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Abstract We simulated the low temperature (T =77 K) hy-
drogen adsorption in carbon slit-shaped nanopores using con-
secutively united atom (UA) and all atom (AA) representation
of hydrogen molecule. We showed that both approximations
give comparable estimation of the amount stored, for the wide
range of pore width (0.6-2.5 nm). We also showed that at very
high pressure (P =400 bar, corresponding to the fugacity f
used in grand canonical Monte Carlo simulations of
=800 bar) the density of the adsorbed hydrogen structures
is larger than the density of bulk liquid at critical temperature
(~76 kg/m®). This result agrees with the experimental obser-
vation of the density of the order of 100 kg/m® for the hydro-
gen adsorbed in microporous carbons, reported recently in the
literature.
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Introduction

During the last two decades a lot of effort has been devoted to
develop a material that could store an applicable amount of
hydrogen by physisorption. Computer simulations have been
used to guide the experiment and to predict potential storage
capacity of proposed new structures. Usually, a united atom
(UA) representation of hydrogen molecule and a simplified
interaction model with semi-empirical interaction parameters
have been used. This approximation allowed in the past to
spare the computation time. However, although the united
atom model describes correctly the hydrogen adsorption at
ambient temperature, it is not straightforward that this approx-
imation is still valid at low (liquid nitrogen) temperature
range. In fact, this approach totally neglects the non-
spherical shape of the molecule, information that may be cru-
cial for the precise evaluation of the packing and the structure
of the adsorbed layers, and, in consequence, the amount
stored. Therefore, in this paper we simulated the low temper-
ature (T =77 K) hydrogen adsorption in carbon slit-shaped
nanopores using consecutively united atom (UA) and all atom
(AA) representation of hydrogen molecule, and focus on the
comparison of structure and density of the adsorbed hydrogen
layers in both models, in the limit of high density, at gas
fugacity up to 800 bar.

Interaction models
There have been a number of different approaches to model

the pore system optimized to store hydrogen by physisorption
[1-7], and to describe the hydrogen-hydrogen interaction

@ Springer


http://orcid.org/0000-0002-8635-4154
http://dx.doi.org/10.1007/s00894-016-3202-y
http://crossmark.crossref.org/dialog/?doi=10.1007/s00894-016-3202-y&domain=pdf

20 Page2of7

J Mol Model (2017) 23: 20

involved in the process. The models reported in the literature
are listed in Table S1 (see Supporting information). These are
semi-empirical potentials with Lennard-Jones functional
form. Among them, the interaction model proposed by
Silvera and Goldman [8—10] is one of the most frequently
used. It was derived by fitting the solid state H, experimental
characteristics and was successfully used to model, in partic-
ular, the hydrogen adsorption in pure carbons systems (graph-
ite surfaces, graphene layers, and carbon nanotubes). To take
into account the quadrupole-quadrupole interaction, Levesque
et al. proposed a modified Lennard-Jones potential model in
which the effective charges, distributed along the hydrogen
molecule axis have been added: two located on both protons
and one at the center between them [11]. To simulate hydro-
gen uptake in IRMOF-1, Yang et al. obtained the Lennard—
Jones parameters of H,-H, potential by fitting the experimen-
tal PVT diagrams of gaseous hydrogen [12]. The same param-
eters were then successfully used by Baburin et al. in GCMC
calculations of hydrogen adsorption on perforated graphene
[13]. Cracknell [14, 15] modeled hydrogen chemisorption in
carbon nanotubes using two centers representation of rigid
hydrogen molecule, with hard sphere diameter of 0.259 nm.
Finally, to describe chemical reactions in hydrocarbon sys-
tems, van Duin et al. prepared the ReaxFF force field [16].
Hydrogen molecule is represented there as a single interaction
site, whereas the nonbonded interactions are approximated by
distance-correlated Morse potential. This approach was used
to model adsorption in a variety of carbon systems: graphite
[17, 18], graphene [17, 18], carbon slit pores [19-22], carbon
nanotubes [19, 20], and carbon nanofoams [19, 20].

Many of the above mentioned hydrogen-hydrogen interac-
tions models are included in the popular force field libraries:
UFF [12, 23], DREIDING [24-26], cvff [26, 27], and
COMPASS [28, 29]. Most of the force fields are parametrized
for both: UA and AA approaches. Quantum effects are usually
taken into account by adjusting force field according to
Feynman-Hibbs procedure [12—15]. Some of them are explic-
itly implemented in modeling software (for example: MUSIC,
NAMD or Materials Studio).

In the present work H,-H, interaction was modeled using
the Lennard-Jones (6-12) potential, with interaction parame-
ters (defined in the Table 1): ooz and expmo [22, 30, 31] for
UA model, and oy and ey [13] for the AA model. We
have verified that both models give similar average energies of

Table 1  Parameters for Lennard-Jones potential used for united atom
and all atom models

Model Interaction € [A] o [K]
United atom (UA) H, - H, 2.958 324
All atom (AA) H-H 2.59 8.84
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H, adsorption on graphene: 4.5 kJ mol ' and 4.55 kJ mol " for
the UA and the AA, respectively.

To describe the H,—wall interaction the Steele 10-4 poten-
tial already tested in [22, 32] was employed together with UA
approximation. The atomic corrugation of the pore wall was
neglected. The carbon-hydrogen interaction was modeled ex-
plicitly when AA hydrogen model was used (Dy=0.1517 kJ
mol ' and Ry =3.58217 A [13]).

The Feynman-Hibbs quantum correction was applied for
all interactions [22, 33—35]. The interactions were cut-off be-
yond 12.5 A (15 A) in AA (UA) models, respectively.

Methods

All calculations were performed using Monte Carlo method in
grand canonical ensemble (GCMC), at constant temperature
T =77 K, and fugacity varying from 1 to 700 bar. Two differ-
ent software packages were used: Materials Studio 8.0 (MS)
software (Sorption module) for AA model of H, and our own
code for UA approach, extensively tested and validated in the
past [21, 22, 30, 31]. In grand canonical Monte Carlo simula-
tion (LVT ensemble) the chemical potential . of the adsorbed
phase in equilibrium with the gas reservoir is defined by gas
fugacity f:

u:u0+RTZn<]%> (1)

,where ° — standard chemical potential, R — gas constant, 7'—
temperature [K] and p° — standard pressure [kPa]. At low
pressure, when the density of the gas in equilibrium with the
adsorbed phase is small, the fugacity is practically identical
with the gas pressure. However, when gas density increases,
the difference between fugacity and the applied gas pressure is
non-negligible and must be estimated. In the case of hydro-
gen, this difference becomes important for pressures higher
than 100 bar. Therefore, for all fugacity values used in simu-
lations we have calculated the corresponding hydrogen pres-
sure using NIST database [36]. The simulations have been run
up to 700 bar (of fugacity) which correspond to about 440 bar
of the gas pressure.

The carbon pores were formed by two parallel graphene
walls (slit-shaped geometry). The separation of the walls (pore
width, Z), varied from H = 0.6 nm to H = 3.0 nm. For technical
reasons, we used different lateral XY dimensions of the sim-
ulation box in our code (orthogonal, 4.26 x 4.92 nm?) and in
MS software (hexagonal, 1.23 x 1.23 nmz). Periodic boundary
conditions were applied in the XY plane in our code and in all
directions in MS software.

The raw result of GCMC simulation is the total amount of
the gas stored at given (f, T) conditions in the volume of the
pore, (Ny). The experiment measures the excess adsorption
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(Nexe), the difference between the total amount of adsorbed
gas with respect to the amount of bulk gas occupying the same
volume under the same (p, T) conditions:

Nee = Ntot_Ngas (2)

S- (H _2'Rdead)‘N A
My

Nexe = Nior— (pgas (3)
,where H — pore width [A], 2R .. — effective thickness of the
carbon layer [A], S — surface of pore wall [A%], N, — Avogadro
number [mol '], pyzsr — density of bulk hydrogen at given
(p.T) conditions [g/ml], M, — mass of hydrogen molecule [g
mol '].

Therefore, to compare the results of numerical and adsorp-
tion experiments, the excess adsorption should be calculated
from the total amount adsorbed. In small pores, this calcula-
tion is extremely sensitive to the value of the dead volume
which for the nanopores is a non-negligible part of the total
pore volume. We assumed that the dead volume of the pores is
delimited by the distance Rgeaq =0.15 nm from the centers of
carbon atoms forming the pore wall. This value is close to the
radius of a carbon atom (Rc=0.17 nm) and was widely used
in the past [31].

Results and discussion

Figure 1a shows the number of molecules adsorbed in a pore
at T =77 K and fugacity f= 700 bar, in a function of pore size.
There are two plateaus on the curve corresponding to adsorp-
tion of exactly one layer between the pore walls (for pore
width from 0.6 nm to 0.85 nm) and to the adsorption of ex-
actly two layers (one layer on each pore wall) for pore width
from 0.9 nm to 1.1 nm. For pores larger than 1.1 nm the
number of molecules monotonically increases with no further
singularities. This is a consequence of very weak H,-H,
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interaction which prevents any formation of multilayer struc-
ture of the adsorbed hydrogen, even at high pressure.
Therefore, we have chosen to compare the structure of the
adsorbed hydrogen layers simulated using either UA or AA
model of hydrogen molecule for the following three represen-
tative pore widths: H = 0.6 nm (monolayer), 1.0 nm (one layer
(contact layer) adsorbed at each pore wall), and 2.2 nm (gas
adsorbed between contact layers).

Figure 1b shows the energy of adsorption as a function
of the pore size, at the lowest (f=1 bar) and the highest
(f="700 bar) simulated fugacity, calculated using all-atom
interaction model. In narrow pores the hydrogen interaction
with both pore walls sum up and the resulting energy of
adsorption is high, independent of the value of gas pressure.
As the pore size increases, the energy of adsorption be-
comes pressure dependent. At low pressure, the adsorption
energy in largest pores (H > 1.4 nm) stabilizes at the value
of 4.5 kJ mol ™!, characteristic for hydrogen adsorption on a
single layer of graphene [15]. At high pressure, we initially
observe a small increase of the adsorption energy (for
0.9 nm<H< 1.1 nm) resulting from the contribution of
H,-H, interaction to the formation of single layers (contact
layers) on both pore walls. For H > 1.1 nm the interaction of
hydrogen molecules adsorbing between the contact layers
with the pore wall becomes negligible, and the adsorption
progresses only because of H,-H, interaction. As a conse-
quence, the calculated (average) energy of adsorption in the
pore decreases.

Figure 2 shows the snapshots of stabilized configurations
of hydrogen monolayer adsorbed in a narrow pore
(H=0.6 nm) at =700 bar, for all-atom (Fig. 2a) and united
atom (Fig. 2b) models of hydrogen molecule. In both models
the densely packed structure of the adsorbed layer is observed,
although the elongated shape of H, molecules in the AA mod-
el compel them to adopt a slightly less dense pattern, with
molecular axis mostly in the plane of the layer.
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Fig.1 a Total amount adsorbed (in number of molecules per nm?) at =700 bar and b average energy of adsorption in a function of pore size, at f= 1 bar

and f=700 bar, in AA model
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Fig.2 Structure of hydrogen monolayer adsorbed in carbon slit pore (pore width H = 0.6 nm, f= 700 bar): a) all atom (AA) model, b) united atom (UA)

model

Figure 3a, b, ¢ compare the isotherms of hydrogen
adsorption at T=77 K, simulated within all-atom and
united—atom approach, for the chosen pore widths. The
corresponding snapshots of the adsorbed structures at
f=700 bar are shown in Fig. 3d, e, f. The adsorbed
amount simulated using both models is similar, with
the difference on the order of a few percent only. The
difference is noticeable (8-10%) only in very narrow
pores. In the narrowest pore studied in this work
(H=0.6 nm, Fig. 3a, d), when only one layer of mole-
cules is adsorbed, the density of the layer is slightly
higher for spherical representation of hydrogen mole-
cule. In this situation, due to the elongated shape of
molecules, in the AA model the geometrical constraint
imposes a less dense structure of the adsorbed layer,
with molecular axis parallel to the pore wall (Fig. 2a).
On the contrary, when two layers are adsorbed in the
pore (H=1.0 nm, Fig. 3b, ¢) the density of the layers is
higher when the AA model is applied. This fact can be
again understood on a basis of geometrical consider-
ations: in the pore which can accommodate two layers
the elongated H, are preferentially oriented perpendicu-
larly to the pore wall, allowing for the closer packing
within the layer than in the case of superatom model of
H, molecule and for minimization of the hydrogen—pore
wall interaction. For pore width H>1.2 nm, when the
pore is mostly filled with not adsorbed gas, the differ-
ence between the adsorbed amounts simulated with AA
and UA model vanishes (Fig. 3c, f).

Figure 4a shows the excess adsorption isotherms cal-
culated using UA model of H, molecule, for pores of
the width H=0.6, 1.1, and 2.2 nm, as a function of gas
pressure. To facilitate the comparison of the excess ad-
sorption and total amount stored (Figs. la and 2a, b, c)
we expressed the excess adsorption in number of mole-
cules adsorbed per nm?, as this value does not depend
on the wall morphology. For carbon slit-shaped pores
with graphene walls the conversion factor to the usual

@ Springer

excess adsorption units (Wt%) is equal to 1.14. To avoid
any effects related to the shape-depended packing, these
results were validated by the calculations using the AA
representation of the hydrogen molecule.

Figure 4b shows the same excess adsorption as a
function of the gas density. This representation allows
us to estimate directly the density of the hydrogen
adsorbed in the slit pore. The experimental evaluation
of the density of the fluid adsorbed in nanopores, espe-
cially at high pressures, is challenging, and only a few
such studies are reported in the literature. Recently, the
density of hydrogen confined in microporous activated
carbon TE7 was measured by Ting et al. [37]. At 77 K
and at the gas pressure of 170 bar, estimated density of
the adsorbed hydrogen was 101+2 kg m . This value
is significantly larger than the density of bulk fluid at
the same (p, T) conditions (~45 kg m >, [36]), and
larger than the density of liquid hydrogen at critical
temperature (T=33 K) at this pressure (~76 kg m >,
[36]). For the pores larger than 1.0 nm, when at least
one layer of hydrogen molecules is adsorbed at each
pore wall, the density of the adsorbed layer calculated
from our simulations is larger than 95 kg m . This
value is estimated from the linear dependence of the
excess adsorption at high pressure (density, Fig. 4b)
using the general formula (2):

Nexc = Ntot_pgasva = pﬁlmva_pgasva = (pﬁlm_pgas)va (4)

where V, is the adsorbed hydrogen volume and pgy, i
the layer density. Assuming that the film density pgy 18
constant after it attains the maximum capacity at the
pressure corresponding to the maximal excess adsorp-
tion, the linear excess adsorption (Fig. 4b) at high den-
sity depends only on the gas density p,.. Therefore,
one can estimate the maximal film density from the
extrapolation of the linear dependence Neyc(Pgas): for
Nexe =0, Pfilm = Pgas =95 kg m >. This result is in good



J Mol Model (2017) 23: 20

Page 5of 7 20

Fig. 3 Simulated hydrogen a
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agreement with the experimental result of Ting et al.
[37] and confirms that adsorbed fluids form very dense
layers inside the pores of nanometric size. It is due to
the cumulative effect of interaction of gas molecules
with both pore walls. In the ultramicropores (H <
1 nm), when only one layer of gas can be adsorbed
between pore walls, the density of the layer is even
larger (see Fig. 4b, H=0.6 nm).
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Conclusions

In this paper we reported the simulated low temperature hydro-
gen adsorption in carbon slit-shaped nanopores, for the wide
range of pore widths (from 0.6 nm to 2.5 nm) and gas pressures
(up to 400 bar). We showed that the use of either united atom
(UA) or all atom (AA) representations of hydrogen molecule
leads to the quantitatively similar results, even at low

@ Springer
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Fig. 4 Excess adsorption a function of a) pressure, b) bulk gas density for three pores containing respectively one (squares), two (circles), and more

(triangles) layers adsorbed inside the pore

temperature (77 K) and in the limit of high gas pressure. Small
differences (less than 10% of the amount stored) are observed
only for the narrower pores (H < 1 nm), when the slit geometry
forces the hydrogen molecules represented as diatoms to adopt
a parallel to the pore wall arrangement. Such narrow carbon

pores are usually not prepared experimentally.

We also showed that at highest applied pressures (of the order
of 400 bar, corresponding to the fugacity used in computer sim-
ulations of nearly 700 bar), the density of the adsorbed hydrogen
layer is high, larger than the density of bulk liquid hydrogen at
critical temperature. This effect is due to the increase of the
effective isosteric heat of adsorption in very narrow pores: for
H < 1 nm the effective energy of hydrogen interaction with the
pore wall practically doubles. Such extreme conditions (narrow
pores, low temperature, high pressure) are hardly realized exper-
imentally. However, the recent experimental studies performed
on microporous TE7 carbons [37] (H~1.1 nm)at T =77 K and P
=170 bar showed that the density of the adsorbed layer over-
passes 100 kg/m®. Our estimations at the same temperature and
at P =400 bar, for both UA and AA model of hydrogen molecule
are of the same order of magnitude and confirm that the adsorbed

hydrogen structure is densely packed at these conditions.
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