and 100 bar. Fig. 8

(d) represents the comparison of the gravimetric density of

graphene layer containing 1% concentration of 555e777 DV

defect with the pristine graphene at different pressures and

constant temperature. Fig. 8 (d) depicts that the wt.% of

adsorbed H2 molecules is higher for the defected graphene

compared to pristine graphene. The graphene layer contain-

ing the 555e777 DV defects adsorb a maximum value of

8.17 wt% of H2 at 77 K and 3.006 wt% of H2 at 300 K tempera-

ture, and a minimum value of 0.21 wt% of H2 at 77 K and

0.00918 wt% of H2 at 300 K, at 0 bar pressure. The average

adsorption energy calculation of adsorbed H2 molecule on

555e777 DV graphene is �0.07929 eV at a higher adsorption

temperature than pristine graphene. With 1% of 555e777 DV

defect concentration, the percentage rise in wt.% is 25%

compared to the pristine graphene at 77 K and 100 bar.

Fig. 8 (e) represents the comparison of the gravimetric

density of H2 of the graphene layer containing 1% concen-

tration of 5555-6-7777 DV defect with the pristine graphene

at different pressures and constant temperature. Graphene

having the 5555-6-7777 DV defects at 100 bar pressure adsorb

a maximum value of 8.6205 wt% of H2 at 77 K and 3.096 wt%

of H2 at 300 K temperature, and a minimum value of 0.218 wt
g of graphene for hydrogen storage via atomistic modelling, In-
dene.2021.04.098
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Fig. 8 e Adsorption isotherm for (a) MV, (b) SW, (c) 5-8-5 DV, (d) 555e777 DV, and (e) 5555-6-7777 DV defects in graphene.
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% of H2 at 77 K and 0.00991 wt% of H2 at 300 K. The average

adsorption energy of adsorbed hydrogen molecule on 5555-

6-7777 DV graphene is �0.08403 eV, which is very much

comparable to pristine graphene and a possible reason to

adsorb more hydrogen at a temperature of 77 K. With 1%

concentration of 5555-6-7777 DV defect, the percentage rise

in wt.% is 31% compared to the pristine graphene at 77 K and
Please cite this article as: Kag D et al., Strain and defect engineerin
ternational Journal of Hydrogen Energy, https://doi.org/10.1016/j.ijhy
100 bar. Due to the presence of dangling bonds, the vacancy

region adsorbs more H2 atoms due to which the defected

graphene sheet stores more hydrogen compared to the

pristine graphene [63,64].

In the previous sets of results, we have compared the

adsorption of hydrogen over defected graphene with pristine

graphene. Here, we discuss the adsorption and desorption
g of graphene for hydrogen storage via atomistic modelling, In-
dene.2021.04.098
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Fig. 9 e Isotherm curves at (a) 77 K and (b) 300 K for graphene with different vacancy defects.

Fig. 10 e Uniaxial tensile test in armchair direction of

pristine and defected graphene sheets.

Table 1 e Comparison of critical strain and stress of
pristine graphene predicted by different methods.

Method Critical strain Critical stress (GPa) Ref.

Experimental 25% 130 ± 10 [65]

Ab initio 19.4% 110 [66]

MD simulations 23.3% 127 [43]

MD simulations 20% 134.83 Present
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isotherm for defected graphene with pristine graphene. Fig. 9

(a) represents the comparison of adsorption wt.% of H2 of

pristine graphene to the defected graphene at a temperature

of 77 K. It can be concluded from Fig. 9 that the defective

graphene adsorbs more hydrogen molecules compared to the

pristine graphene. The MV defected graphene shows the

maximum wt.% of H2 compared to other defects. This is

attributed to the MV's activity towards the adsorption of H2 is

more compared to different types of defects considered

herein, and also the average adsorption energy calculation

suggests that the MV's had the highest magnitude of average

adsorption energy as compared to the other possible defects.

Fig. 9 (b) represents the isotherm at 300 K, showing the com-

parison of the gravimetric density of H2 of graphene with

various point defects to the pristine graphene. This figure

depicts that the graphenewith theMVs and SWdefects have a

greater desorption ability than other defects. A maximum

value of 1.17 wt%, 2.2083 wt%, 2.1043 wt%, 2.3098 wt%,

3.006 wt%, and 3.096 wt% is achieved at a pressure of 100 bar

for pristine, MV, SW, 5-8-5 DV, 555e777 DV, and 5555-6-7777

DV defected sheet, respectively.

Further, it is important to analyse the behavior of stress and

strain of pristine and defected graphene. Fig. 10 represents the

variation of stresses induced in the graphene with 1% defect

with strain. Fig. 10 depicts the critical stress and critical strain

values of 134.83 GPa and 0.2, respectively, for the pristine gra-

phene. Fig. 9 (a) shows that the defective graphene has a higher

ability to adsorb the H2 molecules than pristine graphene, but

the critical stress and strain values are reduced. The critical

stress and strain values of defected graphene are reduced by

30% and 31%, respectively, for 1% concentration of defect. If the

concentration of defects increases further, the maximum

strength carrying ability of defected graphene drastically re-

duces. To verify the current MD results, the critical strain and

stress values of pristine graphene reported by other researchers

using different techniques are compared with our results, as

summarised in Table 1. The comparison is found to be in good

agreement with the published results [43,65,66].
Please cite this article as: Kag D et al., Strain and defect engineerin
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Conclusions

In this study, the effect of strain and defects on hydrogen

adsorption capacity of graphene is investigated comprehen-

sively using the MD simulations. An analysis of the impact of

defects on themaximum strength of defected graphene is also
g of graphene for hydrogen storage via atomistic modelling, In-
dene.2021.04.098
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studied. The interatomic interactions among CeC and HeH

are modelled using the AIREBO potential and nonbonded

interaction among C and H2 molecule modelled using the LJ

potential force field. Our results for pristine graphene are

found to be in good agreement with the existing results. First,

the effect of strain on the graphene is analysed and we found

that the wt.% of H2 increases with the increase in strain up to

10%, and a maximum of 6.28 wt% is achieved at 0.1 strain,

10 bar and 77 K, respectively. The following wt.% of H2 was

found in the different cases: 9.3 wt% in MV, 7.23 wt% in SW,

8.763 wt% in 5-8-5 DV, 8.17 wt% 555e777, and 8.62 wt% 5555-6-

7777 DV at a 100 bar and 77 K; while 6.55 wt% in pristine

graphene at 100 bar and 77 K, respectively. It is concluded that

the graphene layer with the MV defect can adsorb more H2

compared to other types of defects. If defect concentration

increases, the wt.% of H2 in graphene increases, but at the

same time, the strength analysis shows that the critical stress

and critical strain decrease; therefore, we have not chosen a

value beyond the 1% of defect concentration. From the iso-

therms, we can conclude that the wt.% of H2 increases with

the increment in pressure and reaches a saturation state at

higher pressure. The present work offers a theoretical

framework for predicting the hydrogen adsorption on gra-

phene layer, considering the strain and defects at 77 K and

300 K temperatures and different pressures.
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