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a b s t r a c t

In this paper we investigate the effect of graphene pores’ alterations on hydrogen molecular adsorption.
The alterations take place in three ways: insertions at different amount of oxygen functional groups on
the graphene structure, carbon atoms substitution by boron ones, and insertion of three alkyl groups.
Totally one graphene pore model, six oxygenated models, two boron substituted models and three alkyl
models were constructed. Hydrogen physical adsorption process was simulated via Molecular Dynamics
at 77 K. Our results show that there is optimum oxygen and boron percentage for adsorption energy and
gravimetric adsorption of hydrogen. On the other hand the insertion of alkyl groups leads to loss of
adsorption capacity and reduction of adsorption energy for all three models.

� 2014 Elsevier Inc. All rights reserved.

1. Introduction

Hydrogen has been the focus of much research in the past dec-
ades, due to its potential use as a clean energy carrier. During this
long time, one of the greatest obstacles for its efficient use, is the
lack of an ideal storing technology for it. Different methods have
been proposed and tested for its storage, such as liquefaction,
compression, physical and chemical adsorption, formation of metal
hydrides, etc.

All of the above have their disadvantages, namely high costs
(liquefaction and metal hydrides), safety concerns (compression),
lack of an ideal storage medium (adsorption). The most promising
method from the above seems to be physical or chemical adsorp-
tion in solid adsorbents. Adsorption has been the subject of numer-
ous investigations, experimental [1–33] and theoretical [34–98]. A
wide range of materials have been tried and designed in the quest
of the ideal storage medium, the most successful of them being
activated carbons (AC) [61–65,68,70], carbon nanotubes (CNT)
[64,87,88], metal organic frameworks (MOF) [7,31–33,94–100],
and some curved carbonaceous structures [89–93,101,102].

Most of the experimental and theoretical works have been car-
ried out at 77 K, whilst the adsorption of hydrogen should fulfill
certain goals at room temperature. The internationally accepted
goal for hydrogen gravimetric adsorption is 4.5% w/w for 2015,
as set by DOE. The most important factor for a potential adsorbent
is the energy of adsorption, which should be high enough to ensure

satisfying gravimetric adsorption at high (room) temperatures but
low enough to allow for desorption as well.

Most potential adsorbents for physical adsorption exhibit low
adsorption energies, in the range 2–7 kJ/mol. The usual strategy
for the enhancement of these energies is either the substitution
of carbon atoms with metals (mainly) [24,59,64,66,67,73,76–
78,91,96,103] or the decoration of the whole structures (with
metals) [13,25,26,28,57,58,68,69,73,79,80,85,86,89,92,104], or the
insertion of functional groups [29,84], or structural modification
[67,105–108]. Such actions have provided some highly optimistic
results especially for CNT and MOF.

This work tries to investigate the effect of a series of graphene
alterations, namely carbon atoms substitution by boron ones, the
insertion of oxygen functional groups at different percentages
and the insertion of alkyl groups, on gravimetric adsorption and
adsorption energy.

2. Simulations

All simulations and calculations took place in HyperChem,
HyperCube Inc. software, on an eight-core server. The modeling
work was divided into two parts: the development of the models
and the set up and running of physical process simulation.

Our choice for the simulation method was Molecular Dynamics,
due to the nature of physical adsorption (no bond breaking or for-
mation). The chosen force field was the popular MM+. We present
a swift presentation of the MM+ interaction equations:

Van der Waals interactions are not calculated by the standard
12-6 Lennard–Jones, but rather by:
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The values of V1, V2, V3 [kcal/mol] are supplied as a Supplemen-
tary document.

Bond stretch and angle bending cross term are calculated by:
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X
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If atom j or k is hydrogen, r�r0 equals zero. In any other case,
Ksb = 0.120 for XR2 and Ksb = 0.090 for XRH (where X is an atom
of the first row) and Ksb = 0.250 for XR2 and Ksb = �0.400 for XRH
(where X is an atom of the second row).

Angle bending energy is given by:
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Dipoles interactions energy is given by:
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where e is the dielectric constant [assumed to be 1.5 in Hyper-
Chem], the angle x is the angle between the two dipole vectors
and the angles ai, aj are the angles between the Rij vector and the
two dipole vectors.

Bond stretching interactions are calculated by:
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The default value for CS is �2.0 in HyperChem.

2.1. Development of the models

Hydrogen was modeled as a cloud of two-centered molecules,
based on the MM+ field of molecular mechanics. Three hundred
molecules were constructed in a periodic box of 56 � 56 � 56 Å3,
which is the maximum allowed dimension of the used software.
The cloud underwent Molecular Dynamics simulations at 77 K, un-
til the total energy of the system presented no fluctuations. This
time period of the simulations was 200 ps. During the process,
the total and the kinetic energy were recorded. Multiple MD
simulations provided equivalent results. Geometry optimization
calculations also provided equivalent results.

The solid models were constructed in two steps. First, normal
5 � 5, 6 � 6 and 9 � 9 graphene sheets were constructed (number
of benzoic rings per sheet) using Geometry optimization
algorithms and then the substitutions took place. Geometry

optimizations were based on Polak–Ribiere algorithm (conjugate
gradient) with termination conditions of an RMS gradient 0.01 kcal
Å�1 mol�1. The used algorithm does not have any effect on the
results of the simulation. The chosen algorithm needs logical
amount of computational time to reach the asked precision. Other
algorithms could be used, in a different kind of investigation, such
as conformational search [larger or smaller ‘jumps’].

Two models based on carbon substitution with boron were
constructed, namely 16B and 32B, standing for the substitution
of 16 and 32 carbon atoms on a 6 � 6 graphene, respectively. The
new models underwent an additional geometry optimization
process, with the same operating and termination conditions as
mentioned above. The finalized structures and their properties
are presented in Fig. 1 and Table 1, respectively.

Six oxygenated models were also constructed, as presented in
Table 1 and shown in Fig. 2, by inserting different oxygen func-
tional groups that are commonly met in AC, at different amounts
in a 9 � 9 graphene. After the insertion of the oxygen groups,
new geometry optimizations were carried out as well. The six
models were named oxy1 to oxy6, and their respective oxygen
gravimetric ration was set in the range 2.62% (for oxy6) to 8.38%
(for oxy1). The oxy models were based on a heavier edition of a slit
shaped pore, with three graphene sheets per pore wall.

The final three models (named R1, R2 and R3) used in this inves-
tigation resulted from the insertion of alkyls –CH3, –CH2CH3 and
–CH2CH2CH3 on a 5 � 5 graphene sheet, in the way depicted in
Fig. 3. Properties also reported in Table 1.

All twelve models were constructed under the slit pore assump-
tion. The oxy models’ walls were created by setting three parallel
graphenes at 3.34 Å apart. For all models, a slit shaped pore of
7 Å was used, for comparison reasons with our previous work.

2.2. Adsorption simulations of hydrogen molecular adsorption on the
altered graphene based slit pore models, at 77 K

Initially, the two systems (hydrogen cloud and a solid model)
were merged into a new one, inside the same periodic box. Any
hydrogen molecules that happened to be in a place inside the solid
or too close to it were removed from the box. Possible presence of
these molecules would lead to system explosion due to extremely
high temperatures and kinetic energies.

During the MD simulations only the hydrogen molecules were
allowed to move, in the stable environment of the solid. The solid
models are used to create the potential energy surface (PES) of the
system. The MD simulations were set up as following: the run time
was set to 900 ps, which proved to be more than enough for the
completion of the process. When equilibrium was achieved the
simulation was terminated. The temperature was set constant at
77 K with a bath relaxation time of 0.01 ps. The MM+ field (molec-
ular mechanics) was used throughout the simulations. Energy and
its major components were recorded and graphed during the sim-
ulations. The used potential is the Lennard–Jones 12�6 potential.
Hydrogen molecules are depicted as two-centered molecules.

MD simulations provide a specific advantage compared to MC
ones: MD simulations provide ‘real time’ depiction of the physical
process, in contrast to MC which provides statistical snapshots.
This is important when you want to clarify a process mechanism,
as in the present case.

The adsorbed quantity, the adsorption pressures, the adsorption
energies were all calculated at the end of the simulations using
actual calculations [no models, empirical or semi-empirical],
providing high accuracy results. To be explicit:

Adsorption quantity was measured from the actual number of
hydrogen molecules present in the interior of the models’ pores.
Adsorption energy was calculated as the difference [E[solid
model + adsorbed molecules] � E[solid model]� E[initial hydrogen
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cloud]]/[number of hydrogen molecules]. Adsorption pressures can
be calculated from the number of hydrogen particles inside the
periodic box but outside the solid model and the volume of the
periodic box, excluding the volume of the model [using for exam-
ple the Avogadro equation of state].

3. Results and discussion

Figs. 4–6 provide snapshots at the end of the adsorption process
for the models used in this study. The first observation derived
from these snapshots is about the planarity of the graphene

Fig. 1. (a) 16B model (b) 32B model. Boron atoms with blue. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)

Table 1
Summary of the models.

Model Graphene size [benzoic rings] Mass [a.u.] Alteration

16B 6 � 6 1158 Substitution of 16 out of 96 carbon atoms with boron atoms
32B 6 � 6 1130 Substitution of 32 out of 96 carbon atoms with boron atoms
Oxy1 9 � 9 2672 Insertion of oxygen functional groups at 8.38% w/w oxygen content
Oxy2 9 � 9 2540 Insertion of oxygen functional groups at 5.67% w/w oxygen content
Oxy3 9 � 9 2494 Insertion of oxygen functional groups at 4.49% w/w oxygen content
Oxy4 9 � 9 2477 Insertion of oxygen functional groups at 3.88% w/w oxygen content
Oxy5 9 � 9 2460 Insertion of oxygen functional groups at 3.25% w/w oxygen content
Oxy6 9 � 9 2443 Insertion of oxygen functional groups at 2.62% w/w oxygen content
R1 5 � 5 923 Insertion of four –CH3 groups in graphene (two per side)
R2 5 � 5 979 Insertion of four –CH2CH3 groups in graphene (two per side)
R3 5 � 5 1035 Insertion of four –CH2CH2CH3 groups in graphene (two per side)

Fig. 2. The six oxygenated graphene models. Oxygen atoms with red. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 3. Models R1, R2, R3.

Fig. 4. Snapshots at the end of the adsorption process for (a) 16B, 7 Å pore, 77 K time 300 ps (b) 32B, 7 Å pore, 77 K, 300 ps.

Fig. 5. Snapshots of the adsorption process for (a) oxy1 (b) oxy2 (c) oxy3 (d) oxy4 (e) oxy5 (f) oxy 6, at 77 K, 7 Å pore, 350 ps.

Fig. 6. Snapshots of the adsorption process. (a) R1, 77 K, 7 Å, 250 ps (b) R2, 77 K, 7 Å, 260 ps (c) R3, 77 K, 7 Å, 260 ps.
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models. The alkyl substituted models, retain their planarity as
graphene sheets with local exceptions, the oxygenated models
demonstrate deviations proportional to their oxygen content,
while 16B shows minor and 32B major distortions. The snapshots
are taken at the end of the simulations.

Table 2 summarizes the predictions for the % gravimetric
adsorption and adsorption energy for all models. It is concluded
that the insertion of the alkyl groups leads to a decrease of the
adsorption capacity in comparison to the initial graphene by
16.99%, 33.48% and 29.69% for R1, R2 and R3, respectively. On the
contrary, substitution of 16 and 32 carbon atoms by boron atoms
leads to an increase of the gravimetric adsorption by 19.11% and
11.81% for 16B and 32B. The oxygenated models seem to show a
uniform trend for adsorption reduction with increase of oxygen
content.

Comparing our work to a relative study [109] on boron doped
carbon microstructures based on ab initio calculations and MC
simulations, some interesting observations can be made. In the
mentioned paper, the amount of boron is in the range of 5–10%
[atoms] and no deviations from the planarity of the graphene
structure are observed. This is in agreement with our simulations
that prove that for substitutions up to 16.67% [atoms] deviations
do not appear or are minor. In our second model [33.33% atoms
substitution] deviations are evident. Secondly, in the mentioned
paper, adsorption energies in the range of 10.5–13.0 kJ/mol are
predicted, in significant agreement with our predictions of 11–
13 kJ/mol. The two studies can act supplementary to each other,
the mentioned one112 for low amount of substitution [5–10%],
and ours for higher amounts of substitution [16.67–33.33%],
unveiling optimum areas of boron atomic substitutions.

It should be kept in mind, that the oxy models are based on a
heavier version of the slit pore model, with three graphenes per
wall. Removing the two graphenes per wall, leads to a new oxy3
model, that provides after a new simulation, a prediction for
2.13% w/w hydrogen adsorption at 77 K for the pore size of 7Å. This
is important to notice, because it proves that the solid–fluid inter-
actions at 77 K cannot be significantly increased by adding new
graphenes (carbon atoms that is). The observed increase is mostly
attributed to the reduction of the weight model (by 67%). The loss
of oxygen groups seems to reduce the overall adsorption as well.
The oxygen groups of the external graphenes of the walls only con-
tribute to the total solid–fluid interaction, without presenting any
steric hindrances, in contrast to the internal functional groups.

Hydrogen molecules inside the pores are in a compressed state,
as it is denoted by the adsorbed densities in Table 2. This observa-
tion also reveals the obstacles for greater enhancement of adsorp-
tion in microporous carbonaceous materials, since even better
hydrogen molecules rearrangement will have to be achieved in or-
der to increase adsorption.

Adsorption energy is clearly reduced for all alkyl models in
comparison to the initial graphene, but it is significantly increased

for the boron substituted models. Boron insertion in the carbona-
ceous models demonstrates similar trends with the reported re-
sults and predictions for CNTs. The adsorption energies for 16B
and 32B reached 13 and 11 kJ/mol, respectively. These values are
on the upper limit of physical adsorption, as it is accepted. The oxy-
genated models demonstrate a possible maximum for the adsorp-
tion energy for oxy3, at 5.2 kJ/mol.

Clearly, the presence of boron atoms has led to an enhancement
of solid–fluid interactions, possibly due to charges redistribution
and local structural modifications. It is worth noting that the sub-
stitution of sixteen carbon atoms has led to better results both for
gravimetric capacity and adsorption energy, in contrast to the case
of oxy3 model, where the adsorption energy demonstrated a max-
imum but the gravimetric capacity did not. Possible alteration of
the boron insertion scheme might provide new insight in the
adsorption mechanism. In this study, boron was inserted in a uni-
form fashion.

A difference in the models’ efficiency for hydrogen molecular
adsorption is the placing of the oxygen functional groups and al-
kyls in the graphene pore, in contrast to the boron substitution.
In the first case, because the inserted groups are protruding from
the graphene layers, structural prohibitions are created. These
prohibitions, reduce the effective accessible pore volume and
as a consequence, the gravimetric adsorption as well. On the
matter of the adsorption energy however, they do not have an
effect, as the adsorption energy is a measure of solid–fluid inter-
actions (in the case of the one graphene per wall, as discussed
earlier).

It is obvious that two factors should be analyzed in order to
explain the results for the adsorption in the R- and oxy-models.
These factors are the increase in accessible surface which is created
by the newly inserted structures and the modification in the ener-
gies of adsorption where it happens due to structural and chemical
modifications. The change of the models’ mass also causes a pro-
portional change in the % w/w hydrogen adsorption, not the mech-
anism itself.

As discussed also elsewhere [110], these two factors act against
each other in the following manner. The accessible surface area for
adsorption increases for all R- and oxy- models, due to the inser-
tion of ‘fragments’ in the structure of the initial graphene. This in-
crease has a proportional positive effect on hydrogen adsorption.
On the other hand, the presence of fragments causes the interac-
tion energies to be lowered [110], thus lowering the amount
adsorbed. In the case of R- models, which only consist of carbon
and hydrogen atoms, the overall effect is negative [the decrease
of interaction energy is more efficient than the increase of surface].
In the case of the oxy- models however, where due to the effect of
oxygen functional groups on the interaction energy [especially for
the models oxy-1 to oxy-4 the adsorption energies remain high, in
the range 4.4–5.2 kJ/mol], the competition between the two factors
is more balanced.

Table 2

Model % w/w adsorption Adsorption energy [kJ/mol] Hydrogen adsorbed density [g cm�3]

16B 3.11 13 0.053
32B 2.92 11 0.048
Oxy1 0.67 4.4 0.050
Oxy2 0.76 4.6 0.053
Oxy3 0.90 5.2 0.060
Oxy4 0.93 5.0 0.062
Oxy5 0.96 3.3 0.062
Oxy6 0.98 3.2 0.063
R1 2.17 2.3 0.047
R2 1.74 2.4 0.040
R3 1.84 2.5 0.044
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To further investigate the solid–fluid interactions, we measured
the closest distances between the solid and a hydrogen molecule.
These distances, were found to diminish in the order: alkyl models
(2.98 Å) > oxygenated models (2.91 Å) > B substituted models (2.81
Å). These distances also show where the first adsorbed layer of
hydrogen molecules will form. These distances can be a quick tool
for determining new models’ interactions with fluids.

4. Conclusions

This work presented a multi-level investigation of the alteration
of microporous carbonaceous materials, via insertion of functional
groups or substitution of carbon atoms by boron ones, on the
hydrogen molecular adsorption. By using Molecular Dynamics,
and creating twelve solid models, we reported predictions on the
gravimetric adsorption of hydrogen, the energy of adsorption and
the adsorbed density of hydrogen in the solid structures.

Our predictions show that boron doping presents high potential
for enhancing hydrogen adsorption at higher temperatures, due to
its high energy of adsorption, which reached 13 and 11 kJ/mol for
models 16B and 32B, respectively. Nevertheless, higher gravimetric
adsorption at 77 K should be sought. Clearly, boron insertion in-
creases solid–fluid interactions significantly and further improve-
ment should be pursued. On the other hand, alkyl insertion failed
at both gravimetric adsorption and adsorption energy targets,
and should not be investigated any further. The insertion of oxygen
functional groups provided insight into the steric hindrances that
may occur during adsorption processes and a new way of insertion
will be investigated in our forthcoming work.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.micromeso.2014.
02.042.
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