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drawbacks. Many research efforts are devoted to a third type
of storage: on solid materials. Storage of hydrogen on solid
materials can be achieved via chemisorption or physisorption.
Light metal hydrides store hydrogen through the chemisorp-
tion process. These materials have high hydrogen storage
capacities, but slow sorption kinetics and high decomposition.
Different methods have been studied to overcome these

Introduction

An alternative fuel to the fossil fuels used in the motor vehi-
cles is hydrogen. This fuel can be stored in tanks either as
compressed gas at high pressures or liquefied under cryogenic
temperatures. These types of storage are expensive and have
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disadvantages [1—9]. The storage through the physisorption
mechanism has been widely investigated on porous solid
materials, such as metal-organic frameworks (MOFs) [10—13],
covalent organic frameworks (COFs) [14—17], organic poly-
mers [18—21] and nanoporous carbons [22—26]. A promising
group of porous materials are the nanoporous carbons. These
materials have low densities, high porosities, high specific
surface areas and nanometer size pores. This group includes
activated carbons, carbon nanofibers, carbide-derived car-
bons, schwarzites, carbon nanofoams, carbon nanohorns,
carbon nano-onions, carbon nanotubes, etc.

Theoretical simulations of the hydrogen storage ca-
pacities of nanoporous carbons have been performed to
understand the experimental results and to predict/design
new carbon-based materials [27—46]. These simulations
require an accurate description of the interaction of a H,
molecule with the graphitic-like surfaces of these mate-
rials. The hydrogen storage capacity of nanoporous car-
bons depends mainly on the interactions around the
binding region of the interaction potential energy curve
V(z), where z is the molecule-surface distance, but also on
the tail region, the region far from the carbon surface
[39—42]. The interaction between a hydrogen molecule and
a surface is dominated by the dispersion forces, which are
accurately described by high level quantum chemistry
methods such as the CCSD(T) method [47]. However, those
methods are computationally very expensive and not
practical for large systems and massive calculations. DFT-
based methods that include the dispersion interactions at
different levels of complexity are less accurate, but they
are computationally less expensive and more practical.
The use of those DFT-based methods, instead of the high
level quantum chemistry methods, implies to reach a
balance between accuracy and computer time and
resources.

There is a lack of comprehensive comparisons in the
scientific literature of the hydrogen storage capacities of
nanoporous carbons obtained with DFT functionals and high
level quantum chemistry methods. The studies involved
only a few DFT functionals or high level methods [31,39—46],
but they were not systematic and did not study the inclusion
of the dispersion interactions at different levels of
complexity. A more comprehensive comparison of the
hydrogen storage capacities obtained with the DFT-based
methods that include the dispersion interactions, espe-
cially the recent non-local functionals, and those obtained
with high level methods, such as CCSD(T), is necessary. The
present research is a comparison of the 14 most popular
DFT-based methods that include dispersion interactions to
assess their performance to simulate accurately the volu-
metric storage capacities of nanoporous carbons and the
effect of including the dispersion interactions. The MP2
method and three DFT-based methods that do not include
the dispersion interactions are also included in the
comparison.

Experimental results of the hydrogen storage capac-
ities, the hydrogen adsorption energies, etcof nanoporous
carbons vary greatly, because the pores and surfaces of
each material are very different. The theoretical results
also vary greatly, depending on the model used to

simulate the nanoporous carbon, and on the theoretical
method. Hence, to clarify matters, two very specific
models of nanoporous carbons have been chosen: the
benzene and graphene slit pores. Calculations of the
volumetric hydrogen storage capacities of nanoporous
carbons, simulated as benzene and graphene slit pores,
have been carried out in the present research, using a
quantum model of the thermodynamic equilibrium of the
two phases of hydrogen molecules inside pores [41—45],
and the interaction potential energy curves V(z) of H, on
two different graphitic-like surfaces, benzene and gra-
phene, obtained with the DFT-based methods and the
CCSD(T) and MP2 methods. It should be remarked that the
CCSD(T), MP2 and DFT storage capacities are calculated by
this quantum model in an indirect way, through the
interaction potential energy curves V(z) obtained with
these methods.

The quantum-thermodynamic, QT, model has been
applied to different types of carbon-based nanopores [41—45]
and uses the interaction potential energy between a
hydrogen molecule and the surface of the pore. Except the
interaction potential energy curves of H, on graphene ob-
tained with VWN and PW91, the rest of the interaction po-
tential energy curves were published in a previous paper [29].
CCSD(T) and MP2 were used to calculate V(z) only on benzene.
The calculations of V(z) that were done with basis sets,
included the correction of the basis set superposition error,
BSSE. The calculations of H, on graphene performed with the
VWN and PW91 functionals were done in the same conditions
as the calculations performed and published with another
functionals [29].

To evaluate the effects of the dispersion interactions
on the volumetric capacities as a function of the pressure,
temperature and pore width, the theoretical volumetric
capacities obtained with the QT model and with the MP2
and 17 DFT-based methods are compared with the ca-
pacities obtained with the high precision CCSD(T) method,
in the case of benzene slit pores, and with experiments in
the case of graphene slit pores. A quantitative estimation
of the error of the theoretical volumetric capacities ob-
tained with the QT model has been also carried out. Pre-
vious investigations of the storage capacities obtained
with CCSD(T), MP2 and some DFT-based methods did not
include an estimation of the error of the calculated ca-
pacities [31,39—45]. These comparisons and estimations of
errors also allows us to find out which DFT-based
methods yield the most accurate volumetric capacities.

The sections of this paper are organized as follows. In
section 2 the QT model is explained, together with the
geometry of the slit pores. Section 3 consists on explain-
ing the calculation of the errors of the QT model. Section
4 is devoted to the selected reference volumetric capac-
ities, used to calculate the errors. Section 5 consists on
the comparison and discussion of the volumetric capac-
ities of benzene and graphene slit pores obtained by
means of the QT model and using 17 DFT-based methods,
and the CCSD(T) and MP2 methods. The errors of the
theoretical volumetric capacities are discussed in Section
6. The conclusions of the comparison are presented and
summarized in the last section.
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Methodology: the quantum-thermodynamic, QT,
model

Phases of hydrogen inside a pore

The basis of the quantum-thermodynamic, QT, model is the
equation of the thermodynamic equilibrium between the
adsorbed and compressed phases of hydrogen inside a pore.
The compressed phase is also called bulk gas and free gas
phase throughout the scientific literature. The amount of
hydrogen adsorbed on the surface of the pore is determined by
the thermodynamic equilibrium between the two phases, at a
given temperature and external pressure.

Fig. 1is a depiction of the two phases of hydrogen inside a
pore. The adsorbed phase is the sum of the blue and purple
regions and the compressed phase is the red region. The
masses of the phases are not proportional to the areas of Fig. 1.
The compressed phase is composed by molecules that do no
interact with the surfaces of the pores and only interact with
other molecules [48—50]. The adsorbed phase is composed by
molecules physisorbed on the surface of the pores (the blue
and purple regions in Fig. 1). The molecules of the purple mass
are normally present in the compressed phase in the volume
occupied by the adsorbed phase. The molecules of the blue
mass are not present in the compressed phase and they are
called the molecules of the excess mass.

The volumetric capacities of these phases and of the stored
hydrogen are calculated using the QT model. The original
model used the ideal gas equation of state, EOS [45], and the
revised model uses the Mills-Younglove EOS [44]. Avdeenkov
etal. have published recently a similar model that shows quite
similar results to the revised model [31].

Geometry of the pores: benzene and graphene slit pores

The geometry of the pore is an important part of the QT
model. Different shapes of pores: cylindrical, spherical and
planar-parallel or slit, have been studied within the QT model
[41-45].

Many regions of the nanoporous carbons are flat graphitic-
like surfaces parallel to each other and separated by a few
nanometers, as reported by experiments [51]. Those regions
are called slit pores. Therefore, the pore geometry most used
to simulate nanoporous carbons is the slit pore: two infinite

Mass compressed gas

Mass adsorbed normally present
in the compressed gas

Excess mass adsorbed

Fig. 1 — Depiction of the masses of the adsorbed and
compressed phases of H, gas inside a slit pore. The masses
are not proportional to the region areas.

parallel graphitic-like flat surfaces separated a certain dis-
tance w, called the pore width (See Fig. 2). Two different
graphitic-like surfaces have been studied: benzene and gra-
phene. The corresponding pores are called benzene and gra-
phene slit pores, respectively.

Equations and steps of the QT model

There are several steps to calculate the volumetric capacity of
the adsorbed phase within the QT model [41—-45]. The first
step is the calculation of the quantum states of H, in the pore
potential by solving the corresponding Schrédinger equation.
There are two flat parallel layers in a slit pore, and therefore,
the pore potential is the sum of the potentials of the two layers
separated a distance w: V(z) + V(w — z) (See Fig. 3), where V(z)
is the interaction potential energy between H, and a single
benzene or graphene layer, z is the H,-layer surface distance
and w is the distance between the layers, also called the pore
width.

The second step consists on the calculation of the partition
function of the adsorbed hydrogen phase, z,q4s, at temperature
T, using the energy eigenvalues ¢; of the quantum states of the
molecule in the pore. The partition function of the adsorbed
phase is given by:

Zads = Z e768(7 (1)

where 8 = 1/kpT and kg is the Boltzmann constant. The equi-
librium constant between the adsorbed and compressed
phases, confined in the volume V of the pore, is given by

Keq = Zads/zcom7 (2)

where Z.,n, is the partition function of the compressed, non-
adsorbed phase. In the case of a slit pore of width w, this
partition function is obtained as

Zeom = (W — 2Wexq ) v/ 2nmkgT/h2, (3)

where m is the mass of the hydrogen molecule and wexq is an
exclusion distance due to the repulsive part of V(z) near the
pore layers. The exclusion distance is defined as the location
where the repulsive part of V(z) is one eV.
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Fig. 2 — Graphene slit pore with one hydrogen molecule
inside. The two graphene sheets are flat and parallel.
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Fig. 3 — Interaction potential energy, V(z) + V(w — z),
between a H, molecule and graphene slit pores of different
widths w: 6, 7, 8, 10 and 12 A, obtained in rev-vdW-DF2
calculations.

The equilibrium constant, Keq, is related to the pressures of
the compressed and adsorbed phases, Pcom and P,gg, respec-
tively, and to the temperature T by means of the equation:

Pags
aneq:% / Vrmet(P, T)dP. (@)

Peom

The pressure of the compressed phase, Pcom, is the pressure
P exerted externally to fill the adsorbent material with
hydrogen gas. It is also sometimes called the external pres-
sure. The molar volume vmq (P, T) in Eq. (4) is given by the EOS
of hydrogen. The EOS used in the QT model is the empirical
Mills-Younglove EOS, explained in Refs. [41—44].

The third step consists on solving Eq. (4) and obtaining the
pressure of the adsorbed phase, P,q4,, for each value of Peo, = P
and T. Then, the molar volume in L/mol of the adsorbed
hydrogen phase, Upo1(Pags, T), is obtained using P,4s and the
EOS of hydrogen.

Finally, the volumetric capacity of the adsorbed phase in kg
of hydrogen/L is given by:

a Vadsorbed (5)

Ve =
Umol(Pad57 T) Vpore ’

where a is a constant to convert from moles to kg of hydrogen,
Vadsorbed 1S the volume of the adsorbed phase and Vi is the
pore volume.

These are the definitions and units of the volumetric ca-
pacities in this paper. Throughout this paper only the volu-
metric capacity of the adsorbed phase is calculated and
analyzed, because the effects of the pore potential occur in the
adsorbed phase, not in the compressed phase. The volumetric
capacity v. in Eq. (5) depends on P, T and w, through Egs.
(1)~

The QT model establishes a relationship between the
storage capacities and the pore potential energy. In Fig. 3 the
rev-vdW-DF2 potential energies of pores of five different
widths are plotted. The pore potential shows a single deep
minimum for narrow slit pores (6 and 7 A), and two separated
minima for larger pore widths (8, 10 and 12 A), which

correspond to the two separated flat graphene sheets. This
relationship is another form to indicate that the QT model
calculates indirectly the storage capacities, through a given or
input interaction potential energy curve V(z), and not directly.

Interaction potential energy curves of benzene and graphene
slit pores

The hydrogen storage volumetric capacities of benzene slit
pores have been calculated with the QT model and using the
interaction potential energy curves V(z) of H, on benzene
obtained with the methods CCSD(T) [47] and MP2 [52], and
with 17 DFT-based methods: PBE [53,54]|, VWN [55], PW91 [56],
PBE + DCAGP [57-60], B97D [61,62], PBE-D2 [61], PBE-TS [63],
PBE-XDM [64,65], vdW-DF [66], optB88-vdW [67], optB86b-vdW
[68], vdW-DF-cx [69], vdW-DF-C09 [70], vdW-DF2 [71], vdW-
DF2-C09 [72], rev-vdW-DF2 [73] and RVV10 [74]. The molecule
was on top of the center of the benzene molecule and
perpendicular to the benzene-surface. The interaction po-
tential energy curves were calculated and published previ-
ously, with the BSSE (Basis Set Superposition Error) correction
when using finite basis [29].

The volumetric capacities of graphene slit pores have been
calculated using the interaction potential energy curves V(z)
of H, on graphene obtained with 16 DFT-based methods: PBE
[53,54], VWN [55], PW91 [56], PBE + DCACP [57—60], PBE-D2
[61], PBE-TS [63], PBE-XDM [64,65], vdW-DF [66], optB88-vdW
[67], optB86b-vdW [68], vdW-DF-cx [69], vdW-DF-C09 [70],
vdW-DF2 [71], vdW-DF2-C09 [72], rev-vdW-DF2 [73] and RVV10
[74]. Except the VWN and PW91 energy curves, the rest of the
curves have been published previously [29]. The H, molecule
was on top of the center of a graphene hexagon, parallel to the
graphene surface and parallel to two C—C bonds of the hexa-
gon. This was the site and orientation of H, on graphene with
the lowest energy.

Calculation of the error of the volumetric
capacities obtained with the QT model

The main source of error of the QT model is the interaction
potential energy V(z). CCSD(T) calculations of H, on ben-
zene provide an accurate V(z) potential and hence, the
CCSD(T) volumetric capacities are considered the accurate
and reference capacities in the case of benzene slit pores
and will be used to compare and to calculate the error of the
capacities obtained with other methods. The PBE-D2 volu-
metric capacities are the reference in the case of graphene
slit pores, because of reasons that will be explained in a
later section.

The theoretical volumetric capacities depend strongly on
the pressure, temperature and pore width and their errors
should also depend on those variables. Experiments usually
report the volumetric capacities as a function of pressure and
for a fixed temperature, the so-called volumetric isotherms.
On another hand, the experimental volumetric capacities are
not related to specific pore widths, because nanoporous car-
bons are not composed by pores of specific widths, but for
pores of different widths and with different relative abun-
dances, such as these carbons have a Pore Size Distribution,
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PSD. The theoretical volumetric capacities, however, are
calculated for specific pore widths. The PSD of a nanoporous
carbon is not always known and depends on the type of
nanoporous carbon. These reasons lead to a practical defini-
tion of the errors of the volumetric capacities (or more exactly,
the volumetric isotherms) as an average over pressures and
pore widths.

The RMSE (T; M), the Root-Mean-Square Error, and RMSPE
(T; M), the Root-Mean-Square Percentage Error, of the volu-
metric isotherm obtained with the method M at temperature T
are defined, respectively, as the following averages over
pressures and pore widths:

RMSE(T; M) = \jl\;‘iiAIJT (6)

i=1 j=1

RMSPE(T; M) = 100 \j 3 i: AGLLT) 7)

' “= NL(v.(P;, T, w;; Ref))”’

where A(i, ], T) is given by:
A(i,j,T) = ve(P;, T, wj; M) — U (P;, T, wj; Ref). (8)

The pressure P; is in the range 0.1-25.0 MPa, with a step of
0.1 MPa, and the slit pore width wj is in the range 6—-14 A, with
a step of 0.05 A for benzene slit pores, and in the range 612 A,
with a step of 0.10 A for graphene slit pores. The magnitudes
Ue(Pi, T, wj; M) and v.(P;, T, w;; Ref) are the volumetric capacities
of a benzene or graphene slit pore of width wj, obtained with
the method M and the reference method, respectively, at
pressure P; and temperature T. RMSE (T; M) has the same units
as the volumetric capacity v, kg/L, and RMSPE (T; M) is a
percentage and is in %.

Reference volumetric capacities for benzene and
graphene slit pores

The CCSD(T) method includes accurately the dispersion in-
teractions and therefore, the CCSD(T) volumetric capacities
of benzene slit pores are considered the accurate and refer-
ence capacities. To study the effect of the dispersion in-
teractions on benzene slit pores, the capacities obtained
with other methods are compared with the CCSD(T)
capacities.

It is not possible nowadays to calculate the CCSD(T)
interaction potential energy curve V(z) of H, on graphene,
which would allow us to include accurately the dispersion
interactions and hence, to calculate accurately the volumetric
capacities of graphene slit pores. The alternative is to
consider, as the reference capacities for graphene slit pores,
the volumetric capacities of the DFT-based method that yield
an energy of the lowest physisorbed level of H, on graphene,
Eaas, very close to the experimental value.

There are two experimental values of the energy E,gs.
Mattera et al. [75] measured a value of —0.04161 eV for the
energy of the lowest level of a hydrogen molecule phys-
isorbed on graphite, with an experimental accuracy of
0.00025 eV. Costanzo et al. [76] used the Crowell-Brown
graphite model [77] to discount the effect of the other

graphene layers of graphite, obtaining that the energy
should be corrected by 6 x 10 eV and that the experimental
energy of the lowest level of H, on graphene should be
—0.0476 eV.

Matsumoto et al. [78] measured a value of —0.045 +
0.005 eV for the adsorption energy of a hydrogen molecule
on the basal plane of a nanoneedle, where the crystal
structure is very similar to the graphite surface. According
to the Crowell-Brown model energy correction [76], the
adsorption energy of the lowest level of H2 on graphene
should be —0.051 + 0.005 eV. Taking into account all the
experimental results, the theoretical adsorption energies,
E.qs, that are between -0.056 and —0.046 eV can be
considered correct. Table 1 shows the errors of the
adsorption energies on graphene obtained with the DFT-
based methods. The errors were calculated respect to the
value measured by Matsumoto et al.: Eqgsexp = —0.051 +
0.005 eV [78]. The PBE-D2 method yields an adsorption en-
ergy of —0.0507 eV, the closest value to the experimental
value, —0.051 eV, and hence, the PBE-D2 capacities are
selected as the reference capacities of graphene slit pores.

The vdW-DF2 and PBE-XDM methods have adsorption
energies of —0.0573 and —0.0470 eV, respectively, close to the
respective limits of the experimental error range of the
adsorption energy: —0.056 and —0.046 eV. Therefore, it is
reasonable to consider that the error of the theoretical ca-
pacities of graphene slit pores calculated with any method
should be, at least, the difference between the PBE-XDM and
vdW-DF2 capacities.

The difference between the PBE-XDM and vdW-DF2
capacities have been calculated using Egs. (6) and (7).
The M and Reference methods were, in this case, the PBE-
XDM and vdW-DF2 methods, respectively. The RMSE(T)
and RMSPE(T) errors obtained were 0.0038 kg/L and 7% at
80.15 K and 0.0038 kg/L and 27% at 298.15 K, respectively.
These are the smallest errors of the theoretical volumetric
capacities of graphene slit pores that should be expected.

Table 1 — Adsorption energies of the lowest level of H, on
graphene, E, ;. Error = E g5 —Ea4s exp in €V and Relative

error = 100 Error/|E s exp| in %. Eags values taken from
Ref. [29], except VWN and PW91 values.

Method it Error Relative error
VWN -0.0774 —0.0264 -51.8
PW91 —0.0163 0.0347 68.0
PBE —0.0062 0.0448 87.8
PBE + DCACP —0.0382 0.0128 25.1
PBE-D2 —0.0507 0.0003 0.6
PBE-TS —0.0610 —0.0100 —-19.6
PBE-XDM —0.0470 0.0040 7.8
vdW-DF —0.0706 —0.0196 —38.4
vdW-DF-C09 —0.0657 —0.0147 —28.8
vdW-DF-cx —0.0666 —0.0156 -30.6
optB86b-vdW —0.0686 —0.0176 —34.5
optB88-vdW —0.0656 —0.0146 —28.6
vdW-DF2 —0.0573 —0.0063 -12.4
rev-vdW-DF2 —0.0481 0.0029 5.7
vdW-DF2-C09 —0.0266 0.0244 47.8
RVV10 —0.0520 —0.0010 -2.0
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Qualitative comparison of the volumetric
capacities obtained with the QT model

The volumetric capacities have been grouped into three
groups, taking into account the type of method used to
calculate them. The groups are, in increasing order of
complexity of the inclusion of the dispersion interactions: a)
Capacities obtained with DFT methods that do not include the
dispersion interactions, b) capacities obtained with DFT
methods that include empirically the dispersion interactions
and c) capacities obtained with DFT methods that include the
dispersion interactions through non-local functionals. The
capacities obtained with the MP2 method are included in the
first group. The volumetric capacities of benzene and gra-
phene slit pores of each group are studied and compared in
the next subsections as a function of pressure, temperature
and pore width.

The reference volumetric capacities are plotted as black
solid lines in all the figures. For benzene slit pores the
CCSD(T) capacities are the reference and for graphene slit
pores, the PBE-D2 capacities. The volumetric capacities at
low temperature, 80.15 K, are larger than at room tempera-
ture, 298.15 K, and hence, these capacities are at the top and

0.08 T T T T

0.07F T=80.15K_w=10.0 A E

Volumetric capacity (kg/L)

5 10 15 20 25
Pressure (MPa)

bottom, respectively, of each figure of the volumetric
capacities.

Volumetric capacities obtained with the DFT methods that
do not include the dispersion interactions

The volumetric capacities of benzene and graphene slit pores
at 80.15 and 298.15 K obtained with the VWN, PW91 and PBE
methods are shown and compared with the reference capac-
ities in Figs. 4 and 5. In the case of benzene slit pores, the MP2
capacities are also studied. These figures show qualitatively
the effect of not including the dispersion interactions in the
VWN, PW91 and PBE methods and the effect of including them
in the MP2 method. At room temperature, 298.15 K, the ab-
solute differences between the reference capacities and the
capacities obtained with these methods are smaller than at
low temperature, 80.15 K, for both types of pores.

MP2 capacities are relatively close to the reference capac-
ities of benzene slit pores, the CCSD(T) capacities. The MP2
method includes the dispersion interactions, but not as
accurately as the CCSD(T) method. It does not reproduce well
screening effects and sometimes is affected by important er-
rors even in small systems. The VWN, PW91 and PBE methods
do not include the dispersion interactions and this can be
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noticed in their volumetric capacities. The VWN capacities are
much larger than the reference capacities of benzene and
graphene slit pores, because this method overestimates the
H,-surface (benzene or graphene) interaction and therefore,
yields higher volumetric capacities. The PBE and PWO91
methods underestimate that interaction and yield volumetric
capacities lower or much lower than the reference capacities,
as can be noticed in Figs. 4 and 5.

The effects of the dispersion interactions have a complex
dependence on the pressure (See left panels of Figs. 4 and 5):
At low temperatures, 80.15 K, the differences between the
reference capacities and the other capacities are larger at low
pressures and decrease as the pressure increases. At high
temperature, 298.15 K, the dependence on the pressure is the
opposite: The differences increases as the pressure increases.

The effects of the dispersion interactions as a function of
the pore width are shown in theright panels of Figs. 4 and 5. The
MP2 volumetric capacities are similar to the CCSD(T) capacities
as a function of the pore width. However, the VWN, PW91 and
PBE volumetric capacities are very different from the reference
capacities as a function of the pore width, for both types of
pores, especially the VWN capacities. The differences are
much larger at short pore widths than at large pore widths.
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The volumetric capacities obtained using DFT methods that
include dispersion interactions empirically or semiempirically
(PBE + DCACP, B97D, PBE-D2, PBE-TS and PBE-XDM) are
plotted and compared in Figs. 6 and 7 with the reference
capacities.

The volumetric capacities of the empirical DFT methods
are much closer to the reference capacities than the VWN,
PW91 and PBE capacities, except the PW91 capacities of ben-
zene slit pores, which are similar or even better than some
empirical DFT capacities, as can be noticed by comparing Figs.
4 and 6. Hence, the introduction of the dispersion interactions
in the empirical and semiempirical DFT methods improves, in
general, but not in all the comparisons, the volumetric ca-
pacities obtained with the VWN, PW91 and PBE methods.

There are some differences between the capacities of
benzene and graphene slit pores obtained with each DFT
method. For instance, in the case of benzene slit pores, the
PBE + DCACP and reference capacities are practically iden-
tical, while in graphene slit pores are more different. PBE-XDM
capacities are somewhat far from the reference capacities in
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benzene slit pores, while they are very similar to the graphene
slit pore reference capacities. The B97D capacities are close to
the CCSD(T) reference capacities.

The differences between the reference and the empirical
DFT capacities are, in general, larger at narrow pore widths
than at wide pore widths (See right panels of Figs. 6 and 7).
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This means that the inclusion of the dispersion interactions is
more important for narrow pores than for wide pores. The
CCSD(T) and PBE + DCACP capacities agree very well at any
pore width of benzene slit pores. The agreement between the
CCSD(T) and B97D capacities is also important, but less
perfect.
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At 80.15 K the differences between the reference capacities
and the capacities obtained with other methods are larger at
low pressures than at high pressures and decrease as the
pressure increases. At 298.15 K the trend of the differences is
different: The differences increase as the pressure increases.

Volumetric capacities obtained with the non-local DFT
methods

The volumetric capacities obtained with the non-local DFT
functionals have been divided into two subgroups: vdW-DF
capacities in Figs. 8 and 9 and vdW-DF2 and RVV10 capac-
ities in Figs. 10 and 11. These methods include the dispersion
interactions at the most complex level analyzed in this
paper.

The results of the vdW-DF capacities depend on the type of
pore. In the case of benzene slit pores, the vdW-DF capacities
are closer to the reference capacities than the VWN, PW91,
PBE and empirical DFT capacities (See Figs. 4, 6 and 8). The
optB88-vdW capacities are very close. However, the vdW-DF
capacities of graphene slit pores are very different from the
reference capacities (See Fig. 9) and the empirical DFT capac-
ities are as close to the reference capacities as the vdW-DF
capacities or even closer, as can be observed by comparing
Figs. 7 and 9.

The vdW-DF functionals include the dispersion in-
teractions, but their adsorption energies of the first level of H,
on graphene, E,qs, have an important relative error, between
—39 and —28% (See Table 1). This means that these methods
do not reproduce well the binding energy region of V(z) on
graphene and the result is that their capacities are very
different from the reference capacities of graphene slit pores.

The vdW-DF2, rev-vdW-DF2 and RVV10 capacities are
similar to the reference capacities of benzene and graphene
slit pores, as can be seen in Figs. 10 and 11. The vdW-DF2-C09
capacities, however, are very different for both types of pores.
This means that the dispersion interactions in graphitic-like
surfaces (benzene and graphene) are not included correctly
in vdW-DF2-C09 and are included accurately in the func-
tionals vdW-DF2, rev-vdW-DF2 and RVV10.

The volumetric capacities as a function of the pressure
obtained with non-local functionals are close or very close to
the reference capacities. However, the capacities as a function
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of the pore width are less closer to the reference capacities,
especially at narrow pores: 5-6 A (See right panels of Figs.
8—11)). This result was also observed in the VWN, PW91, PBE
and empirical DFT capacities. Hence, also for the non-local
functionals the effects of the dispersion interactions are
more important at narrow pores than at wide pores.

Quantitative comparison: errors of the
volumetric capacities obtained with the QT
model

A qualitative comparison of the effects of including the
dispersion interactions in the DFT methods has been dis-
cussed in the above section. In this section the average errors
of the capacities obtained with the methods are presented and
discussed. The purpose of these calculations is a) to provide
not only a value of the theoretical volumetric capacity ob-
tained with a method and the QT model, but also the error of
the theoretical capacity and b) to find out which are the most
accurate DFT methods to simulate the volumetric capacities
of nanoporous carbons, simulated as benzene and graphene
slit pores. The values of the absolute and relative errors
depend on the type of pore.

Errors of the volumetric capacities of benzene slit pores

The average errors of the volumetric capacities of benzene slit
pores obtained with each method are shown in Table 2. A
general trend is that the absolute error at T = 298.15 K is
smaller than at T = 80.15 K (See Table 2). However, this
reduction of the absolute error from 80.15 to 298.15 K is a
mathematical artifact that has to do with the fact that the
numerical values of the volumetric capacities decrease as the
temperature increases, as can be seen in Figs. 4, 6, 8 and 10.
This was the reason to calculate and to study also the relative
error. The relative error increases from 80.15 to 298.15 K,
except for B97D, where it remains constant.

The smallest errors correspond to six DFT-based methods:
PBE + DCACP, B97D, optB88-vdW, vdW-DF2, rev-vdW-DF2 and
RVV10. The errors of the volumetric capacities obtained with
the other methods are high or very high. The average relative
errors of the volumetric capacities at 80.15 K are in the range
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Fig. 11 — Volumetric capacities of graphene slit pores at 80.15 and 298.15 K, as a function of pressure (left panel;
width = 10 A) and pore width (right panel; P = 10 MPa), obtained with the reference method and vdW-DF2 methods.
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Table 2 — Average errors of volumetric capacities of benzene slit pores. RMSE in kg/L and RMSPE in %.

T =280.15K T =298.15K
Method M RMSE (T; M) RMSPE (T; M) RMSE (T; M) RMSPE (T; M)
MP2 0.0038 15 0.0018 28
VWN 0.0199 105 0.0133 335
PW91 0.0069 20 0.0023 32
PBE 0.0173 44 0.0040 57
PBE + DCACP 0.0008 2 0.0004 7
B97D 0.0033 9 0.0007 9
PBE-D2 0.0079 47 0.0038 70
PBE-TS 0.0063 30 0.0029 46
PBE-XDM 0.0077 40 0.0038 64
vdW-DF 0.0066 26 0.0026 44
vdW-DF-C09 0.0034 12 0.0014 25
vdW-DF-cx 0.0051 16 0.0020 31
optB86b-vAW 0.0041 17 0.0016 29
optB88-vdW 0.0016 5 0.0007 12
vdW-DF2 0.0023 10 0.0008 13
rev-vdW-DF2 0.0024 7 0.0012 16
vdW-DF2-C09 0.0188 47 0.0043 57
RVV10 0.0016 6 0.0006 10

2—-10% and at 298.15 K are in the range 7—16% obtained with
these six methods. The smallest errors correspond to the
PBE + DCACP volumetric capacities.

According to the errors of the volumetric capacities
showed in Table 2, several DFT-based methods outperform,
on average, to the MP2 method: PBE + DCACP, B97D, vdW-DF-
C09, optB88-vdW, RVV10, vdW-DF2 and rev-vdW-DF2. Some
methods that do not include the dispersion interactions have
smaller average errors than other methods that include the
dispersion interactions empirically or through non-local
functionals: PW91 performs, on average, better than PBE-D2,
PBE-TS and PBE-XDM, vdW-DF and vdW-DF2-C09. Some
methods that include the dispersion interactions empirically
have smaller average errors than other methods that include
them through non-local functionals: PBE + DCACP and B97D
perform better or much better than vdW-DF, vdW-DF-C09,
vdW-DF-cx, optB86b-vdW and vdW-DF2-CO09. Finally, the
optB88-vdW method of the vdW type has much smaller

average errors than the vdW-DF2-C09 method, and slightly
smaller average errors than the vdW-DF2 and rev-vdW-DF2
methods. Hence, a higher complexity of the inclusion of the
dispersion interactions in a DFT-based method does not
guarantee necessarily more accurate volumetric capacities.
Each DFT-based method must be tested.

Errors of the volumetric capacities of graphene slit pores

The average errors of the volumetric capacities of graphene
slit pores obtained with each method are shown in Table 3.
The errors were calculated respect to the reference capacities,
the PBE-D2 ones, and the minimum errors calculated in sec-
tion 4 were applied to the capacities obtained with any
method. The smallest errors of the capacities in Table 3
correspond to the methods PBE-D2, PBE-TS, PBE-XDM, vdW-
DF2, rev-vdW-DF2 and RVV10 and are equal to the minimum
errors, except the relative error of PBE-TS at 298.15 K. As in the

Table 3 — Average errors of volumetric capacities of graphene slit pores. RMSE in kg/L and RMSPE in %.

T =80.15K T =298.15K

Method M RMSE (T; M) RMSPE (T; M) RMSE (T; M) RMSPE (T; M)
VWN 0.0084 15 0.0051 47
PW91 0.0249 46 0.0104 75
PBE 0.0428 76 0.0120 88
PBE + DCACP 0.0072 14 0.0048 40
PBE-D2 0.0038 7 0.0038 27
PBE-TS 0.0038 7 0.0038 31
PBE-XDM 0.0038 7 0.0038 27
vdW-DF 0.0105 19 0.0111 124
vdW-DF-C09 0.0084 15 0.0092 99
vdW-DF-cx 0.0092 16 0.0098 109
optB86b-vdW 0.0080 15 0.0094 104
optB88-vdW 0.0083 15 0.0081 82
vdW-DF2 0.0038 7 0.0038 27
rev-vdW-DF2 0.0038 7 0.0038 27
vdW-DF2-C09 0.0124 23 0.0074 52
RVV10 0.0038 7 0.0038 27
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case of benzene slit pores, the capacities at room temperature
have larger relative errors than the capacities at low temper-
ature, 80.15 K.

The results in Table 3 show that the average errors of the
capacities of graphene slit pores obtained with empirical DFT
methods are smaller than the average errors obtained with
some complex methods that include the dispersion in-
teractions, such as the vdW-DF and vdW-DF2-C09 methods.
The empirical DFT and vdW-DF2 methods, except the vdW-
DF2-C09 method, have similar average errors. This, again,
indicates that the complexity of the inclusion of the disper-
sion interactions in a DFT-based method is not proportional to
the accuracy of the volumetric capacities calculated with that
method. As in the case of benzene slit pores, each method
must be tested.

Conclusions

Calculations of the volumetric capacities of nanoporous car-
bons simulated as benzene and graphene slit pores and using
CCSD(T), MP2 and 17 DFT-based methods have been carried
out. Three DFT-based methods do not include the dispersion
interactions and 14 methods include them at different levels
of complexity.

The volumetric capacities of benzene slit pores have been
compared with the capacities obtained with the CCSD(T)
method, because this method describes accurately the
dispersion interactions, and the volumetric capacities of gra-
phene slit pores have been compared with experimental re-
sults of the adsorption of H, on graphene. It is found from
these comparisons that a higher complexity of the inclusion of
the dispersion interactions in a DFT-based method does not
imply necessarily more accurate volumetric capacities. Each
DFT-based method must be tested, regardless of its
complexity. The comparisons show that the most accurate
volumetric capacities of benzene and graphene slit pores are
obtained with the DFT methods vdW-DF2, rev-vdW-DF2 and
RVV10. The estimated relative errors of the capacities ob-
tained with these methods are in the range 7—10% at 80.15 K
and 27% at 298.15 K. These DFT-based methods should be
used to simulate accurately the volumetric storage capacities
of nanoporous carbons.
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