PHYSICAL REVIEW B 78, 075415 (2008)

Hydrogen storage capacities of nanoporous carbon calculated by density functional
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The hydrogen storage capacities of nanoporous carbons, simulated as flat graphene slit pores, have been
calculated using a quantum-thermodynamical model. The model is applied for several interaction potentials
between the hydrogen molecules and the graphitic walls that have been generated from density functional
theory (DFT) and second-order Mgller-Plesset (MP2) calculations. The hydrogen storage properties of the
pores can be correlated with the features of the potential. It is shown that the storage capacity increases with
the depth of the potential, D,. Moreover, the optimal pore widths, yielding the maximum hydrogen storage
capacities, are close to twice the equilibrium distance of the hydrogen molecule to one graphene layer. The
experimental hydrogen storage capacities of several nanoporous carbons such as activated carbons (ACs) and
carbide-derived carbons (CDCs) are well reproduced within the slit pore model considering pore widths of
about 4.9-5.1 A for the DFT potential and slightly larger pore widths (5.3—5.9 A) for the MP2 potentials.
The calculations predict that nanoporous carbons made of slit pores with average widths of 5.8—6.5 A would
yield the highest hydrogen storage capacities at 300 K and 10 MPa.
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I. INTRODUCTION

The targets of the hydrogen storage capacities for the year
2010 that would permit the use of hydrogen as a fuel in
on-board automotive applications are at least 6% of the stor-
age system weight and more than 0.045 kg of hydrogen per
liter.!> With these targets fulfilled, the hydrogen cars would
have the same autonomy range as that of the present gasoline
cars. One of the proposed ways to store hydrogen is based on
the physisorption of molecular hydrogen on low weight ma-
terials with a large specific surface area, such as carbon
nanotubes (CNTs) and porous carbons. Recent reviews>™
concluded that the hydrogen storage capacity of CNTs is
very small (less than 1 wt %) at room temperature and mod-
erate pressures and that CNTs are not superior to other car-
bon nanostructures for hydrogen storage. Theoretical calcu-
lations yield binding energies of H, on graphite, graphene 5~
and CNTs (Refs. 8 and 10-14) between 70 and 100 meV, in
reasonable agreement with the experimental results, which
have a large dispersion of values, between 20 and 110
meV.'5-18 A guide to designing graphitic materials that would
reach the hydrogen storage targets is provided by the ther-
modynamical analysis of Li et al.'> They estimated that a
binding energy of 300-400 meV/molecule would be required
for reversible adsorption/desorption at room temperature and
normal pressures.

Nanoporous carbons are promising materials for hydrogen
storage due to their porosity, low weight, and large specific
area, and recent experiments confirmed this expectation.!*~2°
In a previous paper’*3! we investigated the hydrogen storage
capacity of nanoporous carbons®>33 by applying a quantum-
thermodynamical model.>*3* The nanopores were simulated
as graphene slit pores consisting of two parallel flat graphene
layers separated by a certain distance or width. The interac-
tion potential between a hydrogen molecule and a graphene
layer was generated from density functional theory (DFT)
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calculations using the local-density approximation (LDA).%
The quantum-thermodynamical model explains the experi-
mental storage capacities of activated carbons (ACs) (Refs.
20 and 26) and carbide-derived carbons (CDCs) (Refs. 19,
23, and 24) and allows making interesting predictions about
the optimum nanopore size.

Clearly, the results of the quantum-thermodynamical
model depend on the interaction potential between the hy-
drogen molecules and the pore walls. However, it is not easy
to guess a priori the effect that changing the interaction po-
tential will produce in the predicted storage capacities of the
pores. In this paper we analyze different models for the in-
teraction potential and the corresponding storage capacities.
A useful approach for calculating the potential energy of the
hydrogen molecule inside the slit pore consists of summing
up the interaction potentials of the molecule with each indi-
vidual graphene layer. This is the additive approach that has
to be compared with the exact procedure, in which the po-
tential energy is calculated directly for the hydrogen mol-
ecule inside the slit pore interacting with the two graphene
walls at the same time. In Sec. II we compare the results
obtained with the additive approach and the exact procedure
using in both cases the DFT-LDA formalism to calculate the
potentials. On the other hand, there is some debate in the
scientific community concerning the description of weak in-
termolecular interactions using DFT methods. This applies,
in particular, to the description of the adsorption of molecu-
lar hydrogen on graphitic surfaces. To shed some light on
this debate, we have compared the interaction potentials be-
tween H, and graphene calculated using the DFT-LDA ap-
proach and the quantum-mechanical second-order Mgller-
Plesset (MP2) method.’® These potentials are then used in
the thermodynamical model and the predicted hydrogen stor-
age capacities are compared and discussed in Sec. III. The
two models are also compared with the experimental hydro-
gen storage capacities of ACs and CDCs. We finish with the
conclusions in Sec. I'V.

©2008 The American Physical Society
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FIG. 1. (Color online) Potential energy of a hydrogen molecule
inside a slit pore of 5 A width as a function of the distance between
the molecule and the left wall. The exact potential and the additive
approach are calculated using the DFT-LDA formalism.

II. ADDITIVE APPROACH

A carbon slit pore consists of two parallel flat graphene
layers at a distance d. The interaction potential felt by a
hydrogen molecule inside the slit pore can be approximated
by the sum of the interactions of the molecule with each of
the pore walls, independently. This is called the additive ap-
proach. For a molecule inside the slit pore at a distance z
from the first graphene layer and at a distance d—z from the
second layer, the additive potential is given by V(z)+V(d
—z), where V is the interaction potential with one graphene
layer. Note that the potential V is calculated only once and
can be used for pores of any width. This additive approach
was used in Refs. 30 and 34. The exact potential, on the
other hand, is obtained from calculations in which the mol-
ecule interacts with the two pore walls at the same time, and
it has to be recalculated for each pore width d. The additive
approach is expected to be very accurate for large pores in
which the two graphene layers are far apart. However for
smaller pore sizes (on the order of two times the equilibrium
distance of the hydrogen molecule to one graphene layer),
the additive approach is less accurate since the two layers
begin to interact and the presence of one wall modifies the
interaction of the hydrogen molecule with the other wall, and
vice versa.

Figure 1 shows the exact and the additive potential ener-
gies of a hydrogen molecule inside a slit pore of 5 A width.
Both potentials have been calculated using the DFT-LDA
formalism® as implemented in the DACAPO code.’”3® The
two graphene layers of the slit pore are placed on registry
and the hydrogen molecule is placed above the center of a
carbon hexagon of one of the graphene layers with the mo-
lecular axis perpendicular to the graphene plane. For this
narrow pore, the two potentials have a single minimum at the
center of the slit pore. The potential depths are 0.121 and
0.131 eV/molecule for the exact and additive potentials, re-
spectively. The difference between the exact and the approxi-
mated potentials is significant only in the range of distances
z=2.25-2.75 A and decreases very fast when the molecule
departs from the center of the slit pore, as can be seen in
Fig. 1.
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FIG. 2. (Color online) Excess volumetric (in kilograms of hy-
drogen per liter) and gravimetric (in hydrogen weight percent of
total weight of the storage system) hydrogen storage capacities of
carbon slit pores of 5 A width at 77 and 300 K as a function of
pressure. Comparison of the results obtained using the additive ap-
proach and the exact interaction potentials.

We have applied the quantum-thermodynamical model in-
troduced in Ref. 30 to calculate the hydrogen storage capac-
ity of the 5-A-wide slit pore. Each of the two DFT-LDA
interaction potentials, the exact and the additive, shown in
Fig. 1, are used in the first step of the thermodynamical
model to calculate the quantum states of the hydrogen mol-
ecule inside the pore. Then, the equilibrium constant between
the hydrogen physisorbed and the nonadsorbed molecules
(compressed externally) is obtained from the quantum states
of the molecule. Finally, the gravimetric and volumetric ca-
pacities are calculated from the equilibrium constant and the
equation of state of hydrogen. Figures 2 and 3 compare the
storage capacities of the 5-A-wide slit pore as a function of
external pressure and temperature, respectively, obtained us-
ing the exact and additive potentials. The differences be-
tween the results of the two potentials are very small. The
largest relative difference of about 20% appears in the region
of low temperatures and low pressures. Our conclusion is
that the additive approach is sufficiently accurate compared
to the exact potential and can be used to predict the storage
capacity of nanoporous carbons.

III. MP2 AND DFT INTERACTION POTENTIALS

There is some debate about the use of DFT methods for
investigating the physisorption of molecular hydrogen on
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FIG. 3. (Color online) The same as Fig. 2 at pressures of 0.1 and
10 MPa and as a function of temperature.

graphitic-type surfaces. It is known that the usual DFT ap-
proximations [LDA, generalized gradient approximation
(GGA)] do not include explicitly the long-range dispersion
forces. However, there is evidence that the LDA reproduces
reasonably well the potential-energy curve around the equi-
librium separation for the interaction between two graphitic
systems® or between molecular hydrogen and a graphitic
wall.%!" The LDA binding energy arises in those cases from
exchange-correlation effects between the overlapping elec-
tron densities and from a small redistribution of the elec-
tronic density.®!! Although the dispersive long-range limit of
the interaction potential is not captured by the LDA, this is
not a big drawback when investigating the adsorption of H,
molecules since only the values of the interaction potential
around the equilibrium configuration are relevant. This ex-
plains the success of the DFT-LDA formalism in investiga-
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FIG. 4. (Color online) Interaction potentials V(z) of a single
hydrogen molecule with benzene, C¢Hg, and coronene, C,4H 5, cal-
culated using the high level MP2 method (Refs. 41 and 42, respec-
tively), and interaction potential between a hydrogen molecule and
a graphene layer, calculated using the DFT-LDA formalism. The
potentials are given as a function of the distance z between the
hydrogen molecule and the plane of the graphene (benzene,
coronene).

tions of the hydrogen physisorption in carbonaceous materi-
als. Previous studies®®!-1% showed that the LDA predicts
the adsorption energies of H, on the surface of graphite and
carbon nanotubes in reasonable agreement with
experiments.”>'® On the other hand, the quantum-
mechanical MP2 and coupled cluster (CC) methods take into
account the dispersion forces and, for this reason, are usually
considered as more accurate than DFT for studying phys-
isorption problems. The disadvantage of the MP2 and CC
methods is that they require much more memory resources
and computation time than DFT. Therefore, they can be ap-
plied only to small systems. In an excellent paper Zhao and
Truhlar*® calculated the weak interactions in 28 small sys-
tems composed by couples of small molecules and/or atoms
such as (NH3)2, (HF)z, C2H4' N 'Fz, HCI-- 'st, CH4 . 'Ne,
and C¢Hg---Ne, among others. The authors compared the
results of 44 different DFT functionals and the results of the
MP2 method and concluded that the DFT methods are valid
tools for studying weak interactions.*

Since the MP2 method is too expensive to be applied to
large systems, some cluster models such as benzene and the
C,4H;, planar coronene are usually considered to mimic an
infinitely large graphene layer. Several authors’**!' calcu-
lated, using the MP2 methodology, the interaction of one

TABLE 1. Potential depth D, (in ¢V) and equilibrium distance r, (in A) of molecular hydrogen phys-
isorbed on graphitic walls as calculated from the DFT H,-graphene, MP2 H,-coronene, and MP2 H,-benzene
potentials. The optimal slit pore width dyy (in A) for hydrogen adsorption and the corresponding maximum
volumetric v, (in kg H,/L) and gravimetric g. (in wt %) storage capacities are given for those potentials at
a pressure of 10 MPa and temperatures of 77 K and 300 K.

77 K, 10 MPa 300 K, 10 MPa
Type De e Ue dopt Ue 8c
DFT H,-graphene 0.089 2.80 0.097 5.8 0.043 3.19
MP2 H,-coronene 0.064 3.00 0.090 6.4 0.025 2.09
MP2 H,-benzene 0.052 3.10 0.083 6.5 0.015 1.28
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FIG. 5. (Color online) Excess hydrogen volumetric and gravi-
metric storage capacities of carbon slit pores of 6 A width as a
function of the external pressure. The solid, dotted, and dashed lines
correspond to the results obtained using the MP2 H,-benzene, the
MP2 H,-coronene, and the DFT H,-graphene interaction potentials,
respectively, introduced in Sec. IIL.

hydrogen molecule with benzene. The H, molecule was
placed above the center of the hexagonal C ring of benzene
with its axis perpendicular to the ring. The MP2 calculations
by Donchev*!' were performed using the aug-cc-PVTZ basis
functions for all the atoms and corrected for the basis set
superposition error (BSSE). The interaction potential as a
function of the distance between the two molecules, MP2
H,-benzene potential, is given in Fig. 4. Okamoto and
Miyamoto’ compared DFT-LDA and MP2 calculations of
the adsorption of a hydrogen molecule on the C,Hi;
coronene. The two sets of results were in good agreement,
giving a binding energy of 0.086 eV/molecule at an equilib-
rium distance of 3 A, but the MP2 calculations ignored the
BSSE. Ferre-Vilaplana*? performed analogous MP2 calcula-
tions correcting the energies by BSSE (Ref. 43) and found a
binding energy of 0.037 eV/molecule and an equilibrium
separation of 3.2 A. However, using a basis set of higher
quality, the aug-cc-PVTZ basis functions for the hydrogen
molecule and the six closest carbon atoms and cc-PVTZ ba-
sis functions for the rest of atoms, he obtained a binding
energy of 0.064 eV/molecule at the equilibrium separation of
3.0 A. We call this last high quality MP2 interaction poten-
tial between the H, molecule and the coronene, the MP2
H,-coronene potential. This potential is plotted in Fig. 4.
The accuracy of the MP2 results depends on details of the
calculations such as the selected basis set and the BSSE
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FIG. 6. (Color online) Excess hydrogen volumetric and gravi-
metric storage capacities of carbon slit pores of 6 A width as a
function of temperature. The solid, dotted, and dashed lines corre-
spond to the results obtained using the MP2 H,-benzene, the MP2
H,-coronene, and the DFT-LDA H,-graphene interaction potentials,
respectively, introduced in Sec. III. The upper curves give the stor-
age capacities at a pressure of 10 MPa and the lower curves at 0.1
MPa.

corrections. The MP2 calculations selected here for the inter-
actions between H, and benzene*' and between H, and the
coronene*? are of high accuracy. One should bear in mind,
however, that these potentials are obtained for model systems
and not for the graphene layer. Nowadays a MP2 calculation
for H, interacting with an infinite graphene layer is practi-
cally unfeasible because of the high memory resources and
computation time required.

DFT-GGA calculations using the PW91 functional* per-
formed by Tada et al.*® yielded repulsive interactions be-
tween H, and a graphene layer and also between H, and a
(6,6) nanotube. However, in previous papers'"!>!4 we
showed that the DFT-LDA formalism leads to adsorption
binding energies of H, on the external surface of carbon
nanotubes consistent with the MP2 results. The hydrogen
adsorption energy on a (4,4) nanotube is about 80 meV/
molecule. We have calculated the interaction potential be-
tween H, and a graphene layer using the DFT-LDA formal-
ism. We name it the DFT H,-graphene potential and plot it in
Fig. 4. Comparison of the three potentials plotted in Fig. 4
shows that the potential-well depth D, increases from MP2
H,-benzene to MP2 H,-coronene to DFT H,-graphene,
whereas the equilibrium potential distance r, decreases in the
same sequence. The values of D, and r, for the three poten-
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FIG. 7. (Color online) Excess hydrogen volumetric and gravimetric storage capacities of carbon slit pores as a function of pore width.
The circles, squares, and diamonds correspond to the results obtained using the MP2 H,-benzene, the MP2 H,-coronene, and the DFT
H,-graphene interaction potentials, respectively, introduced in Sec. III. The left panels give the storage capacities at 10 MPa and 77 K and

the right panels those at 10 MPa and 300 K.

tials are given in Table I. Obviously, the differences between
the potentials will have consequences in the hydrogen stor-
age properties of slit pores calculated using those potentials.

For the range of molecule-plane distances of interest for
our calculations, the H-H bond length remains unaltered by
the interaction with the graphitic surfaces. Actually, in a pre-
vious work!! we found that for molecule-surface distances
larger than 1.62 A there is practically no relaxation of the
bond length of the H, molecule.

IV. MP2 AND DFT HYDROGEN STORAGE CAPACITIES
A. Comparison of the theoretical capacities

In this subsection we compare the slit pore hydrogen stor-
age capacities predicted by the quantum-thermodynamical
model described in Sec. II using the two MP2 and the DFT-
LDA interaction potentials between H, and graphitic walls
introduced in Sec. III. For the three potentials we use the
additive approach, V(z)+V(d-z), to calculate the potential
energy of a hydrogen molecule inside the slit pore. The volu-
metric and gravimetric capacities of slit pores of 6 A width
are shown in Figs. 5 and 6 as a function of external pressure
and temperature, respectively. The three potentials yield the
same overall shape of the hydrogen storage capacities as a
function of external pressure and temperature. Figure 5
shows that, as expected, the hydrogen storage capacities are

increasing functions of the external pressure. One should
note, however, that at low temperatures (7=77 K) the stor-
age capacities saturate and tend to a constant value already
for moderate pressures (~1 MPa), in agreement with the
experimental results.2® In contrast, at room temperature the
capacities do not saturate and become almost linear functions
at pressures of about 4 MPa. On the other hand, the storage
capacities decrease with increasing temperature, as shown in
Fig. 6. At atmospheric pressure (0.1 MPa) the decrease is
quite steep, whereas at high pressure (10 MPa) the capacities
decrease almost linearly with temperature. At room tempera-
ture (300 K) and atmospheric pressure (0.1 MPa), the storage
capacities are very small. The highest storage capacities are
obtained at low temperature (77 K) and high pressure (10
MPa).

The DFT-LDA based potential produces higher storage
capacities than the two MP2 based potentials. This correlates
with the larger binding energy of H, to the graphitic wall
obtained with the DFT-LDA formalism. The differences be-
tween the hydrogen storage capacities obtained with the
DFT-LDA and the two MP2 potentials increase linearly with
the external pressure at 300 K but are almost constant at 77
K (0.01 kg Hy/L and 0.6 wt % differences between the
DFT H,-graphene and the MP2 H,-coronene results and
0.02 kg H,/L and 1.2 wt % differences between the DFT
H,-graphene and the MP2 H,-benzene results). At a pressure
of 10 MPa the differences are larger (by a factor of about
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FIG. 8. (Color online) Excess hydrogen gravimetric storage capacities of two samples of ACs (named KUAI and KUAS5) measured by
Jordéd-Beneyto et al. (Ref. 26) as a function of pressure at 298 K (left panels) and 77 K (right panels). The theoretical capacities for those
slit pore widths that fit the experiment better are plotted for each of the three interaction potentials investigated in this paper in the different

panels.

1.5) for 300 K than for 77 K, and those differences as a
function of temperature are larger at 0.1 MPa than at 10
MPa.

It is interesting to investigate the dependence of the hy-
drogen storage capacities on the slit pore width d. Figure 7
shows for a pressure of 10 MPa and the temperatures of 77
and 300 K that the three interaction potentials considered
lead to a similar behavior of the capacities as a function of
pore width, although differences in the absolute capacities
are apparent. At 300 K both the volumetric and the gravimet-
ric capacities exhibit a maximum as a function of pore width.
However, at low temperatures (77 K) only the volumetric
capacity has a maximum, whereas the gravimetric capacity is
an increasing function of the pore width. The position of the

maxima correspond to the optimal pore widths d, for hy-
drogen storage under the given conditions. This optimal pore
width d, is sensitive to the interaction potential used in the
calculations. The maximum volumetric capacity at 300 K
and 10 MPa is obtained for pore widths of 5.8, 6.4, and
6.5 A for the DFT H,-graphene, MP2 H,-coronene, and
MP2 H,-benzene potentials, respectively. The maximum
gravimetric capacities are reached for pore sizes 0.1 A larger
than those corresponding to the maximum volumetric capaci-
ties. At 77 K and 10 MPa the volumetric capacities reach a
maximum at pore widths of 6.0, 6.6, and 6.7 A for the pre-
vious potentials, respectively. The differences between the
storage capacities obtained with the DFT-LDA and the two
MP2-type interaction potentials are larger at high tempera-
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ture (300 K). The data of the optimum pore widths and the
corresponding maximum storage capacities are compiled in
Table 1.

The optimal pore width is a little larger than two times the
equilibrium distance r, of hydrogen to the graphitic wall for
the corresponding interaction potential. This indicates that
for the pore width d,, the hydrogen molecules are optimally
encaged within the pore. That is, they maximize their inter-
actions with the two walls of the pore. Increasing the pore
width above d,, reduces the interaction of the hydrogen mol-
ecules with the pore walls, and eventually the molecules in-
teract mainly with one of the walls of the pore. At high (300
K) temperatures, the hydrogen uptake in the pore soon
reaches a saturation value (corresponding to the hydrogen
uptake in the isolated walls). Therefore, the volumetric ca-
pacity decreases with increasing pore width due to the linear
increase in the pore volume. The behavior at low (77 K)
temperature is different. Despite the lowering of the interac-
tion energy with increasing pore width, the gravimetric ca-
pacity increases. This is because the thermal energy of the
molecules is small. Therefore, as the pore width increases,
more and more molecules adsorb in the pore walls under the
action of the interaction potential and the external pressure.
The increase in the amount of adsorbed hydrogen tends to
compensate the linear increase in the pore volume and, as a
result, the volumetric capacity first decreases and then recov-
ers to a constant value smaller than the maximum capacity.

We have shown in this subsection that the volumetric and
gravimetric hydrogen storage capacities of slit pores depend
on which interaction potential between the hydrogen mol-
ecules and the graphitic walls is used in the calculations. The
highest capacities are obtained for the DFT H,-graphene po-
tential and the smallest ones for the MP2 H,-benzene poten-
tial. For each potential, the maximum capacity is reached for
pores with the optimal width d,. The optimal width follows
the same trend as the equilibrium distance r, of the potential:
It has the smaller value for the DFT H,-graphene potential
and the largest value for the MP2 H,-benzene potential (see
Table I). On the other hand, the maximum storage capacities
are proportional to the potential-well depth D,. Qualitatively
one can understand the dependence of the storage capacities
on the D, and r, parameters of the interaction potential of
hydrogen with a graphitic wall. A deeper potential well leads
to a stronger interaction. The quantum-mechanical molecular
levels in a deeper potential (assuming similar width) are
more profound. Therefore, the equilibrium of the adsorbed
molecules in that potential with the externally compressed
gas displaces toward the adsorbed phase giving rise to higher
storage capacities.

B. Comparison with experiments

Challet et al.>® measured the hydrogen storage capacity of
activated carbons with an average porous size of about 5 A.
At 77 K and saturation pressure (about 3 MPa), they found a
gravimetric capacity of almost 2.5 wt %. The quantum-
mechanical calculations of slit pores match this experimental
value considering pore widths of 4.95, 5.35, and 5.5 A for
the DFT H,-graphene, MP2 H,-coronene, and the MP2
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FIG. 9. (Color online) Excess hydrogen gravimetric storage ca-
pacity of CDCs derived from TiC measured by Gogotsi et al. (Ref.
23) as a function of pressure at 77 K. The theoretical capacities for
those slit pore widths that fit the experiment better are plotted for
each of the three interaction potentials investigated in this paper in
the different panels.

H,-benzene potentials, respectively. This result seems to in-
dicate slightly better agreement of the DFT H,-graphene
model with this experiment.

The gravimetric storage capacities measured by Jorda-
Beneyto et al.? for two samples of activated carbons, named
KUAT1 and KUAS, as a function of pressure at 7=77 and 298
K are given in Fig. 8. Independent measurements by Terrés
et al* and Panella et al.,”> among others, on different
samples of activated carbons lay between the experimental
curves for the samples KUAI and KUAS5 given in the figure.
The experimental capacities are compared with the calcu-
lated capacities within the slit pore model for the DFT
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H,-graphene, MP2 H,-coronene, and the MP2 H,-benzene
potentials in different panels of Fig. 8. Since the pore size of
the experimental samples is not known, the theoretical ca-
pacities are plotted for each potential for those values of the
pore width that adjust better to the experimental curves. The
experiments are well reproduced using pore widths between
49 and 59 A. Figure 9 shows the comparison of the
experimental?® and the calculated gravimetric storage capaci-
ties at 77 K of CDCs obtained from TiC. The theoretical
results are plotted for the two values of the pore width that fit
the experiment better for each of the three potentials. The
values of the pore width that adjust the experiment are simi-
lar to those obtained for CDCs. One should note, however,
that the different potentials produce pore widths that are a
little different. The DFT H,-graphene potential, which is the
strongest potential and has the smallest equilibrium distance
r,, predicts the smallest pore sizes of the samples. One has to
take into account also that the real porous carbons, ACs and
CDCs, contain pores of different shapes (planar, cylindrical,
spherical, and others) and sizes. These effects should be con-
sidered to obtain better theoretical estimations of the storage
capacities of nanoporous materials.

V. SUMMARY AND CONCLUSIONS

We have calculated the hydrogen storage capacities of
nanoporous carbons applying a quantum-thermodynamical
model to graphene slit pores®®3 that simulate the pores in
the material. The model depends on the interaction potential
between the hydrogen molecules and the graphitic walls of
the slit pore. The DFT-LDA approach for describing the in-
teraction of molecular hydrogen with a graphene layer, DFT
H,-graphene potential, is compared with the potentials ob-
tained using the MP2 methodology between H, and
benzene,*! MP2 H,-benzene, and between H, and the Cp,H,
coronene,*> MP2 H,-coronene. The DFT-LDA formalism
leads to a deeper potential well and a smaller equilibrium
distance of H, to the graphitic wall than the two MP2 poten-
tials. The additive approach for the potential, consisting of
calculating the interaction potential of the H, molecules
within the slit pore as the sum of the interactions with each
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wall separately, has proved to be quite accurate even for
narrow (~5 A) pores.

The three potentials investigated lead to hydrogen storage
capacities of the slit pores that are increasing functions of the
external pressure at room temperature. At low temperature
(~77 K), the storage capacities saturate at moderate pres-
sures, in agreement with the experimental results. The high-
est hydrogen storage capacities of the slit pores are obtained
for the DFT H,-graphene potential and the smallest ones for
the MP2 H,-benzene potential. This result shows that the
storage capacity increases with the well depth D, of the in-
teraction potential between H, and the pore walls. The opti-
mal pore widths, yielding the maximum hydrogen storage
capacities at 300 K and 10 MPa, are rather similar, 5.8, 6.4,
and 6.5 A for the DFT H,-graphene, MP2 H,-coronene, and
MP2 H,-benzene potentials, respectively. Those widths are
close to twice the equilibrium distance of the hydrogen mol-
ecule to a graphene layer, for the corresponding potential.

The experimental hydrogen storage capacities of activated
carbons?%-2226 and carbide-derived carbons?® are well repro-
duced within the slit pore model. The DFT H,-graphene po-
tential predicts, in agreement with the available experimental
data®® on nanoporous carbons, pore widths of about
4.9-5.1 A. The MP2 potentials predict pore widths that are
a little larger (about 5.3-5.9 A) for the same materials.
However, according to our calculations, the pores that would
yield the maximum storage capacities are a little larger than
those of the carbon materials used in the experiments. There-
fore, our results suggest that by gaining control on the shape
and size of the pores in nanoporous carbons, it would be
possible to optimize (increase) the storage capacity of those
materials.
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