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can be estimated by using few density functional theory (DFT) calculations with the aid of a

Available online 22 July 2015

continuum model. The efficient continuum model can provide a more accurate estimation
of the hydrogen storage capacity than the pure DFT calculations. Furthermore, the

Keywords:

expensive grand canonical ensemble (mNT) simulations combining with the quantum

Equation of state

mechanics methods (i.e., QM/MD-mNT) are unnecessary within this method. The hydrogen

Virial expansion

fluid can be handled with our VE method at the temperature in the range of 160e773 K. The

DFT

hydrogen storage capacity and the detailed thermodynamic information of a designed

Density profile

novel material can thereby be estimated by using this method with relatively high accuracy
and low computing cost. As an example, the hydrogen storage capacities of the expanded
bilayer graphene systems are presented. Our theoretical results agree with the experimental values very well.
Copyright © 2015, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights
reserved.

Introduction
Our daily life depends on various energy sources. Hydrogen is
an ideal “green” energy resource on account of its high efficiency and environmental friendliness. However, the compact
storage and safe delivery of the hydrogen fluid are the main
challenges for its application. The emphasis is to design novel
hydrogen storage materials which can satisfy the gravimetric

density of hydrogen more than 5.5 wt.% and 0.04 g/cm3 at
ambient temperature and pressure by the year 2015 targeted
by the U.S. Department of Energy. In addition, the hydrogen
storage materials should also be able to desorb the hydrogen
molecule under ambient thermodynamic conditions. Therefore, the hydrogen adsorption energy is required to lie between the physisorbed and chemisorbed states, i.e., around
0.1e0.3 eV per H2 [1e3]. In practical applications, for example,
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to fuel a typical automobile, the system is required to contain
at least 7.5 wt.% and 0.07 g/cm3 hydrogen fluid at a minimum
temperature of 243 K and a maximum pressure of 10 MPa [4].
Therefore, the studies at too low temperatures or too high
pressures are not practical. This is also the reason why we
limit our study in a certain temperature and pressure range in
this work. Because of the large surface area and light weight,
the carbon and boron nitride materials have been extensively
studied for hydrogen adsorption [5e12]. According to previous
studies, the perfect single layer graphene do not have high
hydrogen storage capability. However, the simple and high
symmetric structure of the graphene system is indeed a perfect model to validate our method for predicting the hydrogen
storage capability.
To study the surface properties and the adsorption process
of a hydrogen storage system, various methods, including
DFT, quantum mechanics combining with molecular dynamics (QM/MD) and classical molecular dynamics with force
field, have been used in the research works. In particularly, all
of these methods have some kind of deficiencies. The pure
DFT calculation has been employed to predict the hydrogen
storage capacity for the novel material system over years. One
can add the hydrogen molecule into the system one by one,
until the total adsorption energies close to zero or even positive. This strategy depends on the full geometry optimization
for each hydrogen adding step. To get an rational results of
hydrogen-surface interaction, the local density approximation (LDA) or the generalized gradient approximations (GGA)
plus a long-range dispersion correction (e.g., suggested by
Grimme [13], by Tkatchenko and Scheffler [14], or by Ortmann,
Bechstedt and Schmidt [15]) have been used. Actually, the LDA
cannot provide the expected r6 London dispersion interactions resulting in the lack of reliability for the predicted
hydrogen storage capacity. A reasonable distance between the
adsorbate and adsorbent cannot be obtained from the pure
GGA simulation. Unfortunately, even with the help of a
dispersion correction, the hydrogen storage uptake rate predicted from DFT calculation is almost always overestimated
due to the missing of the thermodynamic part. The QM/MD
method, e.g., Car-Parrinello molecular dynamics [16], which
looks like a good way to obtain the accurate estimation with
full thermodynamic information, is still expensive and timeconsuming for a mNT simulation. The classical force field
molecular dynamics simulation can rapidly provide an
acceptable prediction result. But an adequate force field has to
be assigned.
In order to balance the simulation speed and accuracy,
Morris' group suggested using the feature of the chemical
potentials in the equilibrium state between the in- and outside
phases to get the density distribution profile of the adsorbed
hydrogen fluid in the storage material system [17e20]. Their
researches were following the works of Patchkovskii [21] and
Cabria [22]. With this efficient continuum model, one can estimate the hydrogen uptake rate by calculating the adsorption
energies of single hydrogen molecule at several positions in
the material system. The dynamic simulation and the simulation with complicated configurations of the full hydrogen
fluid in the material are not necessary any more. The thermodynamic information and the intermolecular interactions
between the H2 molecules should be contained in the
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fugacities of the gaseous and adsorbed states. It is brilliant to
connect the quantum mechanical simulation directly with the
statistical mechanics. However, Morris' group set the fugacity
coefficients in their works [17e19] either to the unity, or to an
empirical value fitted by Shaw and Wones [23] in 1964. Obviously, the fugacity coefficients could be totally different,
especially at low temperature. Although the empirical value
for the hydrogen fluid in their work [19] seems to be close to
the experiment, the old fitting process is not reliable. Thus, we
conclude four points which should be considered: i). The numerical calculation ability was very low at half a century ago.
Moreover, this formula was obtained by fitting the “linear
portions” of the experimental curves “by eye” [23]; ii). The
experimental technique before 1964 is very limited, e.g., the
temperature and pressure control techniques. One cannot
totally trust such outdated experimental results, which are
precisely the basic data of this empirical formula; iii). This
empirical expression applies only to the hydrogen gas, and
only from 273 to 1273 K. For other non-polar particle fluids or
at a temperature below 273 K, this formula is no longer
applicable; iv). This empirical formula has less physical
meanings. On the other hand, one also need an expression for
the EOS of the hydrogen fluid. The empirical expression for
the hydrogen EOS used in Morris' works [17e19] was introduced by Mills et al. [24] in 1977, which applies only for
hydrogen fluid at high pressure from 200 to 2000 MPa. Analogously, this formula is fitted on the basis of a polynomial
model and has less physical meanings. Very recently, Morris'
group presented their predictions of the uptake rates of the
methane in nanoporous carbons [20]. In that work, the EOS
fitted by Setzmann and Wagner [25] was used to determine
the fugacity coefficients of the methane. It is worth noting that
these EOSs cannot be directly transplanted into the calculations for the other species.
The uptake rates of the hydrogen and methane fluids in the
nanoporous carbons predicted by Morris' group [19,20] with
suitable fugacity coefficients show the acceptable accuracy
with this strategy. The predicted results are around 20% less
than the experiments. Considering the variability of the
experimental pore morphology and the uncertainty of the
measurements, these theoretical estimations agree with the
experiment fairly well. The combination of the effective continuum model and the DFT calculations (with van der Waals
correction terms) is an inexpensive and accurate approach for
rational design of novel physisorption-based gas storage materials. In order to fill the only flaw of this method, which is
just the empirical expressions of the fugacity coefficients and
the EOS, we are spurred to find a way for determining the
fugacity coefficients with full physical meanings. With the
rapid development of computing ability, one can already
numerically determine the EOSs for some simple fluids with
assistance of certain intermolecular potential models. The
Lennard-Jones (LJ) potential is very simple and common. But it
is well-known that the quantum effects are remarkable for the
hydrogen fluid at low temperature. Therefore, a quantum
correction term is necessary for the LJ potential, which is
named as Feynman-Hibbs (FH) potential model. Based on such
potential models, we can write the EOS as a VE form. This
expression for the EOS now has full physical meanings. The LJ
and FH models describe only the additive particleeparticle
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interaction. For a dense fluid, the high order many-body
interaction model is needed. However, as we will show in
the text, the three-particle interaction can already be neglected if the temperature of the hydrogen fluid is above 200 K
which is already lower than the minimum temperature in the
practical applications. Another advantage is that the other
non-polar fluids can also be treated by using this method.
After that, the results can be directly used in the Morris'
strategy [17e20] to assess the gas storage capacity of a novel
material system. The details will be discussed in the main
text. Using the hydrogen fugacity coefficients determined
with our VE method, we reassess the hydrogen storage capacities of the expanded bilayer graphene systems with the
aid of the continuum model and our EOS. Our estimated
hydrogen storage capacities are close to the experimental results and more accurate than Morris' predictions.
This work is organized as follows: In section Theoretical
estimation of the fugacity coefficient, the determination process for the fugacity coefficients of a non-polar particle fluid
by using our virial expansion method is clearly explained. The
hydrogen fluid is employed as an example; In section
Prediction of the hydrogen uptake rates, we present how to
use the calculated fugacity coefficients in conjunction with
our EOS to obtain the pressure profile of the hydrogen storage
material. Whereby, the hydrogen density profile and assess
the hydrogen uptake rates of the storage material systems can
be figured out with the help of a simple integration. Different
interlayer spacings of the bilayer graphene sheets are also
considered in this section; A short conclusion is given in
section Conclusion.

Theoretical estimation of the fugacity coefficient
In a gas storage material system, the chemical potentials between the system and the environment should be equal when
reaching the equilibrium state. The fugacity of a real gas can
replace the mechanical pressure to describe the chemical
thermodynamic process as the role of an effective pressure.
The fugacity is defined based on the so-called fugacity coefficient f:
f ¼ fP;

(1)

where P is the true mechanical pressure. For an ideal gas, the
fugacity coefficient f is unity. Thus, the fugacity and pressure
are equal to each other. The fugacity coefficient can be fixed by
using Eq. (2) at particular T and P. Vm in Eq. (2) denotes the
molar volume of the real gas, and R is the Avogadro constant.
ln fðT; PÞ ¼

1
RT


ZP 
RT
Vm ðP0 Þ  0 dP0
P

(2)

0

In Eq. (2), the RTlnf(T,P) represents the contribution of nonideality to the chemical potential of the real gas.
Vm is the only uncertain quantity in Eq. (2). For a real system, it is not very easy to give out an EOS. Therefore, the VE
form is used to describe the EOS for a real system:
PVm
BðTÞ CðTÞ DðTÞ
¼1þ
þ 2 þ 3 þ /;
Vm
Vm
Vm
RT

(3)

where the B(T), C(T) and D(T) are the second, third and fourth
virial coefficients, respectively. The expansion is an infinite
series. B(T) term describes the two-body interactions, C(T)
term describes the three-body interactions, and so on. Even
though the terms above the third virial coefficient are rarely
used in chemical thermodynamics, our study still includes the
contributions until the fourth virial term to get the accurate
fugacity coefficients compared with the experimental values.
But the molar volume in Eq. (3) cannot be solved easily.
Fortunately, we can rewrite the VE for the EOS in powers of the
pressure:
PVm
¼ 1 þ B0 ðTÞP þ C0 ðTÞP2 þ D0 ðTÞP3 þ /:
RT
0

0

(4)
0

The new virial coefficients B , C and D can be fixed via
1
2
3
, Vm
and Vm
in Eqs. (3) and (4).
equating the coefficients of Vm
That gives:
B0 ðTÞ ¼

BðTÞ
;
RT

(5)

C0 ðTÞ ¼

CðTÞ  B2 ðTÞ
;
R2 T2

(6)

D0 ðTÞ ¼

DðTÞ  3BðTÞCðTÞ þ 2B3 ðTÞ
:
R3 T3

(7)

To calculate the virial coefficients, a suitable formula is
needed to describe the particleeparticle interaction. The most
popular and simple model is the LJ-potential:
 

s 12 s6

:
ULJ ðrÞ ¼ 4ε
r
r

(8)

However, the LJ-potential cannot describe the second virial
coefficient of the hydrogen fluid very well at low temperature
[26]. Therefore, A quantum correction for LJ-potential is
necessary. Feynman and Hibbs suggested an Gaussian type
effective potential (i.e., FH-effective potential) based on the LJpotential [27]. The Taylor expansion until second order for this
FH-effective potential [28] is employed in this work:
UFH
LJ ðrÞ ¼ ULJ ðrÞ þ


 2
bZ2
d
2 d
ULJ ðrÞ;
þ
24mr dr2 r dr

(9)

where b denotes the inverse of kBT, and mr is the reduced mass
of the LJ pairs. We focus on the hydrogen fluid in this work.
Thus, mr is equal to 1.6744  1027 kg [29]. Note that the
diatomic hydrogen molecule is treated here as an entity. The
other parameters for the LJ-potential are set to ε ¼ 3:160 meV
and s ¼ 2.958 Å for hydrogen molecules [29e32]. The critical
point of the normal hydrogen fluid is located at T ¼ 33.145 K,
P ¼ 1.296 MPa and r ¼ 0.0313 g/cm3 [33]. Its liquid density at
boiling point (i.e., T ¼ 20.369 K and P ¼ 101.325 kPa) is 0.07085 g/
cm3 [33].
There exist two different spin isomers of the diatomic
hydrogen molecules: parahydrogen and orthohydrogen. The
parahydrogen has two antiparallel proton spins to form a
singlet state. The orthohydrogen has conversely two parallel
aligned proton spins, wherefore a triplet state is formed. At
the ambient temperature and pressure, the hydrogen gas is
known as the normal hydrogen which contains about 25% of
the parahydrogen and 75% of the orthohydrogen. All of our
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calculations are under the assumption that the hydrogen fluid
retains the normal form. Although the ratio of the spin isomers depends on the temperature, the operating temperature
range for a hydrogen storage material is not very wide, and the
effect of the ratio change can be covered in the estimation
errors.

Second virial coefficient
The calculation of the second virial coefficient B(T) is a matter
of common knowledge in the literature [34,35]. The second
virial coefficient for a two-body potential model is given by
Z∞
BðTÞ ¼ 2p

r2 f12 dr;

(10)

0

with a Mayer-f function:

fij ¼ exp  bU rij

 1;

(11)

where U(rij) describes the two-body potential and its subscripts i and j are the labels of two particles. B(T) corresponds
to interactions of the molecule pairs.
Harvey and his coworkers [36,37] presented their calculated second virial coefficients for molecular hydrogen H2,
deuterium D2, and tritium T2, along with the mixed its isotopologues by using Path-integral Monte Carlo (PIMC) method
with the high-accuracy four- and six-dimensional (4D and 6D)
potential energy surfaces. Additionally, they used the semiclassical calculation with the 4D potential energy surface, and
the fully quantum computation for normal hydrogen from the
isotropic approximation to the 4D potential. To compare our
potential energy model with Harvey's, we plot the results of
the calculated B(T) in the top panel of Fig. 1. The solid and
dashed lines represent the results with the FH-effective potential and simple LJ-potential, respectively. The symbols
show the results from Harvey's group [36,37]. As we can see,
there is no obvious different among all methods at high
temperature, i.e., T  200 K. The FH-effective potential model
can describe the behavior of B(T) very well at very low temperature, even under the critical temperature of the normal
hydrogen fluid. The LJ-potential model, however, provides a
relatively large deviation at the temperature lower than 100 K.
This deviation points out the quantum effect of the hydrogen
molecule at low temperature. The estimated fugacity coefficients f(273 K,P) using Eqs. (2), (4) and (5) including our
calculated B(T) are plotted in the bottom panel of Fig. 1. The
circles represent the results for the empirical formula proposed by Shaw and Wones [23]. Although the B(T) from FHmodel still provides a large deviation compared with the
empirical data, the results from FH-model are much better
than those from simple LJ-potential.

Third virial coefficient
Because of the large inaccuracy of the estimated fugacity coefficients by only using B(T), the next order of the virial
expansion has to be considered. In the virial expansion form,
the third term represents the effect from the three-body
interaction. In other words, there is also non-additive

Fig. 1 e Top panel: the second virial coefficient B(T) of the
hydrogen fluid as a function of the temperature. Dashed
lines are obtained from the LJ-potential; solid lines denote
the results from FH-effective potential; symbols are
calculated by using different methods with 4D/6D
potential-energy surfaces [36,37]. Bottom panel: the
fugacity coefficient f at T ¼ 273 K as a function of the
pressure. The circles are from the empirical formula [23];
the lines describe our calculation results related to the B(T).
Dashed line is obtained from BLJ(273); solid line is from the
calculation with help of BFH
LJ ð273Þ.

interaction besides the pairwise additive interaction energy.
Therefore, the C(T) can be divided into two parts:
CðTÞ ¼ Cadd þ DC;

(12)

where Cadd denotes the contribution due to the pairwise additive potential, namely FH- or LJ-potential in this work. DC
arises due to the non-additive three-body potential. More
details about the definition of DC can be found in Ref. [38]. The
related energy difference between the two- and three-body
potential is given by
DUijk ¼ Uijk  Uij þ Uik þ Ujk :

(13)

Because of the difficulty for numerically solving the twobody term of C(T), we assume Uijk ¼ 0, and obtain the simplified form with DC ¼ 0. The form for the third Viral coefficient
can therefore be expressed as (see Ref. [38] for details)
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Z∞
CðTÞ ¼ 16p

2

Zrij
fij rij

0

Zrik
fjk rjk drjk drik drij :

fik rik
rij =2

(14)

rij rik

The results from our approximation and the other works
are plotted in the top panel of Fig. 2. The LJ-potential shows a
large deviation, especially in the low temperature region. The
performance of our FH-model at low temperature region (i.e.,
T < 200 K) is not fully satisfactory, either. Fortunately, the
functional temperature range for a hydrogen storage material
system is expected to be located above 200 K. In the range from
200 to 1000 K, the results from our FH-model agree fairly well
with the results suggested by Garberoglio [39] for parahydrogen. The deviation is lower than 10%. In details, Garberoglio worked with PIMC calculations, which were
performed in conjunction with the three-body interactions

suggested by Axilrod, Teller, Muto [40,41] (ATM) and Manzhos
et al. [42]. Even though we can only find these data for parahydrogen fluid, we believe that the comparisons with our results for normal hydrogen fluid are still meaningful. Not only
the calculations by using our models but also those by PIMC
method with only two-body potential show the same
conclusion, that the non-additive three-body potential at high
temperature provides almost no contribution to the third
virial coefficients, if we compare them with the results
considering the three-body term. It means further more that
our assumption about Uijk ¼ 0 at temperature T > 200 K for the
H2 fluid is reasonable and suitable. It is worth to note that
again, the purpose of this method is to find a way to estimate
the theoretical values of the fugacity coefficients and the EOS
of the hydrogen fluid under the condition of T  243 K in a
practical hydrogen storage system. On this premise, the nonadditive three-body potential and even higher order potentials
can be ignored because of the above discussion.
Comparing with the calculated fugacity coefficients from
B(T), the combination of B(T) and C(T) can provides better results, especially in high pressure region (as shown in the
bottom panel of Fig. 2). But, the current theoretical estimation
is still far away from the empirical points after 2000 MPa.
Hence an improving accuracy motivates us to try the higher
order of the VE to obtain a set of satisfactory results.

Fourth virial coefficient

Fig. 2 e Top panel: the third virial coefficients C(T) of
hydrogen fluid as a function of the temperature. Doted
lines are obtained from the LJ-potential for normal
hydrogen fluid; solid lines denote the results from FHeffective potential for normal hydrogen fluid; symbols are
calculated for parahydrogen fluid by using PIMC method
with two different three-body interactions (ATM and
Manzhos) and even two-body interaction by Garberoglio
[39]. Bottom panel: the fugacity coefficient f at T ¼ 273 K as
a function of the pressure. The circles are from the
empirical formula [23]; Dashed line is obtained by using
BFH
LJ ð273Þ; solid line is from the calculation with help of
FH
BFH
LJ ð273Þ and CLJ ð273Þ, together.

The fourth virial term is important only when the fluid is very
dense. As we conclude above, the non-additive three-body
interaction can already be neglected at the temperature
T > 200 K. Therefore, the non-additive four-body interaction
will also not be considered here. The numerical calculation for
D(T) even with the simple LJ-potential model is a very
complicated and tedious mission. The LJ-potential has an
attractive term and a repulsive term to represent the potential
energy between two particles. The attractive term will be
important when the distance between the particles is larger
than the balance distance. Conversely, when the distance is
shorter than the balance one, the repulsive term will play the
major role. In fact, our researched fluid is already dense
enough, so that the repulsive term is the major contribution,
and the attractive term can be discarded in this situation.
Without an attractive term, the LJ-potential degenerates into a
soft-sphere potential model. From this point, one can easily
obtain the fourth virial coefficient with the help of the reduced
~ An asymptotically consistent approximate method is
one, D.
employed:
i9
h
~ sðbεÞn1 ;
DðTÞ ¼ D

(15)

which is introduced by Barlow, Schultz, Weinstein and Kofke
~ is a function
[43], recently. The reduced virial coefficient D
only of n and is known from the literature [44e46]. The
parameter n characterizes the hardness of the particles. When
n / ∞, the soft-sphere model degenerates again into the
hard-sphere model. Note that for the small n (i.e., softer potentials), the non-monotonic coefficients can lead to a poorly
converging virial series, as emphasized by Wheatley [44]. For
~ ¼ 3:18751
this reason, we choose n ¼ 24 here, and then the D
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can be found from the work by Wheatley [44]. Using Eq. (15),
we plot the fourth virial coefficients for a soft-sphere model
with n ¼ 24 as a function of temperature in Fig. 3.
As shown in Fig. 4, the VE up to the fourth term can already
describe the fugacity coefficients (top panel) and the states of
the hydrogen gas (bottom panel), very well in ranges of the
hydrogen storage conditions. Since the empirical expression
[23] applies from 273 K to 1273 K, only the fugacity coefficients
at 273 K, 373 K and 773 K are plotted in the top panel of Fig. 4.
As shown in the bottom panel of Fig. 4, our estimated
isotherm at 100 K deviates from the reference values [24,47]
under high pressure. The reason could be the ratio of the
spin isomers. Anyhow, this temperature is far lower than the
application temperature for the hydrogen storage materials.
The isotherm at T ¼ 160 K agrees with the references [24,47]
very well. Thus, the rest higher order terms in the VE form
can be abandoned. The deviations at T ¼ 273 K between our
method and the empirical formula are all smaller than 6.2% up
to 3000 MPa. The accuracy of our VE method is therefore
acceptable. The calculated fugacity coefficients with our VE
method can be trusted for the hydrogen fluid, in range of
temperatures from 160 K to 773 K and pressures from 1 MPa to
2000 MPa.

Prediction of the hydrogen uptake rates
The determination process for the fugacity coefficients and
the EOS of the hydrogen fluid, as an example, has been discussed above clearly. We also must emphasize that our
method has a very accessible form and a wide applicability. It
could be used not only for hydrogen fluid but also for the other
non-polar particle fluids with suitable interaction parameters.
The expanded bilayer graphene sheets are employed in this
work as the example material system because of their
simplicity and high symmetry of the structures. The hydrogen
storage system could be considered as a continuum model. At
equilibrium, the chemical potentials in the adsorbed phase
and free gaseous phase (in other words, in- and outside of the
material system) should also be the same. Therefore, the

10
adsorption energy of a hydrogen molecule in this material
system, which is calculated by using quantum mechanical
method, can be introduced in the calculation as follows:

8

3

9

3

D [10 cm /mol ]

12

Fig. 4 e Top panel: fugacity coefficient as a function of
pressure at three different temperatures: 273 K (black),
373 K (ret) and 773 K (blue); lines are calculated by using
our theory; symbols are from the empirical function [23].
Bottom panel: the PV diagram for the normal hydrogen
fluid at the temperatures T ¼ 100 K (black), 160 K (red),
200 K (green), 260 K (blue), 300 K (orange), 380 K (brown)
and 773 K (violet) from bottom to top, respectively; lines are
calculated by using our EOS; hollow symbols are from the
empirical formula suggested by Mills et al. [24]; filled
symbols represent the data for parahydrogen introduced in
the work by Younglove [47]. The x-axis of the PV diagram
is on the logarithmic scale, whereas the x-axis of the inset
is normal. (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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Fig. 3 e The fourth Virial coefficient Dss(T) of the normal
hydrogen fluid determined by using a soft-sphere potential
from Eq. (15) with n ¼ 24.

i
h
fext
;
Pext exp  bEads
in
fin

(16)

where Eads
represents the adsorption energy of a single
in
hydrogen molecule inside of the storage system. The validation of the assumption that this thermodynamic expression in
Eq. (16) is accurate for the calculation of hydrogen uptake in
carbon slit pores, has been proved very carefully by using
Grand canonical Monte Carlo simulations in the work by Peng
and Morris [17]. In fact, the hydrogen storage capacities of the
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nanoporous carbons and the expanded bilayer graphene with
a series of the interlayer distances have already been reported
with the similar strategy, but under the assumption that the
fugacity coefficient is equal to unity or a empirical value
[17,19,20]. It is of course not very precise. Thus, we re-assess
the hydrogen uptake rates of the artificially expanded
bilayer graphene sheets with four different interlayer spacings of 6, 7, 8 and 9 Å to inspect the applicability of our VE
method and the whole strategy for the prediction of the
hydrogen uptake rates.

Adsorption energy calculations
To determine the pressure and the related fugacity coefficient
for the inside phase, the only unknown in Eq. (16) is the
adsorption energy Eads
in . The adsorption energy can be defined
as follows:
Eads
in ¼ Etot ðX þ H2 Þ  Etot ðXÞ  Efree ðH2 Þ;

(17)

where X denotes the hydrogen storage system, and Etot(X)
represents the total energy of the material system, Efree(H2)
points out the energy of a free hydrogen molecule, Etot(XþH2) is
the total energy of the material system X with an adsorbed
hydrogen molecule at certain position. All of the energy
quantities can be calculated by using DFT methods. In this
work, the calculations for the energy quantities are performed
by the CRYSTAL14 computer code [48], which employs
Gaussian-type functions localized at the atoms as basis for an
expansion of the crystalline orbitals. The all electron Gaussian
basis sets of triple-zeta valence with polarization quality
(TZVP) are applied, which are developed for carbon and
hydrogen atoms by Peintinger et al. [49]. A 3  3 supercell is
created in ab-plane for the expanded bilayer graphene system.
The reciprocal space integrations are performed by sampling
the two-dimensional Brillouin zone of the supercell with
96  96 Pack-Monkhorst net [50]. To get a reasonable adsorption energy, the semi-empirical dispersion correction term
suggested by Grimme [13] is also employed in our calculations.
The dispersion coefficient C6 is set to 1.75 J$nm6$mol1 for the
carbon atom as suggested in the original work by Grimme [13].
The atomic van der Waals (vdW) radius of the carbon atom R0
is set to 2.21 Å to get a reasonable interlayer distance of the
graphite. The parameters C6 and R0 for the hydrogen atom are
set to 0.14 J$nm6$mol1 and 1.20 Å, respectively. The calculations are performed with B3LYP-D2. The thresholds N (i.e., the
accuracy of the integrals 10N) in our calculations are set as 8,
8, 8, 8 and 16 for the Coulomb overlap, Coulomb penetration,
exchange overlap, the first- and second-exchange pseudooverlaps, respectively. The lattice parameters of the graphite
are a ¼ 2.450 Å and c ¼ 6.500 Å after the full geometry optimizations within B3LYP-D2. The geometric structure of the
graphite from B3LYP-D2 is acceptable with the maximum
deviations less than 4% compared with the experimental results a ¼ 2.464 Å and c ¼ 6.711 Å [51]. Considering the large
interlayer distances of our object systems (i.e., 6, 7, 8 and 9 Å
sheets separations), we chose the same lattice constant of the
single layer graphene (2.451 Å within B3LYP-D2) as the inplane lattice constant for our bilayer graphene calculations.
The thickness of the vacuum layer is set as c ¼ 500 Å to avoid

the unexpected interaction from the periodic neighbors. Not
only to simplify the prediction process, but also due to the
slight long-range dispersion interactions for the very large
interlayer spacing, the graphene sheets in our simulations are
aligned as hexagonal (AA) stacking arrangement along the caxis.

Hydrogen uptake rates
There is difference between the adsorbed and free
hydrogen molecules. However, the difference is very small
owing to the essence of the physical adsorption. Through
our calculations, the largest deviation of the Mulliken
charges of the hydrogen atoms between the adsorbed and
free hydrogen molecules is only 5.3%, in the effective
adsorption regions between the graphene sheets. This deviation could be covered by the system errors. Therefore, it
is acceptable that the ideal hydrogen model is employed
throughout the calculations. More details can be found in
the Support Information. The DFT single point calculations
are following the schema introduced in the work by Ihm
[19]. The adsorption energy is sampled along the c-axis
between two graphene layers. The distributions of the
electron and the electrostatic potential on the graphene are
heterogeneous. Therefore, the hydrogen adsorption energy
could not be uniform in the fixed plane. According to our
preliminary calculations, the lowest adsorption energy can
be obtained just above the center position of the six-ring for
a certain height, whereas the highest adsorption energy is
above the carbon atoms. Fortunately, the symmetry of the
carbon six-ring is very high. One can get the distribution
map of the adsorption energy with assistance from the
symmetry. As shown in Fig. 2 in Ref. [19], the energy differences in a plane with a fixed c-axis coordinate are not
very significant in the main region. Thus, only the center
point in the six-ring is considered in the sampling of this
work. Note that this simplify is rough, of course. However,
our purpose is to test the feasibility of our VE method by
estimating the hydrogen storage capacities. Our precalculations indicate also that the vertical hydrogen molecule to the graphene surface has the lower energy than the
parallel hydrogen molecule. The difference between them
is actually very tiny in the region with major contributions.
On this point, the Support file of the work by Ihm [19] can
also be used as reference. Therefore, as a quick test, the
energy difference caused by the orientation of the hydrogen
molecule is also neglected.
In Fig. 5, the profiles of the adsorption energies (in top
panel) and the uptake rates (in bottom panel) for four
bilayer graphene systems are presented. The circles,
squares, diamonds and triangles indicate the value for the
systems with the interlayer distances of 6, 7, 8 and 9 Å,
respectively. The general shapes of the profiles are similar
to Fig. 3 in the work by Ihm et al. [19]. But the double well
potential starts to develop already at the interlayer distance
of 8 Å. This is caused by the different treatments of the
dispersion interactions between the hydrogen molecule and
the carbon atoms introduced by Grimme [13] and Ihm [19].
This indicates that the calculation method for the determination of the adsorption energy should be chosen very
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Fig. 5 e The adsorption energy (top panel) and hydrogen
density (bottom panel) profiles in the bilayer graphene
systems with 6 Å (circles), 7 Å (diamonds), 8 Å (squares)
and 9 Å (triangles) interlayer spacings at the temperatures
298 K and the pressure 5 MPa calculated by using B3LYPD2. The positions are sampled along the c-axis, and the
zero position is defined in the middle of two graphene
layers.

carefully, before the research is indeed carried out. Different
methods for the adsorption energy calculation can bring
more than 30% departures into the final results. Fig. 6 depicts the varieties of the hydrogen uptake rates in four
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Fig. 6 e The dependency of the hydrogen uptake rates of
the bilayer graphene system on the pressure, temperature
and interlayer distance. The systems with 6, 7, 8 and 9 Å
separations are indicated by circle, diamond, square, and
triangle, respectively. The solid lines (with solid symbols),
dashed lines (with patterned symbols) and dot-dashed
lines (with hollow symbols) show the results at three
different temperatures 298, 273, 243 K. The inset
represents the picked up results of the systems at 298 K as
an example to clarify the dependency.
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bilayer graphene systems as the pressure rise. The symbols
have the same meaning as shown in Fig. 5. The solid,
patterned and hollow symbols denote the uptake rates at
T ¼ 298, 273, 243 K, respectively. The hydrogen uptake rate
increases slower as the pressure rise in the relatively large
pressure region (i.e., P > 5 MPa). As shown in Fig. 6 (more
clearly in the inset) the uptake rate increases in the large
pressure region with the increasing interlayer distance, but
the variation decreases. This means that the expanded
bilayer graphene sheets system possesses an ultimate value
for the hydrogen storage capacity. The adsorbance of the
9 Å separation exceeds it in the 8 Å system after around
3.8 MPa at 298 K, which is in accordance with the result in
the work by Ihm et al. [19]. One can also find that the lower
the temperature, the excess point of the 8 and 9 Å systems
appears at more lower pressure. Our estimated uptake rates
are all above 30% higher than Ihm's [19]. The data in Fig. 6
can also be found in Table 1. In order to compare with the
experimental results presented in the work Gallego et al.
[52], we calculate the system with 9 Å separation at 298 K
and 5, 21 MPa. The average H2 density at 298 K and 5 MPa is
around 0.024 mol$cm3, which is very close to the experimental value 0.027 mol$cm3 [52]. At 298 K and 21 MPa, our
estimated uptake rate is 3.65 wt.% for the 9 Å system with a
deviation of ~9% compared with the experimental result
[52].

Conclusion
The VE method has been used to investigate the fugacity
coefficients of the hydrogen fluid as a function of the temperature and pressure. The second and third virial coefficients have been determined based on the simple LJ- and
FH-potential models. The FH-potential can describe the
fugacity more accurate than the simple LJ-potential because
of its additional quantum correction term. To improve the
calculated fugacity coefficients, the fourth virial term has
also been involved in our calculation on the basis of a n ¼ 24
soft sphere potential model. Until the fourth order can the
VE provide a desirable results. More importantly, the results
from our VE method have full physical meanings. Via the
equilibrium of the chemical potentials between the in- and
outside phases of the hydrogen fluid as well as the definition of the fugacity, we have re-assessed the hydrogen
storage capacity of the expanded bilayer graphene sheets on
the basis of our calculated fugacity coefficients and the EOS.
The bilayer graphene sheets with an 9 Å interlayer distance
possess the relatively high hydrogen uptake rates, which
are around 3.84 wt.% and 3.65 wt.% at T ¼ 243 K, P ¼ 10 MPa
and T ¼ 298 K, P ¼ 21 MPa with B3LYP-D2 method, respectively. These results agree very well with the experimental
data contributed by Gallego et al. [52]. Compared to the
research by Ihm and his co-workers [19], our results are
accurate and reasonable. It has been proved that our VE
method can be used in predicting the hydrogen storage
capacity. We believe that our VE method also has the
vigorous potential for the predictions of the storage capacities or the select capabilities in certain material system for

10916

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n e n e r g y 4 0 ( 2 0 1 5 ) 1 0 9 0 8 e1 0 9 1 7

Table 1 e The uptake rates of four expanded bilayer graphene systems with the interlayer distances of 6, 7, 8 and 9 Å under
three typical temperatures and several appropriate pressures.
P [MPa]
6 Å

7 Å

8 Å

9 Å

243
273
298
243
273
298
243
273
298
243
273
298

K
K
K
K
K
K
K
K
K
K
K
K

0.1

1.0

2.0

5.0

8.0

10.0

15.0

20.0

1.18
1.01
0.87
1.65
1.32
1.07
1.25
0.80
0.54
0.99
0.62
0.42

1.55
1.42
1.26
2.22
1.98
1.77
2.47
2.01
1.70
2.33
1.86
1.53

1.62
1.52
1.39
2.45
2.17
1.97
2.78
2.39
2.09
2.79
2.32
1.99

1.70
1.61
1.53
2.73
2.43
2.23
3.17
2.82
2.55
3.40
2.95
2.63

1.73
1.66
1.61
2.83
2.58
2.37
3.35
3.02
2.78
3.70
3.28
2.97

1.75
1.68
1.63
2.87
2.67
2.44
3.44
3.12
2.88
3.84
3.43
3.13

1.78
1.71
1.66
2.94
2.78
2.58
3.60
3.29
3.06
4.10
3.71
3.42

1.81
1.73
1.68
3.01
2.85
2.71
3.71
3.41
3.19
4.28
3.90
3.62

other non-polar particle fluids, e.g., noble gases, methane,
nitrogen, oxygen and so on.
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