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Abstract

The hydrogen adsorption and desorption capacity of polycrystalline graphene sheets (PGs) with and without titanium (Ti)
decoration is investigated using molecular dynamics simulations. Interatomic interactions of PGs are modeled using Ter-
soff potential, and the remainder of interactions are calculated via Lennard—Jones potential. The effect of grain size and
Ti concentration on the mechanical properties and hydrogen adsorption capacity of PGs is studied. The presence of grain
boundaries in PGs reduces their mechanical properties, while the decoration of Ti adatoms does not significantly alter the
mechanical properties of PGs. PGs showed a~57% increase in the gravimetric density of H, at 300 K and 50 bar compared
to the pristine graphene sheet. At 100 bar pressure, PGs with 1% Ti concentration achieved a gravimetric density of 9.9 wt.%
and 3.2 wt.% at 77 and 300 K, respectively. In Ti-decorated PGs, the desorption curve follows the same path at 300 K as the
adsorption curve with increasing Ti concentration, and the desorption curve diverges from the adsorption curve after 1.5%
Ti concentration at 77 K. The potential use of the isosteric enthalpy of adsorption to determine the adsorbent’s capability

for adsorbing H, molecules is also discussed.

Keywords Polycrystalline graphene - Titanium decoration - Hydrogen adsorption and desorption - Potential energy
distribution - Isosteric enthalpy of adsorption - Molecular dynamics

1 Introduction

Hydrogen, a potential alternative for future energy
schemes, attracts a lot of attention due to its sustainabil-
ity, high efficiency, and environmental friendliness com-
pared to carbon-based fuels. Hydrogen in fuel cells has a
wide range of applications, including portable power and
backup power systems, additional power for trucks, ships,
and aircraft, a primary power source for vehicles like fork-
lifts, trucks, buses, and cars [1-5]. However, the safe, reli-
able, and efficient onboard storage of hydrogen in vehicles
is still a challenge [6, 7]. An ideal hydrogen storage system
should have high gravimetric density, fast kinetics, and
reusability at room temperature [8]. Currently, hydrogen is
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used as a liquid or gas in high-pressure tanks, which raises
safety and economic concerns. An alternative method is
solid-state storage, where the hydrogen molecules are
bonded to the material by physical and chemical bonds.
For solid-state storage, lightweight, porous materials with
a high specific surface area are preferred to improve the
hydrogen storage capacity. These materials adsorb hydro-
gen through different mechanisms, either by physical
bonds (physisorption) or by chemical bonds (chemisorp-
tion). Adsorption through chemisorption is undesirable for
hydrogen storage as it leads to chemical dissociation of the
hydrogen molecule and firm binding of hydrogen, which
cannot be released during the desorption process. Metal
hydrides and complex hydrides store hydrogen with high
gravimetric efficiency at ambient temperatures, but due
to the strong binding of hydrogen, they have low revers-
ibility, slow reaction kinetics, and a high dehydrogenation
temperature [9, 10]. Binding energy higher than 0.6 eV/H,
leads to chemical dissociation of the hydrogen molecule,
which reduces the amount of usable hydrogen. For high
gravimetric density and fast kinetics, the non-dissociative
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binding energy ranges between 0.1 and 0.6 eV/H, [11]. For
this purpose, porous carbon nanostructures are emerging
as potential candidates for hydrogen storage. One such
material is graphene [12, 13], a single layer of carbon
atoms arranged in a hexagonal lattice with a high elastic
modulus (~ 1 TPa), high strength (~ 130 GPa) [14], large
specific surface area (2630 m2/g) [15], and ease in tuning
to enhance adsorption properties [16]. Pristine graphene
sheets cannot bind sufficient hydrogen on their surface at
ambient temperature due to low binding energy [17-19].
Carbon-based nanocomposites are also used in hydrogen
storage systems as they are easy to modify with met-
als, metal oxides, and other organometallic frameworks
[20-23]. Therefore, many theoretical and experimental
studies have focused on increasing the hydrogen storage
capacity of graphene. One of the most widely used meth-
ods is the functionalization of the surface of graphene,
which leads to the tailoring of characteristics like the
surface area, chemical reactivity, porosity, and interlayer
spacing to enhance the adsorption capacity [24-27].

Experimental investigations have shown that large-area
graphene films are polycrystalline, made up of small crystal-
line grains of different orientations joined by grain bound-
aries (GBs) [28]. The experimental study performed by
Huang et al. [29] on polycrystalline graphene sheets (PGs)
revealed that the presence of GBs reduces mechanical prop-
erties but does not alter electrical properties as drastically.
Chen et al. [30] performed molecular dynamics simulations
(MDS) to investigate the effect of the grain size, temper-
ature, and strain rate on PGs. They showed that Young’s
modulus reduces by 65—82% and fracture strength reduces
by 34—40% as the grain size in PGs decreases at room
temperature. Alian et al. [31] investigated the mechanical
properties and fracture behavior of polycrystalline carbon
nanotubes (PCNT) with a variety of GBs morphology using
MDS. They first created PCNT by rolling PG and reported
that a crack initiates at GBs, and there is a strength reduc-
tion by 60% due to the presence of transverse GBs in the
PCNT. GBs aligned with the axis of PCNT have the least
effect on the mechanical properties compared to all other
orientations of GBs. Izadifar et al. [32, 33] investigated the
mechanical properties of PGs with nanopores doped with
boron and nitrogen using MDS. They reported that (i) the
ultimate failure strain of PGs increases with decreasing grain
size, (ii) the doping of boron or nitrogen reduces the tensile
strength of PGs, and (iii) nitrogen doping has a more severe
effect compared to boron doping. Guo et al. [34] experi-
mentally investigated the adsorption behavior of hydrogen
at the interface of PGs and revealed that open edges and
domain boundaries provide more active sites for adsorption
and lower resistance for charge transfer. Also, the nanoscale
features of nanostructured graphene provide excellent adhe-
sion of hydrogen on the PGs.
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Bhattacharya et al. [35] decorated graphene, h-BN, and
BC,N with titanium (Ti) atoms for high-capacity hydrogen
storage using first-principles calculations. They reported a
stable high adsorption capacity of hydrogen at room tem-
perature, and that desorption occurs at a temperature of
700—800 K for graphene and h-BN sheets, but desorp-
tion for BC,N occurs at 500—600 K. Park et al. [36] doped
boron-substituted graphene sheets with lithium atoms to
investigate the hydrogen adsorption capacity and reported a
high adsorption capacity of 13.2 wt.% without any cluster-
ing of adatoms. An ab initio study performed by Wang et al.
[37] on boron-substituted graphene uniformly decorated
with sodium atoms showed a hydrogen storage capacity of
11.7 wt.% at 300 K. Lee et al. [38] doped nitrogen-decorated
graphene with lithium for geometric stability and enhance-
ment of hydrogen capacity using density functional theory
(DFT) calculations. They observed cluster-free decoration
of lithium atoms on nitrogen-doped graphene layers and
found binding energy of hydrogen molecules in the range
of 0.12—0.20 eV/H,. The hydrogen adsorption capacity of
Ti-doped graphyne under different external electric fields
was investigated by Zhang et al. [39] using first principle
calculations. They found that the interaction between Ti and
H, molecules increases with the applied electric field. They
also reported the adsorption of four hydrogen molecules on
Ti-doped graphyne, and all are stored in molecular form.
A DFT study performed by Lebon et al. [40] on graphene
nanoribbons doped with Ti atoms showed non-dissociative
adsorption of the hydrogen molecule. They reported that
each doped Ti atom can adsorb up to four hydrogen mol-
ecules, showing an adsorption capacity beyond 6%. Yuan
et al. [41] performed DFT simulations on porous graphene
decorated with Ti atoms to calculate the hydrogen adsorp-
tion capacity. They reported that hydrogen molecules are
adsorbed with a binding energy of —0.457 eV, and the gravi-
metric hydrogen storage capacity is 6.11 wt.%. Also, their
study reported that six hydrogen molecules are adsorbed
on both sides of the Ti-porous graphene system at 300 K.
An experimental study performed by Goharibajestani et al.
[42] for the hydrogen adsorption capacity of reduced gra-
phene oxide decorated with different transition metal oxides
revealed that the addition of TiO, results in the highest isos-
teric heat of adsorption of 13 kJ/mol for hydrogen. Rafique
et al. [43] calculated the hydrogen adsorption capacity of
Ti-doped double vacancy hexagonal boron nitride mon-
olayered sheets using DFT. They found that only three H,
molecules are attached on a single side of the sheet, whereas
five molecules can be attached with high binding energy
and thermodynamic stability on both sides of the sheet. Kag
et al. [44] performed MDS for enhancement of the hydro-
gen adsorption capacity of graphene sheets via strain and
defect engineering. They concluded that strained and defec-
tive sheets are more active for hydrogen adsorption and
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sheets with 1% monovacancy defects at 100 bar pressure
achieves 9.3 wt.% and 2.2 wt.% at 77 K and 300 K, respec-
tively. Nuhnen and Janiak [45] analyzed the adsorption of
isotherms of CO,, SO, and H, gases at two temperatures
on MOFs. They discussed multiple methods to calculate
the isosteric enthalpy of adsorption at different but close
temperature isotherms <20 K. Single-layer polycrystalline
graphene nanosheet is not easy to synthesize, and multi-
ple layers reduce the available surface area for adsorption.
These sheets also oxidize quickly, hindering their hydrogen
adsorption capacity and ability to bind metal decorations.
Simulations of multilayer graphene sheets with the addition
of oxygen to the system could also make it more realistic.
Experimental investigations on polycrystalline graphene
nanosheets have been widely investigated for various pur-
poses, but authors couldn’t find any study on their hydrogen
adsorption capacity.

The literature on the fabrication of large-area graphene
reveals that the GBs are wide-ranging in them, owing to
inherent issues with fabrication techniques, surface energy,
impurities, etc. [31, 34, 46, 47]. To the best of our knowl-
edge, there has been no single attempt to study the adsorp-
tion and desorption behavior of PGs and Ti-decorated PGs
toward hydrogen storage using MDS. The present work
focused on studying the adsorption and desorption behav-
ior, and showing a novel pathway to enhance the hydrogen
adsorption capability of PGs by decorating Ti atoms via
large-scale MDS. Fracture mechanics analysis of PGs and
Ti-PGs is also carried out under uniaxial tensile loadings.
The importance of the presence of inherent GBs and the
domain sizes as well as the Ti atoms concentration, tempera-
ture, and pressure in determining the interactions between
hydrogen gas and the graphene surface is considered. The
isosteric enthalpy of adsorption for Ti-decorated PGs is also
determined to analyze the mechanics of adsorption at differ-
ent temperature ranges. The understanding of the interface
properties between graphene, Ti, and H, molecule provides
a wide range of possibilities for the use of Ti—graphene-
based structures as a potential material for efficient hydrogen
storage systems.

2 Methodology

Classical MDS is the most preferred technique for the simu-
lation and characterization of nanomaterials. MDS allows
for a comprehensive study of the interatomic interactions of
various atomic species at an atomic scale using Newtonian
mechanics with a time integration approach. Here, MDS
are performed on systems of PGs with and without decora-
tion of Ti atoms for investigating the hydrogen adsorption
capacity of PG systems. All MDS were conducted via the

LAMMPS [48] software package based on classical molecu-
lar dynamics.

Our simulations consist of PGs created from a unit cell of
graphene using Voronoi tessellation and Delaunay triangula-
tion techniques [31]. Multiple PGs are created, with varying

grain sizes calculated by % [33], where L is the length of

the sheet and N is the number of grains. The misorientation
angle of GBs varies during the synthesis of graphene; thus,
misorientation angles were not controlled in this study, and
randomly oriented PGs of various grain sizes were simu-
lated. The PGs were then decorated with different concentra-
tions of Ti atoms to study the doping effect on the strength
under uniaxial tension and hydrogen adsorption capacities.
Figure 1 shows the equilibrated structures of PG with a grain
size of 4.47 nm and Ti-PGs with 1% Ti concentration.

To accurately perform MDS of hydrogen adsorption on
PGs decorated with Ti atoms, the interatomic interactions
of PGs atoms are described using the Tersoff potential [49],
which was applied successfully in previous studies [50, 51].
The interactions between carbon atoms of PGs and Ti atoms
are described using the Lennard—Jones (LJ) 12-6 potential.
In this study, the diatomic hydrogen molecule is considered
as a single entity. The interatomic interactions between
hydrogen molecules (H,) and Ti-PGs are also described
using the LJ potential, as follows:

A\ 12 N\ 06
ORC]

where u;; is the pairwise interaction energy, and ¢ and o;; are
the well-depth energy and the distance at which the pair
interaction energy goes to zero, respectively. The cut-off dis-
tance of 12 A is chosen for L] interactions. Table 1 describes
the LJ potential parameters used in this study [52-55]. As
previously reported [49], the force field utilized in this work
was applied to carbon nanostructures. It was observed that
no bonds are formed between the carbon structure and Ti-
adatoms, and hydrogen atoms are also physisorbed on Ti-
graphene sheets. Thus, the current force field presents an
accurate description for simulating the adsorption dynamics.
The LJ parameters between different species are obtained
using Lorentz—Berthelot mixing rules:

o; + oji

€ = \/€i€jjy Oy = — 2)

Tensile simulation tests on pristine graphene sheets in
the armchair direction are performed. However, various
factors like the strain rate, the direction of stress applied,
and temperature influence the mechanical properties of gra-
phene sheets; such effects are not considered for validation
purposes. The tensile test simulation carried out herein pro-
vides the Young’s modulus, fracture strength, and fracture
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Fig.1 a Polycrystalline graphene sheet [red lines indicate the GBs], and b polycrystalline graphene sheet decorated with randomly distributed

titanium atoms. [Yellow Ti atoms; and gray C atoms]

Table 1 LJ interaction parameters for different atomic interactions

Parameter H,-H, c-C Ti-Ti
€ (kcal/mol) 0.067962 0.055641 0.5681
c (nm) 0.296 0.340 0.268

strain of 857.9, 162.8, and 0.189 GPa, respectively, which
is in good agreement with the previous study [56]. Thus, the
above description of the interatomic potential is sufficient to
proceed with the simulation of the Ti-PGs tensile test and
hydrogen adsorption capacity investigation.

PGs with a grain size of 1-8 nm are modeled, and then
these sheets are decorated with Ti atoms with a concentra-
tion up to 2.0%. These concentrations are a measure of the
coverage of the Ti atoms on PGs. These sizes are chosen to
optimize the computational time required with a large num-
ber of atoms in the system under consideration. Ti atoms are
randomly placed above and below the PGs in the simulation
box, with the Ti concentration up to 2.0%. The amount of
Ti atoms to spread around the PGs depends on the adatoms
concentration, given by

Number of titanium atoms

- 1
p(%) Number of carbon atoms in the PGs x 100 @)

Figure 2 shows the simulation box with hydrogen mol-
ecules surrounding the Ti-decorated PGs. For simulating
monolayer sheets, the PGs are placed in a box with a peri-
odic boundary condition in all directions. The out-of-plane
directions of Ti-PGs are kept large enough to avoid the
interlayer interactions. A timestep of 0.5 fs was adopted,
which is small enough to encapsulate accurate fracture
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and adsorption dynamics. The conjugate gradient method
was applied with an energy convergence of 107'° to obtain
energy-minimized systems. For a stress-free sheet, an equi-
libration run for 250 ps is performed under an isothermal
and isobaric ensemble.

Tensile tests are performed at a temperature of 300 K and
pressure of 1 bar, where the Nosé—Hoover thermostat and
barostat control the temperature and pressure of the system,
respectively. During the tensile test, a strain rate of 10~ Alfs
was applied, and the stresses on the atomic structures were
recorded every few timesteps. Atomic stresses on the sheet
were estimated on the basis of the virial theorem. The aver-
age virial stress (o) over volume Q with a total number of
atoms n is described by

where m,, is the mass of atom «; r is the position vector, f is
the force vector, and u,,, 1, are the displacement and velocity
vectors of atom a, respectively. The engineering strain is
used for measuring deformation described by € = i—f, where

AL defines the change in the length of the sheet upon defor-
mation and L, is the original length of the sheet.

For hydrogen adsorption, grand canonical Monte Carlo
(GCMC) simulations with an isothermal ensemble are per-
formed, where hydrogen molecules are added into the sys-
tem randomly at different locations in the simulation box. In
GCMC simulations, the input parameters like the
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Fig.2 System configuration of titanium-decorated polycrystalline graphene sheets: a isometric view and b side view. [Blue hydrogen atoms; yel-

low Ti atoms; and gray C atoms]

temperature and chemical potential (or pressure) of a ficti-
tious gas reservoir are the known parameters, and the
amount of gas in the system can be calculated. The amount
of gas present in the simulation box is in equilibrium with
the fictitious gas reservoir when its temperature and chemi-
cal potential (or pressure) become equal. The three opera-
tions in a GCMC simulation, such as insertion, deletion, and
displacements, are performed with equal probabilities ran-
domly. Figure 3 shows the steps involved in a typical Monte
Carlo (MC) simulation where the acceptance and rejection
of a random move is defined. The potential energy U of the
system at the initial atomic configuration i is evaluated.
Then, a random move is applied to the atoms, which corre-
sponds to i + 1. If the energy of the system after this move
is reduced, i.e. U;,; < U;, then the move is accepted. The
probability of adding the new configuration to the trajectory

after every MC move is given by p;,; = exp(—kA—Z ), where
B

kg is the Boltzmann constant. If U, ; > U, then a random
number ¢ is generated, where 0 < e < 1. Now, if € <p,,;,
then the move is accepted; otherwise, the move is rejected.
The amount of MC cycles is defined while running the simu-
lations. The accepted moves are added to the trajectory, and
the rejected moves are traced back to the previous state, and
then they are also added to the trajectory, i.e., the same tra-
jectory is added twice to obtain the correct probability.
Finally, ensemble averages are calculated for every MC
move.

After the GCMC run, a system equilibration is per-
formed using the isothermal and isobaric ensemble at the
desired temperature and pressure for 2 ns. A run time of
2 ns is sufficient to encapsulate adsorption dynamics at a
specified temperature and pressure [57]. During adsorp-
tion simulations, the wt.% at each pressure is calculated
with the adsorbed amount of hydrogen molecules on the

Fig.3 Flow diagram of MC

. . Initialization: Random move: Generate a
simulations Atomic New configuration d'}lETnergy . No random
configuration i, i+1, with energy " AU l_ ‘;“enci' U, number(e) :
with energy U; Uit T 0<ex<l
T Yes
Add to Accept move
trajectory

A

Accept move

Reject move

Reject move:

Uis = U;

@ Springer



49 Page6o0of13

N. Luhadiya et al.

sheets, whereas, during desorption simulations, the sheet
and hydrogen molecules system at 100 bar is brought
down to the desired pressure to calculate the adsorption
capacity. The hydrogen molecules that are adsorbed on
the Ti-PGs are measured in wt.% calculated by

WH, - adsorbed
wt.% = 2

WH, - adsorbed T We T Wri )
where wy, _qsorbed 18 the weight of the adsorbed hydrogen
molecule, w, and wy; are the weight of the carbon and Ti
atoms present in the Ti-PGs, respectively. The number of
adsorbed hydrogen molecules on the sheet is estimated using
the potential energy distribution (PED) of atoms [57].

Hydrogen adsorption simulations are performed on
Ti-PGs of different adatom concentrations at different
temperatures and pressures ranging from 77 to 300 K
and 0—100 bar, respectively. Adsorption isotherms at
temperatures of 77, 97, 280, and 300 K are studied up
to 100 bar pressure to calculate the isosteric enthalpy of
adsorption (AH,4). The Ti-PGs—H, interaction energy
at a particular temperature is typically calculated from
at least two adsorption isotherms obtained at very close
temperatures (i.e., with a maximum difference of 20 K).
The adsorption isotherms data from the MDS are fitted
with the Toth isotherm [58]. Toth is an empirical model
commonly used to describe the adsorbate adsorbent inter-
actions for hydrogen adsorption with graphene [57]. The
amount of adsorbed quantity using the Toth model is cal-
culated by

) wt.,,.K.p

wt= —————— 6
(1 +(Kp)n)1/n ( )

where wt.,, is the constant reflecting the maximum adsorp-

tion capacity, K is the Toth constant representing the affinity

of the adsorbent for the adsorbate, and 7 is the heterogeneity

factor. The isosteric enthalpy of adsorption, AH 4, is given
by
d(Inp)
— 2
AH,, = —RT < or ) (7

The above equation is known as the Clausius—Clap-
eyron equation, where R is the universal gas constant, T
is the temperature at which enthalpy is calculated, and p
is the pressure at the same adsorbed quantity (wt.%) for
different isotherms (i.e., isosteric pressures). To deter-
mine AH, 4, In(p) against wt.% is plotted using the values
from the modeled Toth isotherms at two close tempera-
tures. The isosteric pressures are calculated from these
plots and then, using Eq. (7), the enthalpy of adsorption
is calculated.

@ Springer

3 Results and discussion

Comprehensive MD simulations are carried out to study
the effect of GBs and Ti decoration on PGs’ hydrogen stor-
age capacity. Adsorption and desorption simulations are
performed on PGs and Ti-PGs with varying grain sizes and
adatom concentrations in this section. Also, the simula-
tions are performed at high to low pressures and tempera-
tures, enabling deep insight into the adsorption mechanics.
The addition of Ti atoms on the PGs surface may produce
a weak and unstable sheet. So firstly, PGs and Ti-PGs with
varying concentrations and grain sizes are strained under
tensile load until they fracture. Then, hybrid NVT-GCMC
simulations are performed for investigating the hydrogen
adsorption at different temperatures and pressures to
obtain adsorption isotherms. The isosteric enthalpy of
adsorption is determined at 77 and 300 K using the isos-
teric pressures from the adsorption isotherms.

Figure 4a shows the uniaxial tensile test of PGs with
varying grain sizes at a temperature of 300 K. It can be
observed that the fracture strength of PGs reduces as the
grain size reduces, and a strength reduction of ~38% is
observed from the pristine graphene at a grain size of
1 nm. The fracture strain of PGs increases with decreas-
ing grain size; however, this value is still less than the
pristine graphene, which is in good agreement with previ-
ous results [56]. Under the application of tensile loads,
strained pristine sheets tend to adsorb slightly more hydro-
gen due to an increase in surface area and strong binding
of stretched carbon atoms [40]. As evident from Fig. 4a,
PGs fracture at lower strain than pristine thus strained
PGs will not contribute significantly toward the hydrogen
adsorption. The hydrogen adsorption capacity of PGs is
also studied, as shown in Fig. 4b at 77 and 300 K, and
pressures of 20 bar and 50 bar. The gravimetric density of
the PGs at 77 K shows a small increase with decreasing
grain size for both pressure conditions. Also, at 300 K, the
wt.% shows a small increment with decreasing grain size.
Adsorption simulation of PGs at the cryogenic temperature
and pressures is performed to observe significant changes.
The PGs with a 1 nm grain size at 300 K and 50 bar pres-
sure show ~ 57% higher gravimetric density than the pris-
tine sheet at the same temperature and pressure as found in
an existing study [57]. Compared to the pristine sheet, the
PGs show an increase in gravimetric density and a reduc-
tion in mechanical strength, but the strength of the PGs
is still higher than most engineering materials. So, PGs
with a grain size of 1 nm are used further in this study as
the basis for further improving the hydrogen adsorption
capacity.

Tensile tests are performed on functionalized PGs with
a grain size of 1 nm and decorated with Ti atoms ranging
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Fig.4 a Uniaxial tensile test of PGs for different grain sizes and b hydrogen adsorption capacity of PGs with varying grain sizes at different
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Fig.5 The stress—strain curves of titanium-decorated PGs (1 nm
grain size) for different titanium concentrations

from 0.5 to 2.0%. Figure 5 shows the stress—strain curves
of the Ti-PGs with varying Ti concentrations. It can be
observed from Fig. 5 that the concentration of Ti adatoms
does not alter the PGs’ mechanical properties. A small,
insignificant increase in strength and decrease in strain is
observed with Ti-decorated PGs as compared to non-dec-
orated sheet. Thus, our findings indicate that Ti adatoms
have no adverse effect on the mechanical properties of

PGs. Therefore, there are no restrictions on adding Ti
atoms to enhance the adsorption capacity from a mechani-
cal standpoint. The fracture mechanics of the PGs is also
studied under tensile tests as shown in Fig. 6.

Figure 6a and b show the fracture of PGs with 1 nm grain
size and Ti-PGs with 1 nm grain size (with 1% Ti concentra-
tion), respectively. It is observed that the GBs of the sheets
are under more stress when the deformation is applied in
the x-direction as compared to the inner part of the grain.
Then, at a specific strain, a crack initiates almost perpen-
dicular to the loading direction at the grain boundary and
then propagates along the grain boundary; subsequently, the
sheet ruptures along the armchair or zigzag path, keeping
the crack almost perpendicular to the loading direction. It
is noted that the Ti-decorated PGs also demonstrate similar
fracture mechanics. Thus, this confirms our prediction that
the Ti decoration has little to no effect on the mechanical
properties of Ti-PGs. In PGs, GBs are a region containing
multiple types of defects like 5-, 7-, 8-, and 9-membered
rings, vacancies etc., thus possibly demonstrating reduced
strength compared to the inner pristine part of the grain.
Also, the GBs with an orientation perpendicular to the direc-
tion of the load bear more load than other GBs and are more
prone to crack initiation.

The hydrogen adsorption capacity of PGs with 1 nm grain
size decorated with varied concentrations of Ti atoms is
determined using MDS. The hydrogen adsorption—desorp-
tion capacity of Ti-PGs is demonstrated in Fig. 7a and b at
77 and 300 K, respectively. The hydrogen adsorption capac-
ity of Ti-PGs at 20, 50, and 100 bar is calculated for different
Ti concentrations. The desorption capacity is obtained at 20

@ Springer
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Fig.6 Fracture of a polycrystalline graphene and b Ti-decorated polycrystalline graphene. Color coding shows the intensity of the stress.
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Fig.7 Hydrogen adsorption and desorption capacity of Ti-PGs with 1 nm grain size at varying titanium concentrations at various pressures: a

77 K, and b 300 K temperatures

and 50 bar after equilibrating the system at 100 bar and then
reducing to the desired pressure. It can be seen from Fig. 7a
that the hydrogen adsorption capacity increases with the
increase in Ti concentration up to 1.5%, and then decreases
at 2% Ti concentration at 20, 50, and 100 bar pressures.
A maximum adsorption capacity of 10.8 wt.% is achieved
at 100 bar and 1.5% Ti concentration. Titanium adatom
preferably attaches to the most active sites, and as the Ti
concentration increases, the adatoms begin to agglomerate
around these sites; thus, the reduction in hydrogen adsorp-
tion capacity at 2.0% Ti concentration and 77 K might be
owed to (i) the decrease in the number of accessible Ti atoms
for H, molecules as well as (ii) the increase in net mass
with increasing Ti concentration. The desorption curves

@ Springer

follow a path similar to the adsorption curves, indicating
a physisorbed state of H, molecules, but a lesser amount
of hydrogen is released at 2% Ti concentration during the
desorption with respect to the first adsorption, showing a
stronger attraction of H, molecules to the Ti-PGs. At 300 K,
there is a linear increase in the hydrogen adsorption capac-
ity with increasing Ti concentration, as shown in Fig. 7b. A
maximum H, adsorption capacity of 4.4 wt.% is achieved
at 2% Ti concentration and 100 bar pressure. It is observed
that there is a linear increase in adsorption capacities and
the desorption curve at the temperature of 300 K, and pres-
sures of 50 and 20 bar follow a path similar to the adsorption
curves; thus, it indicates the physisorption of H, molecules.
A high temperature of 300 K excites the Ti atoms and H,
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molecules with high velocities, hindering the agglomera-
tion of Ti atoms and reducing the H, adsorption capacity
of the Ti-PGs. The Ti-PGs show a higher adsorption capac-
ity as compared to pristine sheets [57] at the same atmos-
pheric conditions. The high adsorption capacity is due to the
Kubas interaction [59, 60]. The ¢ bonding orbital of the H,
molecule donates electron density to empty d-orbitals of Ti
atoms with simultaneous z-back donations from the filled
Ti d-orbital to the antibonding orbital of H, molecules. The
respective loss and gain of electron density from bonding
and antibonding orbitals result in elongation of the H, bonds,
which reduces the interatomic repulsions and increases the
adsorption capacity. Also, the carbon atoms neighboring the
Ti adatoms tend to be more active for H, molecules adsorp-
tion. As discussed earlier, 1% Ti decoration does not lead to
Ti atom agglomeration; therefore, Ti-PGs with 1% Ti con-
centrations will be used in further simulations.

Using MDS, the adsorption isotherms of H, molecules at
temperatures of 77, 97, 280, and 300 K in the pressure range
of 0—100 bar are demonstrated in Fig. 8a and b for Ti-PGs
with 1 nm grain size and 1% Ti concentration. As discussed
in the earlier section, the isosteric enthalpy of adsorption is
calculated using two isotherms with a temperature differ-
ence < 20 K. The data points from MDS are fitted with the
Toth isotherm model using Eq. (6). A visual inspection and
correlation coefficient (R?) is used for the accuracy of the
fit. All the fitted curves are in excellent agreement with the
MDS data points, as shown in Fig. 8.

It can be observed from Fig. 8a that the H, adsorption
capacities of Ti-PGs (with 1% Ti and 1 nm grain size)
increase linearly at the start and then start to saturate
between 40 and 50 bar pressure. The maximum adsorption
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capacities at 77 and 97 K are 9.9 and 8.8 wt.%, respectively,
at 100 bar pressure. Compared to the pristine graphene sheet
at 77 K and 100 bar [57], a 46.67% increase in gravimetric
density is observed. As discussed earlier, the desorption
curves for Ti-PGs with 1 nm grain size and 1% Ti concen-
tration follow a path similar to the adsorption curves; thus,
the usable hydrogen, i.e., the hydrogen released (at 1 bar
and 77 K) is ~55% more compared to the pristine sheet. The
H, adsorption isotherms of Ti-PGs (with 1 nm grain size
and 1% Ti concentration) at 280 and 300 K are depicted in
Fig. 8b. The adsorption capacity at these temperatures also
follows a very short linear path. The gravimetric densities of
these sheets are 3.8 and 3.2 wt.% at 280 and 300 K, respec-
tively, at 100 bar. The H, adsorption capacities of these
sheets are ~4 times higher than the pristine graphene sheets
[57]. The usable hydrogen is ~2.5 times higher than the pris-
tine graphene sheets at 1 bar and 300 K. The H, adsorption
capacity of Ti-PGs at 100 bar and 77 K is~3 times higher
as compared to 100 bar and 300 K. This is due to the higher
kinetic energy of H, molecules at 300 K, which causes them
to detach from the surface of Ti-PGs.

In order to study the energetics of H, adsorption on Ti-
PGs, the isotherm obtained at low temperatures (77 and
97 K) and high temperatures (280 and 300 K) is used. The
isosteric enthalpy of adsorption is determined using Eq. (7),
where the natural log of pressures at specified wt.% is plot-
ted with the respective wt.% as shown in Fig. 9a and b.
Generally, the curve becomes linear over a wide range for
gases with a low attraction to the adsorbent. The plot of the
function Inp vs. wt.% is not a straight line, as depicted in
Fig. 9, indicating a strong attraction of H, molecules on Ti-
PGs. Thus, a Toth isotherm fitting for the MDS data points
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Fig. 8 Hydrogen adsorption isotherms of Ti-PGs with 1% Ti concentration at a low temperatures (77 and 97 K), and b high temperatures (280

and 300 K). MDS data points are fitted with Toth isotherm model
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Fig.9 Plot of logarithmic pressure against wt.% obtained from the isotherms of Ti-PGs at a low temperatures (77 K and 97 K) and b high tem-
peratures (280 K and 300 K). Dashed lines are isosteric lines, and square markers are isosteric logarithmic pressures at different wt.%

is required to approximate the curve. The vertical lines are
isosteric lines in Fig. 9, which indicate the logarithmic pres-
sure values at constant wt.%. Multiple pairs of logarithmic
pressure values at the two temperatures are noted at different
wt.% in both Fig. 9(a) and 9(b). Ten data pairs are noted in
both the figures to determine the adsorption enthalpy using
Eq. 7.

The isosteric enthalpy of adsorption (AH,,) deter-
mines the amount of heat released or absorbed during the
adsorption process, and most of the adsorption processes

——AH_, at77TK

ad

AHgqs (kJ/mol)

0.4
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are exothermic. The variation of the enthalpy of adsorp-
tion (AH 4,) with wt.% is shown in Fig. 10a and b at 77 and
300 K, respectively. Conventionally, it is expected that the
absolute value of AH 4, will reduce as the adsorption on the
adsorbent increases because of the increasing intermolecu-
lar repulsions with increasing adsorbate density around the
adsorbent surface, as evident from Fig. 10. The parameter
AH ,, indirectly determines the strength of the adsorbent to
attract the adsorbate. At low pressures, the adsorbate pre-
fers to occupy the adsorption sites with the highest affinity,
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Fig. 10 Isosteric enthalpy of adsorption of H, for Ti-PGs a 77 K and, b 300 K
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and these sites are associated with higher absolute AH 4,
values at low loadings. The AH 4 at the start of adsorp-
tion, i.e., when the wt.% is zero, is called the enthalpy of
adsorption at zero coverage (AHS 45)- As shown in Fig. 10,
the absolute value of AHg 4 18 1.78 and 28.5 kJ/mol at 77 and
300 K, respectively, indicating that the high adsorption sites
are available at 300 K. Since the kinetic energy increases
at high temperatures, the adsorbent’s adsorption capacity
reduces. However, the fewer molecules that are adsorbed
at high temperatures have a very high AH .. The isosteric
enthalpy of adsorption obtained for Ti-PGs is within the
range of physisorption of hydrogen molecules. Physisorption
allows fast kinetics and improved resistance to failure during
multiple cycles of adsorption and desorption. This implies
an efficient and reliable storage system is possible with the
use of Ti-PGs.

4 Conclusions

In this study, the effect of GBs and Ti concentration on the
hydrogen adsorption and desorption capacity of PGs is stud-
ied using MD simulations. A uniaxial tensile test of PG sys-
tems is also performed to analyze their fracture mechanics.
The tensile tests on PGs with 1 nm grains show a maximum
reduction in fracture strength by ~38% compared with the
pristine graphene sheets, and Ti decoration on PGs shows no
significant effect on the net strength. It is also observed that
the crack initiation in PGs and Ti-PGs originates from the
GBs that are vertical to the direction of the applied load. The
H, adsorption capacity of PGs increases with the introduc-
tion of GBs; for example, the gravimetric density increases
by ~57% compared to pristine graphene sheets at 300 K and
50 bar. The maximum adsorption capacity of PGs with 2%
Ti decoration reaches 4.4 wt.% and shows no indication of
Ti agglomeration at 300 K and 100 bar. It is observed that
the desorption of PGs at 300 K follows the adsorption curve,
indicating the physisorption of H, molecules. The maximum
adsorption capacity at 280 and 300 K is 3.8 and 3.2 wt.%,
respectively, at 100 bar. The adsorption capacity of Ti-PGs
is ~4 times higher, and the usable hydrogen released is~2.5
times higher than the pristine graphene sheet at 300 K. In
the case of the lower temperature (77 K), Ti adatoms on
PGs agglomerate and a significant reduction in gravimetric
density at 2% Ti concentration is observed. The maximum
H, adsorption capacity of Ti-PGs with 1.5% Ti concentra-
tion reaches 10.8 wt.% at 100 bar and 77 K. The adsorption
isotherms of Ti-PGs with 1% Ti concentration at 77 and
97 K achieve a maximum adsorption capacity of about 9.9
and 8.8 wt. %, respectively, at 100 bar, and start to saturate at
40—50 bar pressure. Compared to the pristine graphene sheet
at 77 K, the adsorption capacity of Ti-PGs with 1 nm grain
size and 1% Ti concentration increases by ~46.67%, and the

usable hydrogen released at 1 bar is raised by ~55%. The
absolute value of AH, 4, decreases with increasing adsorption
of H,, indicating a stronger preference of H, for adsorp-
tion sites with higher enthalpy. Unlike pristine graphene,
a certain amount of Ti adatoms adhere to polycrystalline
graphene sheets without clustering and can significantly
improve their hydrogen adsorption capacity. There is also a
strong indication of the physisorption of hydrogen molecules
which helps in the fast kinetics of adsorption and desorption.
Thus, the decoration of Ti atoms on polycrystalline graphene
sheets shows a significant improvement in hydrogen carry-
ing capacity. For developing an onboard hydrogen storage
system, Ti-PGs at room temperature is a good candidate,
but large amounts of graphene samples would be required.
Currently, this is not economical, but with technological
advances, the costs may go down, and future research in
this direction will surely pave the way for a feasible storage
system.
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