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ABSTRACT: We investigate the effect of the structural
characteristics of idealized nanoporous environments on the
adsorption of molecular hydrogen. The storage capacities of
the (n,n) armchair and zigzag carbon foams (n = 2—5) are
evaluated in a broad range of thermodynamic conditions. Our
calculations are performed within an extension of the density
functional theory of liquids to quantum fluids at finite
temperature (QLDFT) of particles obeying Bose—Einstein
statistics. The exchange-correlation (excess) functional is
derived from the empirical equation of state of the

Cr 7K

homogeneous system. Graphitic foams are found to exhibit hydrogen uptakes similar to other carbonaceous materials, the
largest gravimetric capacity being that of the (5,5) zigzag structure (~4.5% at T = 77 K). The storage properties show a rather
smooth dependence on the size of the pore. The effects of the H,—H, interactions on adsorption isotherms are evaluated via the
comparison of QLDFT results with calculations based on the ideal gas approximation.

I. INTRODUCTION

During the last few decades, many experimental and theoretical
investigationsl_lo have been devoted to understanding the
process of light molecule adsorption in nanoporous materials.
The interest in the evaluation of molecular diffusion rates and
storage capacities has been enhanced by several related
technological applications like molecular sieving,""'* reduction
of carbon dioxide emissions by vehicles,"* or fuel cells.” In spite
of being a renewable and environmentally friendly energy
source, mobile applications using molecular hydrogen as fuel
are presently limited by the lack of efficient lightweight
hydrogen storage devices. As a consequence, technological
limits have been established for the design of efficient storage
media. These limits concern both the adsorbed molecular
density n,4, and the gravimetric capacity gw, ie. the ratio
between the weight of adsorbed hydrogen and the total weight
of the system. They are recommended by the US Department
of Energy (US DoE) to exceed 40 kg/m’ and 5.5%,"*
respectively. Carbon containing frameworks are among the
usual targets of the above investigations, owing to their low
molecular weight and great stability. Albeit presenting hydrogen
binding abilities lower than more complex nanostructured
substances such as metal—organic and covalent—organic
frameworks, pure carbonaceous materials remain as widespread
models for the study of the adsorption in porous media.
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Contrary to chemisorption, in the process of molecular
physisorption, the guest molecules interact only weakly with
the surface of the host material by means of London dispersion
forces. Due to the reversibility and fast kinetics of the
physisorption process, it offers a promising alternative for
developing novel hydrogen storage technologies for transport
applications. Although the hydrogen storage capacity of carbon
nanostructures in the physisorption regime has been measured
by several groups, the experimental results show broad
variations caused by a variety of factors, as for example the
strong dependence on the pretreatment of the samples.">™"”
Such deviations, together with the ambiguity in the
interpretation of the data, introduced by the heterogeneities
of the internal surface and the relatively wide distribution of
pore sizes present in realistic porous materials, stress the
importance of theoretical investigations in general and
computer simulations particularly to understand the micro-
scopic mechanism underlying storage properties. On the other
hand, to constitute reliable models of the H, uptake, theoretical
approaches must incorporate the quantum nature of these light
molecules.”” Since deviations from Boltzmann statistics are
negligible at temperatures of interest for practical applica-
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Figure 1. Armchair (top panels) and zigzag (bottom panels) symmetric carbon foams. From left to right, the structures of the (2,2), (3,3), (4,4), and

(5,5) three-dimensional carbon networks are displayed.

tions,*" quantum delocalization effects constitute the main
factor leading to discrepancies with predictions based on
classical methodologies. For structures with fairly narrow pores,
quantum sieving can even prevent adsorption.11

The solution of the many-body problem, where significant
quantum effects are present, remains as a challenging task for
both theoretical and computational physics. At present, the
numerical implementations of the path integral formalism of
Feynman, e.g, path integral Monte Carlo (PIMC) and path
integral molecular dynamics (PIMD) methods, constitute the
standard techniques to make predictions on equilibrium
properties of quantum many-body systems. They are based
on the isomorphism between the partition function of a
quantum particle and that of a classical ring polymer of P beads.
Such mapping enables the use of the tools of classical statistical
mechanics to obtain very accurate information on the
thermodynamic properties of quantum systems (within
statistical errors), since the exact quantum mechanical
representation is recovered in the limit that P tends to infinity.
Nevertheless, the computational cost of PIMC and PIMD
calculations grows very fast for large values of P. Therefore, in
many situations, less demanding alternatives not implying a
significant loss of accuracy are highly desirable.

Density functional theory (DFT) is among these alternative
techniques to calculate thermophysical properties of condensed
phase systems. Being successfully applied to the study of
classical fluids for a long time, in recent years, DFT has also
been employed in the investigations of quantum systems.
Implementations exploit the fath integral isomorphism>*~>*
and Mermin-like functionals.””3® However, most of these
works addressed the properties of low temperature helium and
applications to the hydrogen adsorption problem demonstrated

that the proposed methodologies were not accurate enough to
study the behavior of confined fluids.*®

The purpose of this paper is to present numerically
converged calculations of hydrogen physisorption on model
nanofoams. The approach explicitly incorporates intermolecular
interactions through a density functional theory for quantum
fluids.>” Several carbon foam arrangements have been chosen as
target systems: zigzag and armchair (n,n), n = 2—S. Carbon
foams are sponge-like carbon materials with attractive
mechanical, thermal, and electrical properties.**™** The low
mass density and high porosity of the symmetric models
analyzed in this work make these carbon allotropes interesting
as hydrogen storage media. In fact, as will be shown below, high
storage capacities are predicted for these systems when the
forces between hydrogen molecules are neglected. Therefore, it
is worth evaluating the modification of their adsorption
properties upon inclusion of the H,—H, intermolecular
interactions.

The paper is organized as follows. The main characteristics of
the nanoporous hosts investigated are presented in section IL
In section III, the theoretical methodology employed to
evaluate adsorption capacities and the relevant intermolecular
interactions are described, and numerical details are given in
section IV. In section V, the results concerning the
thermodynamic properties of the fluid physisorbed on each
carbon foam, together with the microscopic density profiles, are
presented and discussed. Finally, in section VI, conclusions are
drawn.

Il. FOAM STRUCTURES

Carbon foams are hypothetical carbon allotropes built from
graphite-like segments (sp> carbons) linked by sp® carbon
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atoms. The resulting porous structures were first suggested in
the 1990s,”* and some of them have been theoretically
investigated.* ™ The sznthesis of these foams has also
attracted much attention*”*° due to their potential applications
in several areas such as thermal insulation, electrode
manufacturing, catalyst supports, size-selective separation, etc.
In general, these are lightweight materials with large surface
areas, high thermal and electrical conductivities, and high
mechanical strength. Their physical properties can be tuned
over relatively wide ranges, according to the precursor and the
production techniques used.”' >

Figure 1 displays the geometrical structures investigated in
this work. It can be seen that graphene planes are assembled
rigidly with one another at 120°, the junction being formed by
sp>-bonded atoms. In analogy with the nomenclature of carbon
nanotubes, the two types of 3D carbon networks that can be
constructed in this way are named as armchair and zigzag
foams, depending on the pattern of the edges. The pore size is
defined by the two indices (n,m), indicating the number of
hexagonal rings between the junctions. These model foams
present stable and covalent periodic structures. The stability of
different tgfpes of carbon foams is discussed in detail
elsewhere.*® As hydrogen storage media, these systems offer
the advantage that the pore size may be optimized via variation
of the number of hexagons on each wall, so that larger
hydrogen concentrations can be achieved. On the other hand,
carbon foams have lower mass density than bundles of
nanotubes of the same cavity diameters, which may lead to
higher gravimetric storage capacities. Although the carbon
foams synthesized so far are not single-walled, structures similar
to the model ones analyzed in this work can be obtained
experimentally,**>°

For the symmetric foams (nn), zigzag and armchair,
illustrated in Figure 1, an effective pore radius rg can be
defined as the radius of the cylinder inscribed into the pore.
The estimated values of r4 for the carbon foams studied in this
work are listed in Table 1. It should be noticed that the values
of r of (n,n) zigzag and (n + L,n + 1) armchair foams are very
similar.

Table 1. Estimation of the Effective Radius for Different
Foam Structures

radius (A) structure

3.306 (2,2) armchair
4.688 (2,2) zigzag
5.220 (3,3) armchair
6.870 (33) zigzag
7.101 (4,4) armchair
8.894 (4,4) zigzag
9.031 (5,5) armchair

11.178 (5,5) zigzag

lll. METHODOLOGY

A. Density Functional Theory. Both atomistic grand
canonical Monte Carlo comsputer simulations®*~%* and density
functional calculations®**** have stressed the role played by
quantum effects on hydrogen physisorption and diffusion. In
particular, the fully classical treatment of the H, translational
degrees of freedom leads to an overestimation of the total H,
uptakes by 3% at T = 298 K and 19% at T = 77 K for carbon
foams produced via nanotube welding.**** Albeit most of these

calculations employ the second-order semiclassical Feynman—
Hibbs approximation of the density matrix, their results are
indicative of the magnitude of quantum delocalization effects in
the confined hydrogen fluid. For the present study, we employ
the quantized liquid DFT (QLDFT) approach introduced in
ref 37. This approach is based on a linear-scaling density matrix
algorithm, which has been shown to produce identical results to
direct diagonalization for matching choices of the real-space
grid spacing and kinetic cutoff® For the computation of
thermodynamic properties in the grand canonical ensemble, at
constant V, temperature T, and chemical potential y, a
reference system of noninteracting particles obeying Bose—
Einstein statistics is introduced.?! It should be noticed that, in
spite of the bosonic nature of H, molecules, this feature has
been shown to play a minor role at temperatures of interest for
hydrogen storage. Nevertheless, above liquid nitrogen temper-
ature, the storage requirements and the computational cost of
evaluating the partition function and the particle density of the
Bose—Einstein and Boltzmann fluids are nearly the same.
Hence, all the results presented in the next section have been
calculated using a series expansion of the Bose—Einstein
distribution function:*'
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where f§ = 1/k;T is the inverse temperature and H, is the
effective Hamiltonian operator of the reference fluid.
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where My, is the mass of hydrogen molecules, p(r) is the H,

density (normalized to the number of particles N), v,
represents the interaction potential between H, molecules,
and v,(r) is the external field of the host system. Within this
ansatz, the grand potential of the interacting system
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is written in terms of the grand potential of the reference fluid
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)
and the exchange-correlation contribution F,.. The second and
third terms in eq 3 are introduced in order to avoid double
counting of the Hartree-like interaction energy and to cancel
the contribution due to the exchange-correlation potential v,..
The latter is derived within the local density approximation
(LDA)

5€XC
(1) = e, [p(r)] + p(r) 5o(x) )
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Figure 2. Changes of the minima of the H,-host interaction potential with the radius of the channels in carbon foams (circles). The well depths of
the adsorption potential inside single-walled carbon nanotubes (squares) and in nanotube bundle interstitial channels (diamonds) are also shown.
Filled and empty symbols correspond, respectively, to the armchair and zigzag types of arrangements. The effective pore radii for foams (a) and for
the inner (b) and interstitial (c) spaces of nanotube bundles are illustrated on the right. The graphical representations correspond to the (3,3) zigzag
carbon foams and the (7,7) armchair nanotubes.

; ; v o 2
with the exchange-correlation energy density given by Ae_ ) V4 o (e)
ey Bl T 1 (zh] My, (10)
=—+—-1lo
o/ N p 8 PV employing the same three-dimensional grid as in QLDFT
p N 3 calculations. The procedure is augmented by an estimation of
ey vp(le — 1) dr (6) the nonideality of the guest fluid, valid for slowly varying
confinement potentials (within the characteristic interparticle
Fouilp,T] is the free energy of the corresponding uniform fluid, distances).®> The empirical correction proceeds as follows:
which is taken from thermodynamic data based on an empirical (i) The equilibrium constant K, = Z,4,/Zy, is calculated from
equation of state for hydrogen,® while Z, is the one-particle the partition functions of the adsorbed (Z,4) and free (Zy,)
canonical partition function in the free space. The empirical fluids. The latter have been obtained by evaluating the single-
equation of state holds for pressures up to 2 GPa, which particle energies on the grid, using the same numerical
constitutes a broad enough range for the investigation of approximations.
hydrogen physisorption on carbon substrates. (ii) For a given external pressure p, the “internal” pressure
The molecular density p(r) is given by the diagonal elements Pine is calculated after the formula p;,, = K.p. The volumetric
of the number operator p,, evaluated using a three-dimensional and gravimetric capacities are evaluated by inserting the values
finite-difference representation of the effective Hamiltonian H,. of the internal pressure and the temperature in the empirical
Once the distribution p(r) is known, the average concentration equation of state.
1,4, Of the physisorbed molecules, the equilibrium constant K., The comparison between the results of QLDFT calculations
and the gravimetric storage gw capacity can be computed: and those obtained via the FCIGA allows the relevance of the
explicit inclusion of H,—H, interactions to be evaluated and the
Mg, = l f p(r) $r range of validity of the empirical correction to be established.
14 (7) B. Potential Energy Surface. For the calculation of the
relevant adsorption and thermodynamic properties, a detailed
K, =ny/n (8) knowledge of the interaction of guest molecules and the host
structure is necessary. The interaction potential v,,(r) between
10014, carbon atoms and hydrogen molecules is represented as a
gw(%) = T superposition of carbon—H, pair potentials
Mads MHan (9) c

Vext(r) = Z Ae—ah‘—rﬂ -

where 7 is the density of the external gas, while M and n¢ e — 1-1.|6 (11)
represent the mass of a carbon atom and the number density of
carbon atoms in the host structure, respectively. where r; are the positions of carbon atoms in the steady carbon
This is, as we will show later, a significant improvement over structure. The attractive singularity of this functional form is
the simplified treatment, the fugacity-corrected ideal gas avoided by capping each term at 120 kJ mol~!, corresponding
approximation (FCIGA), that has been previously employed to a carbon—H, separation of 1.8 A. Potential parameters were
to evaluate the adsorption isotherms and the storage ce;pacities taken from the literature.””%® The advantages of this type of
of graphene, slit pores, and Cy, intercalated graphene.® %? The potentials are discussed in ref 67, where a detailed comparison
computation was made by solving the time-independent with Lennard-Jones types has been performed.
Schrodinger equation for a single H, particle with the In the evaluation of wv., we take into account the
Hamiltonian contribution of three additional unit cells along each direction.
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The inclusion of further replicas of the unit cell does not
appreciably modify v, (r).

The use of the potential energy surface in the form of eq 11
provides a unique description of the hydrogen—host interaction
for the different carbonaceous media within the same
framework. Furthermore, it prevents the uncertainties in the
evaluation of hydrogen physisorption arising from the use of
empirical potential functions. A comparison between the
minima of the external potentials v, inside carbon foams,
single-walled carbon nanotubes, and the interstitial space in
nanotube bundles is shown in Figure 2. The well depths are
plotted as a function of the radii of the channels. An interesting
result is that the minima of the surface—H, interaction potential
are nearly constant for carbon foams with pore radii larger than
7 A. A closer look into the arrangement of the carbon atoms
gives a better understanding of this behavior: the radius
increases with the number of rings forming the cavity walls;
however, the coordination and the bond angles of the sp*
carbon atoms remain the same. The contribution to the
interaction potential in the region of the sp* carbon atoms is
given by the overlapping potentials of atoms located around the
corners. Since the enlargement of the cavity does not influence
the geometry and the number of C atoms in the vicinity of the
corners, the interaction potential on these sites is nearly
constant. The main adsorption sites are precisely located in
these regions, close to the intersections between the walls of the
channels (see Figure 2). On the other hand, the potential in the
middle of the channel becomes weaker as the radius gets larger.
This is similar to the potential inside of the carbon nanotubes
(see, for example, ref 54).

In this study, hydrogen molecules are regarded as featureless
particles, so v}, depends only on the intermolecular separation.
The H,—H, interaction is modeled through a Morse function

V]z(r) — D[e—Za(r—re) _ 2e—a(r—re)] (12)

with parameters D = 0.291 kJ mol™, r, = 3.511 A, and @ =
1.592 A™'. The potential parameters were obtained from the fit
of the isotropic average of ab initio calculations of the
intermolecular potential energy surface.”’

Upon inclusion of the carbon—hydrogen, hydrogen—hydro-
gen, and exchange-correlation contributions in the total
potential energy, a cutoff of 42 kJ mol™' above the global
minimum was introduced in order to improve the numerical

stability of the algorithm (for details, see ref 37).

IV. COMPUTATIONAL DETAILS

The hydrogen physisorption on armchair and zigzag carbon
foams has been studied in a broad range of thermodynamic
conditions, relevant for practical applications. We considered
temperatures from the nitrogen condensation point (T, = 77
K) to Ty = 450 K and a range of external gas concentrations
between a dilute gas (11, = 5.4 X 107* kg/m?, corresponding
to a molar volume v, = 3.74 m*) and the density n,,,, = 55.6
kg/m® (v, = 36.2 cm?). As the exchange-correlation potential
and its contribution to the free energy, the chemical potential u
is retrieved, for every external gas pressure p and temperature
T, from the experimental data of the homogeneous fluid:
_ Fexpt(p; T) p
=" ~ 4+ £
N n (13)

As stated above, the matrix elements of the occupation number
operator j, are calculated via the formal power expansion (1)

by introducing a finite-difference representation of the
Hamiltonian in a three-dimensional grid. The number of
points in the uniform mesh was varied in order to keep the
coarsest grid spacing along each of the Cartesian axis below 0.4
A. This choice is found to yield converged results. The resulting
Hamiltonians have dimensions between ~8000, for the (2,2)
armchair structure, and ~60000, for the (5,5) zigzag arrange-
ment. However, this representation is very sparse.”> The linear
algebra operations needed to evaluate p, are handled according
to the implementation discussed in refs 65 and 37. The
canonical kinetic partition function Z, was obtained by
explicitly evaluating the eigenvalues of the Schrédinger
equation for a free particle of mass My, on the 3D grid. The

QLDFT set of eqs 1, S, 6, and 2 is solved self-consistently by
damped stationary point iterations

pOr) = 4pP(x) + (1 = Dp“(x) (14)

vUrx) = W) + (1 = () (15)

with a mixing coefficient of 4 = 0.15. Iterations start from the
density field pg,(r) predicted by the classical liquid density
functional theory for the same external potential.>' The series
(1) and (4) were cut at k. = S and m,, = 50, since those
terms were sufficient to achieve convergence in the whole range
of temperatures and pressures considered. At every step, matrix
elements smaller than 107" times the largest value were
neglected in the computation of p,.

V. RESULTS AND DISCUSSION

A. Adsorption Isotherms. In the QLDFT approach, the
calculations are done for a given set of temperatures T and
concentrations n,4, as inputs, whereas the chemical potential
U(ngeT) and external matching pressure p = p(u,T) are
obtained as outputs. Performing such calculations for a set of
T,n,q, pairs, the results are then represented in the form of
isotherms n,4,(p,T). The density of adsorbed molecules is
indicative of the hydrogen volumetric storage capacity,
measured in kg/m? or it is converted in the gravimetric
capacity, given in percentage. On the other hand, approximate
values of the volumetric capacity (based on ideal gas
calculations) are extracted directly from the empirical equation
of state. Albeit being unrealistic at intermediate and large
densities, these ideal gas calculations provide an assessment of
single-particle quantum effects triggered by the structure.

In Figure 3, the values of the difference AF between the free
energy of a single adsorbed H, molecule with respect to a free
one are represented, for several temperatures, as a function of
the honeycomb cell radius. AF gives the strength of the H,
binding to the material. Therefore, it provides a direct
indication of the relative abilities of the different nanostructures
to naturally adsorb hydrogen gas and of how the H, density in
the material will deplete with the increase of the thermal
energy. For carbon foams, the binding energies AF are larger
than for graphene layers at the same temperature but smaller
than for carbon nanotubes. At room temperature, our
calculations suggest a maximum of the H,-host free energy of
approximately 12 kJ mol™), for a channel radius of 3.3 A.
Increasing the radius up to 11.2 A causes the interaction to
drop down to around 3.8 kJ mol™". It can be noticed that
lowering the temperature from T, = 450 K down to T, = 77
K leads to an increase of the binding free energy by a factor of 2
for (2,2) armchair graphitic foams. For a given temperature, the
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Figure 3. Binding free energies AF, evaluated within the independent-
particle model, as a function of the honeycomb cell radius for
temperatures in the range T,;, = 77 K and T, = 450 K.

energies AF grow monotonically with the increase of the pore
diameter; ie., AF is very sensitive to the size of the cavity only
for small pores (r.¢ <8 A). Therefore, for the storage capacities,
calculated within the ideal gas approximation, a strong
dependence on the radius of the smaller cavities can be
expected. At intermediate and high guest densities, this picture
has to be corrected by the explicit inclusion of the H,—H,
interaction.

A comparison between the adsorbed hydrogen concen-
trations, evaluated using the QLDFT and the independent-
particle models as a function of the foam channel radii, is
shown in Figure 4. The average molecular densities were
computed at external gas pressures p, = 50 bar and p, = 100
bar. At moderate external pressures, the FCIGA is insufficient
to describe the physisorption process. For temperatures T <
200 K, the volumetric storage capacities of all the carbon foams
considered in this work fulfill the present US DoE target for
automotive applications (40 kg/m?®)."* However, an important
fraction of these large adsorption densities lies outside the
range of validity of the empirical equation of state®® that has
been employed as reference in the excess functional; i.e., they
correspond to pressures above 2 GPa. Above room temper-
ature, this simple treatment is capable of predicting guest

densities in qualitative agreement with QLDFT results for the
larger carbon foams, i.e., for those adsorption potentials which
vary slowly within the characteristic length-scale of the
intermolecular forces. For the larger pores, the noninteracting
model also reflects the correct dependence of the volumetric
capacity with respect to the cavity size. The most important
deviations between the two types of calculations arise for small
channels. As a consequence of the strongest binding potentials,
a significantly enhanced molecular concentration is obtained, if
the two-particle interaction energy is neglected. Within FCIGA,
the local density around the main adsorption sites may even
exceed the close-packing limit. On the contrary, for the real
hydrogen fluid, the increase of the local density inside narrow
pores, due to the larger substrate—H, van der Waals attraction,
causes also an enhancement of the H,—H, repulsion forces.
Hence, the optimum hydrogen storage properties in these
materials arise from the competition between the strength of
the surface—H, attraction and the accessible volume to
minimize the intermolecular repulsion.

The limited range of validity of the real gas correction
employing fugacities becomes apparent by examining the
overall behavior of the equilibrium constant K, as a function
of pressure and temperature. As shown in Figure S for a (5,5)
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Figure S. Equilibrium constant K, for the physisorption of molecular
hydrogen inside (5,5) zigzag carbon foams as a function of the
temperature T and of the external gas pressure p.
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Figure 4. Volumetric storage capacities for graphitic foams, plotted against their channel radii, for external gas pressures p = 50 bar (top) and p = 100
bar (bottom). For both pressures, the left panels correspond to the adsorbed hydrogen density estimated within the independent-particle model,
while the middle panels show the H, uptake calculated via QLDFT. Different symbols correspond to the average molecular concentrations predicted
at selected temperatures in the range between 140 and 450 K. The differences between the densities of adsorbed H,, calculated using these two

methods, are shown in the right panels.
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zigzag carbon foam, K, exhibits a marked dependence on both
p and T. Therefore, the “internal” pressure, corresponding to
specific values of the thermodynamic variables of the external
hydrogen gas, can only be estimated from nearby points on the
p,T plane. The values of K, calculated by solving the time-
independent Schrodinger equation for a single H, particle,
correspond to the low pressure limit in Figure 5. As a
consequence, the equilibrium constants of the independent-
particle model overestimate those of the interacting fluid,
leading to flawed estimations of p;,, and of the volumetric
storage capacity.

A typical example of QLDFT isotherms is given in Figure 6,
where the volumetric capacity is shown as a function of the

for the smaller pores than for the (5,5) armchair foams (Figure
6, right panel). This is consistent with the fact that at such
densities the independent-particle picture of physisorption is
valid and the storage properties will be driven by the adsorption
potential well depth. However, at high pressures, the storage
capacity of the (5,5) armchair structure becomes higher. For
this system, it is possible to reach H, concentrations up to 34
kg/ m?at T =77 K and p = 89 bar. In technological terms, this
means that the effect of increasing pressure and decreasing
temperature is more efficient in the case of large structures.
This conclusion is further reinforced by the adsorption
isotherms computed for the set of (n,n) zigzag carbon foams.
Figure 7 illustrates the pressure dependence of the volumetric
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Figure 6. Computed adsorption isotherms n,4(p, T) as a function of
the pressure p of the external gas at fixed temperatures T in the range
Toin = 77 K and Ty, = 450 K. The evaluated adsorption isotherms in
the left and right panels correspond to the (2,2) and (5,5) armchair
carbon foams, respectively. The gray areas show the isotherms of the

homogeneous external gas for the same range of temperatures.

30 60 : |

25 50
40

30

20

NI N A AN E I

0
10 10 10 10 100 10 10
P/R, /R,

2 30—1 0

o
(=]
(=}

Figure 7. Computed adsorption isotherms n,4,(p,T) as a function of
the pressure p of the external gas at fixed temperatures T in the range
Toin = 77 K and Ty, = 450 K. The evaluated adsorption isotherms in
the left and right panels correspond to the (2,2) and (5,5) zigzag
carbon foams, respectively. The gray areas show the isotherms of the
homogeneous external gas for the same range of temperatures.

external gas pressure for two selected structures: (2,2) armchair
(rg ~3.3 A) and (5,5) armchair (r.4 ~8.9 A). These two carbon
foams represent two extreme cases of arrangements of the same
symmetry.

In order to appreciate the influence of the structure on the
storage capacity, we also plot the isotherms obtained for the
free gas in the range of temperatures from T =77 K to T = 450
K, shown as gray areas in Figure 6. The behavior of the
molecular hydrogen in the small pore is found to be much
more different from its free gas limit than in the case of the
large pore structures. This is in agreement with the general
understanding of the adsorption process: the more pronounced
effects of the H,-structure interaction on the storage capacity
will be attained for the smaller pore sizes. In the case of carbon
foams with narrow channels (left panel), the slope of the
isotherms n,4,(p,T) is smaller than in the case of wide channels
(right panel). Thus, the dependence on pressure and
temperature is weaker for foams with narrow channels. For
low values of pressure 1 bar < p < 10 bar, except at very high
temperatures, the presence of the foam will enhance hydrogen
concentration. The comparison with the free gas isotherms
shows that hydrogen cannot be stored efficiently in this
material beyond ~15 kg/m® (at T = 77 K and p = 31 bar). At
very low pressures (p ~0.1 bar) and above liquid nitrogen
temperature, the density of adsorbed molecules will be larger

capacity for the smallest (left panel, n = 2, r4 ~4.7 A) and the
largest (right panel, n = S, rs ~11.2 A) zigzag structures. The
total hydrogen uptake in the (2,2) zigzag foams depends more
sensitively on the external gas pressure than the (2,2) armchair
arrangement. Moreover, higher hydrogen concentrations can be
achieved in the zigzag 3D carbon network, amounting to 26 kg/
m® at T = 77 K and p = 63 bar. At low and intermediate
pressures (p < 100 bar) and T < 200 K, the slopes of the
isotherms increase as the external pressure gets larger. On the
contrary, above T = 200 K, the slopes generally decrease as p is
augmented. In a similar way, in the case of (2,2) armchair
structures, the variation of the slopes with the increase of the
external pressure is different below and above T = 250 K. For
both structures, the transition temperatures correspond to
thermal energies which are approximately 0.1 times the
potential well depth at the main adsorption sites. This
temperature dependence, which appears only for the two
extreme confinement potentials, suggests that this behavior is
caused by the emergence of quantum delocalization effects. In
fact, the influence of quantum effects on hydrogen adsorption
in the smallest carbon foams has been stressed by calculations
carried out within quantized and classical liquid density
functional theories.>’ The 1,4s(p,T) curves for the (5,5) zigzag
foams closely follow those obtained for the (5,5) armchair
structure. At low temperatures, the molecular density is slightly
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lower in the former case. This feature indicates that the increase
of the effective pore radius from 8.9 to 11.2 A does not have a
significant influence on the amount of physisorbed H,. It is a
consequence of the similarities of the adsorption potentials
inside both cavities.

Summing up, while the adsorption properties of (2,2)
armchair foams are noticeably different from those of the (2,2)
zigzag arrangements, the volumetric storage capacities of the
(5,5) armchair and zigzag structures are pretty close. A closer
look into the effective potential v.4(r) inside the unit cells of
these four carbon frameworks gives a more clear picture of this
behavior. The contour plots of v(r), evaluated at T = 77 K
and p = 100 bar, are displayed in Figure 8. At moderate external
pressures, after adding the exchange-correlation contribution,
the minima of the potential v,(r) are very similar for all the
structures (approximately —3.9 and —3.8 kJ mol™" for the (2,2)
and (5,5) carbon foams). In the (2,2) pores (Figure 8a and c),
this strength of the H,-host interaction potential reduces to

Figure 8. Effective potential energy isosurfaces inside the unit cells of
(a) (2,2) armchair, (b) (5,5) armchair, (c) (2,2) zigzag, and (d) (5,5)
zigzag carbon foams at temperature T = 77 K and external gas pressure
p = 100 bar. The isosurfaces cover the range from —3.9 to 5.8
kJ-mol™". Cavity sizes have been scaled to allow a better visualization
of the overall shape of the effective potential.

~ —3.4 k] mol™" at the center of the cavity. Since the range of
variation of the effective potential in the (2,2) armchair and
zigzag carbon foams is nearly the same, the enhanced
adsorption capacity of the latter is a consequence of its larger
accessible volume. The extreme values of v.g(r) are also very
similar for the (5,5) armchair and zigzag foams. In Figure 8b
and d, the adsorption regions are parallel to the channel walls.
The interaction strength decreases faster with the distance to
the graphenic planes for the zigzag structures than for armchair
structures, leading to slightly smaller average molecular
densities.

The dependence on the pore radius of carbon foams of the
gravimetric capacity is shown in Figure 9. The gw(r.q) curves
are given for temperatures 77 K < T < 450 K and pressures py,,
= 5 bar (left panel) and Phigh = 100 bar (right panel). The
external gas pressure p,,, is representative for the low coverage
regime. On the other hand, py;y roughly corresponds to the
highest external pressures at which the host materials retain
positive excess storage capacities. At 5 bar, the gravimetric
capacities exhibit weak maxima. These modest peaks
correspond to different nanostructures: the highest value of
gw is reached for the (4,4) armchair structure at T < 100 K; at
T = 120 K, the largest gravimetric storage capacity is achieved
for the (3,3) zigzag foam; at T = 140 K and T = 170 K, the
maximum occurs for the (3,3) armchair material and so on. In
summary, the maximum of gw is shifted to the systems having
narrower pores as the temperature is increased. This trend
reflects the role of quantum delocalization effects on
adsorption. For high enough temperatures, classical adsorption
theory is valid and the number of molecules attached to the
surface will be determined by the strength of the guest—host
interaction, which is maximal for the smallest graphitic foams.
Likewise, at pi, = 100 bar, the gravimetric storage capacity
increases monotonically with the pore radius for all temper-
atures considered. Since the adsorbed density decreases as the
size of the cavity gets larger (for channels with r >6 A), it is
evident that the higher gravimetric capacities are attained at the
expense of the lower mass densities of the carbon structures
with larger pores. For the (5,5) zigzag carbon foam at T = 77 K,
the weight of the physisorbed fluid represents 4.5% of the total
mass. This value is similar to the recently reported experimental
values for physical adsorption capacities on carbon surfaces,’
although it is still lower than the US DoE requirements for
mobile applications.

B. Microscopic Density Profiles. To characterize the
microscopic structure of the adsorbed fluid, we evaluated the
ratio between the pressure p,,, corresponding, according to the
empirical equation of state,® to the maximum local density of
hydrogen molecules inside the cavity and the external pressure
p- The magnitude p,,/p measures the capability of the
structure to create large density peaks, which is directly related
to the ability of the material to adsorb hydrogen. The ratios
Pma/P (logarithmic scale) for selected pressures (p = S, 50, and
100 bar), at room temperature and at liquid nitrogen
temperature, are summarized in Table 2. At low temperatures,
the carbon foams act as nanopumps, creating highly structured
density profiles, characterized by large ratios p,.../p. The
pressures matching the local maxima of the hydrogen density
are between ~10% and ~10* times that of the external gas. As
the temperature goes up, this capability is dramatically reduced.
At room temperature, the variation of p../p gets considerably
smaller: p... varies from ~20 to ~500 times the external
pressure. The comparison among the different nanostructures
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Figure 9. Gravimetric storage capacities gw as a function of the foams' effective pore radii r,g at pressures py,, = S bar (left panel) and py,, = 100 bar

(right panel), for temperatures in the range Ty, = 77 K and T, = 450 K.

Table 2. Logarithm of the Nanopump Efficiency, log;o(Ppmax/
p), for Different Foams, as a Function of Their Effective
Radius, rg for Selected External Gas Pressures (p = S, 50,
and 100 bar) and Temperatures (T = 77 and 300 K)

re (A) p =S bar p = SO bar p = 100 bar
T=77K
3.306 4252 3.389 2.428
4.688 4.008 3.138 2.173
5.220 3.924 2.998 1.969
6.870 3.883 2.928 1.868
7.101 3.859 2.951 1.942
8.894 3.871 2.933 1.890
9.031 3.846 2.922 1.896
11.178 3.829 2.882 1.830
T =300 K
3.306 2.674 1.910 1.856
4.688 2.087 1.597 1.528
5.220 1.815 1.449 1.379
6.870 1.730 1.402 1.331
7.101 1.690 1.400 1.320
8.894 1.699 1.385 1.314
9.031 1.661 1.366 1.293
11.178 1.630 1.346 1.273

shows that there is also a relatively weak dependence of this
nanopump efliciency on the pore size. At p = § bar and T = 77
K, the largest density p(r) inside the (2,2) armchair network
corresponds, for a homogeneous hydrogen gas, to a pressure of
about 2.6 times larger than the corresponding value for the
(5,5) zigzag carbon foam. The ratio p,,,./p becomes 3.2 and 4
times larger for the (2,2) armchair, in comparison to the (5,5)
zigzag honeycomb structure, at p = 50 bar and p = 100 bar,
respectively.

The spatial distribution of the hydrogen molecules inside the
unit cells of (3,3) armchair and zigzag carbon foams, at external
pressure p = 1 bar and temperature T = 77 K, is shown in
Figure 10. The density is delocalized along the channel walls,
indicating free lateral motion of the molecules along the wall
surfaces. This is in agreement with previous path-integral and
Monte Carlo simulations of H, adsorption on graphite-like
materials.”>” On the other hand, in the plane perpendicular to
the channel axis, the density profile is highly inhomogeneous. It

19551

Figure 10. Spatial distribution of physisorbed hydrogen at external gas
pressure p = 1 bar and temperature T = 77 K, inside the unit cell of
(3,3) armchair (left panel) and (3,3) zigzag (right panel) carbon
foams, shown by means of constant H, density surfaces. The color
scale is normalized to the height of the main peak of molecular
distribution.

is characterized by a forbidden region for hydrogen adsorption
close to the carbon walls and sharp density peaks around the
main adsorption sites, decaying to approximately 0.3 ((3,3)
armchair, Figure 10a) and 0.01 ((3,3) zigzag, Figure 10b) times
the maximum concentration. It can be noticed that for the
zigzag structures the principal adsorption sites are clearly
defined. In the vicinity of these main peaks, the density reaches
about 70% of the peak heights. However, the preferential
adsorption sites in the (3,3) armchair unit cell are
interconnected by a region, where the minimum concentration
is above 90% of the largest density. This feature causes the total
number of particles per unit volume to be slightly larger in the
armchair network, but the lower mass density of the zigzag
foams gives higher gravimetric storage capacities for the latter
structures.

Moreover, Figure 11 illustrates the microscopic density
profiles inside (4,4) armchair and zigzag foams. The diameter
of the pores of the (4,4) armchair structure is 36% larger than
that of the (3,3) armchair carbon foam. The constant density
surfaces in Figure 11a show that the redistribution of hydrogen
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Figure 11. Spatial distribution of physisorbed hydrogen at external gas
pressure p = 100 bar and temperature T = 77 K, inside the unit cell of
(4/4) armchair (left panel) and (3,3) zigzag (right panel) carbon
foams, shown by means of constant H, density surfaces. The color
scale is normalized to the height of the main peak of molecular
distribution.

molecules over the larger accessible volume is able to
compensate the enhancement of H,—H, repulsion caused by
the increase of the external pressure. The molecular
reorganization results in a more structured molecular
distribution, compared to that of (3,3) armchair foams (see
Figure 10a). The hydrogen molecules inside the (4,4) armchair
cavity concentrate around individual adsorption sites, close to
the corners, and the probability to find a H, molecule on the
axis channel is ~15% of the value at the minima of the
adsorption potential. On the other hand, Figure 11b shows that
molecular rearrangement also takes place for the (4,4) zigzag
system. The pore radius of this material is 29% larger than that
of the (3,3) zigzag. The density at the center of the (4,4) cavity
is 0.03 times the height of the main adsorption peaks, showing
that the enlargement of the volume is not enough to overcome
the stronger intermolecular repulsion. The integrated densities
yield volumetric and gravimetric storage capacities of ~24 kg/
m® and ~4.2%, respectively.

VI. CONCLUSIONS

The adsorption properties of model nanostructured materials
have been investigated for broad ranges of external gas
pressures and temperatures. The density functional theory for
quantum liquids at finite temperature has been employed to
evaluate the equilibrium free energy, the volumetric and
gravimetric adsorption capacities, and the microscopic density
profiles. The method allows one to account for the many-body
and quantum delocalization effects on a single theoretical
framework.

We have evaluated the binding free energies for the
symmetric (n,n) carbon foams, n = 2—35, taken as the difference
between the total free energy of the system and that of the
homogeneous hydrogen gas at the same density and temper-
ature. This magnitude shows the relatively fast deterioration of
adsorption properties of these porous media with the increase
of thermal energy. Therefore, efficient hydrogen uptake can
only be achieved at low enough temperatures. At high
temperatures, the approximate values of the volumetric storage
capacity, derived within the independent particle model,

reproduce the general trend of QLDFT results for slowly
varying potentials, even at moderate external pressures.
However, the ideal gas approximation produce flawed results
in the presence of strong confinement, due to the breakdown of
the nonideality correction, as a consequence of the sensitivity of
the adsorption equilibrium constant on the specific thermody-
namic conditions.

For the (2,2) armchair and zigzag carbon foams, i.e., those
with smaller pore sizes, the computed volumetric and
gravimetric storage capacities indicate the appearance of zero
point energy effects at temperatures below T = 200—250 K. In
fact, the zero-point energies, corresponding to the vibrational
ground states of a single hydrogen molecule on the H,-
substrate potential energy surface inside carbon nanofoams, can
be estimated to be of the order of 1 kJ mol™". Therefore,
significant quantum effects can be expected for the adsorption
of hydrogen on the walls of these materials at temperatures
below 200 K.

It has been shown that the (5,5) zigzag structure can store a
significant amount of hydrogen (1,4, = 36 kg/m>, gw = 4.5%) at
T = 77 K and not too high pressures (p = 100 bar). These
results show that the inclusion of particle interactions leads to a
qualitatively different picture of the adsorption process in these
nanostructures, compared to the studies carried out within the
ideal gas approximation. The strengthening of the intermo-
lecular repulsion associated with the reduction of the nanopore
volume occurs faster than the corresponding enhancement of
the van der Waals attraction between the H, molecules and the
host structure. As a consequence, only the porous environ-
ments characterized by fairly large cavities can provide efficient
storage media for molecular hydrogen.

In general, the gravimetric capacities of carbon foams, at
liquid nitrogen temperature, lie in the range gw ~1—4.5%. The
calculated values compare quite well with the reported
experimental storage capacities of other carbonaceous materi-
als.” On the other hand, at room temperature, the foam
gravimetric capacities lie between 0.5 and 1.4%, while the
experimental values for other carbon-based materials are below
0.7%. Therefore, we can conclude that the hydrogen uptakes of
carbon foams, at T = 77 K, are similar to those of other carbon
hosts, but the deterioration of their adsorption properties (with
the increase of thermal energy) takes place at a slightly slower
rate than for other carbon allotropes.

Finally, the close relationship between the calculated
volumetric and gravimetric storage capacities and the micro-
scopic molecular distribution was also addressed. The adsorbed
fluid is found to be delocalized along the walls of the graphitic
foams, thereby confirming the quasi-one-dimensional adsorp-
tion picture.
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