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ABSTRACT
The geometrical properties of recently synthesised C 4, intercalated in graphite have been confirmed by density-functional-based computer
simulations. The capability of this material to store molecular hydrogen by physisorption is evaluated. While the material can sieve H » from

heavier molecular gases, our free energy calculations indicate that further tuning of the system by reducing the amount of intercalated
fullerene cages is necessary to achieve H , loadings which are interesting for technical applications.

Nanoporous carbon structures are among the best candidatesas predicted for slit pore sizes slightly abave: 6 A, in

as hydrogen storage media for mobile applicatibiis. agreement with recent experimental resultSor larger
Experiments in this field are very challenging.The well- interlayer distances, the capacity to storerétiuces continu-
known problems include the synthesis of well-defined ously, and for the limit of a single graphene sheet(),
materials, their characterization, passivation of surface areaonly insignificant uptake of klon the layer surface was
by gas impurities, and effects of the nanostructure’s surface predicted. Our model calculatichshowed that the optimum

on the storage capacity?® We have recently studied the size of the slit pores is essential for achieving a reasonable
simplest atomistic model for slit pore aromatic carbon hydrogen storage capacity. It remained to be discussed how

nanostructures and have shown that graphene sheets witiyraphene layers with well-defined interlayer distances can

well-defined interlayer distances might be good candidates pe produced.

as storage material for molecular hydrogen at moderate

.temperatures a.nd pressufése have fgund that thg capabil-  penyeen the layers of graphite: According to the dispersion-

|ty of the matengl to store ks determined by the interlayer ..o tage (DC) density-functional-based tight-binding

F"Stanc?‘c at dlst_ances below = 5 A the H—graphene (DFTB) method®!!as implemented in the deMon cotfdt

Interaction potenthl was repulsive, an.d nedan penetrate .. requires 74 meV per carbon to increase the interlayer distance

between the graphite layers. The maximum storage capacnyOf graphite to~6 A, that is, to the optimal distance where
H, could penetrate into the material. Introduction afull
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It is thermodynamically impossible for Ho penetrate
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Table 1. Calculated 12 Atomization Energies per C Atom
(Eaom), Gap EnergiesX), and Mass Densitiep) for Various

Carbon Allotrops

structure E .tom (€V/atom) A (eV) o (g/cm?)
graphite -9.09 0 (0)26 2.27 (2.266)%6
graphene layer —8.90 0(0)
diamond —8.87 6.88 (6.01)26  3.54 (3.514)%6
Ceo (gas phase) —-8.51 1.78 (1.7)
Ceo (solid) —8.54 1.67 (1.70)27  1.73 (1.72)%7
CIG —-8.71 0 1.28

a Experimental values are given in parentheses.

whereE denotes the total energhy,the number of carbon
atoms in the nanostructure, aif.. the energy of a free
carbon atom, with all energies calculated at the DC-DFTB
level. CIG has an atomization energy per atom—@&.709

are statically covered with H six carbon atoms bind one €V/atom. Hence, CIG is less stable than graphite (by 340
hydrogen moleculé In total, the penetration of Hinto meV/atom) and more stable thago@hases (by 170 meV/
graphite is an endothermic process requiring at least 320 mevatom) (Table 1).

per H. Therefore, the interlayer distance of graphite needs To assess the capability of CIG to host molecular
to be increased by other means, and indeed, several poshydrogen, we apply a method which we have recently
sibilities have been discussed in the literature. They include proposed in ref 4: The interaction of;hvith the carbon
functionalization of the sheets, for example by fluorina- nanostructure is strongly influenced by the entropy of the
tion,'*15by doping with Li complexe&® or by oxidation with system, and interaction free energies have to be calculated
aquas acid agents, forming randomly spread out hydroxy andto assess the Hcontent of CIG. The free energy of the
epoxide groups which increase the interlayer distdhée.  system can be calculated through statistical mechanics, for
Functionalized graphite exhibits interlayer distances from 4.7 example, employing grand-canonical Monte Carlo simula-
to 9 A, depending on preparation and temperature. As tions?*-2We chose a different, quantum mechanical route
functionalization transforms 3pcarbon to sh it allows to assess the thermodynamics of the system: The partition
covalent interlayer bonds and imposes loss of plandtity.  function of the H guest system is calculated quantum mech-

An alternative possibility to increase the interlayer distance anically in one single simulation and allows the efficient
while leaving the graphene sheets intact is the intercalationevaluation of the entropy and interaction free energy: We
of spacer molecules. Thermodynamically, during the inter- solve the time-independent Sctinoger equation of a feature-
calation process, a destabilizing proceti®e interlayer van ~ less particle with the mass of,Hn the presence of the
der Waals contacts are brokeis partially compensated by  Hz—nanostructure interaction potential which is given on a
the formation of spacer-layer interactions. The intercalation grid. Repeating the same calculation for freg dives the
of spacers into graphite is, however, possible: recently, therelative free energy with respect to the free gas, and other
synthesis and characterization of graphite intercalatedspy C thermodynamic quantities are accessible. The interested
fullerenes has been report&dThe fullerene cages form a  reader is referred to ref 4, in particular to the Supporting
hexagonal two-dimensional lattice between the layers, andInformation of this article where validation and approxima-
the transmission electron microscopy (TEM) image indicates tions of this methodology are discussed in detail. It should,
that no covalent bonds between cages and graphene, neithdiowever, be noted here that these values are those of ideal
between the fullerenes nor between them and the layers, arestructures without contamination of the hydrogen phase with
present. gas impurities.

The DC-DFTB optimized geometry of sgintercalated We describe the H-CIG interaction employing a Len-
graphite (CIG) (Figure 1) agrees well with the reported TEM nard-Jones potential between all carbon atoms of the host
image of Gupta and co-worke?#sIn detail, the calculated  structure and the fHcenter of mass. The potential has been
interlayer distance is 12.985 A and fits well the experimental parametrized earlier on the basis of post-Hartrieeck ab
value of 12.7 A. The @ radius is 3.542 A at the DFTB initio calculations on the interaction of;ivith polyaromatic
level, in close agreement with 3.55 A found in the X-ray hydrocarbons (PAHS)The guesthost interaction is found
experiment® For the interlayer geometry, we used the to be attractive in the space between the fullerene cages and
experimentally observed hexagonal pattern with 12.5 A graphene and inside the fullerenes. As the interior of the
lattice constant, which has been estimated from the TEM fullerene cages will not contribute to the reversiblestbrage
image of ref 20. We compare the stability of CIG with capacity of the system, we put a repulsive value for the
different carbon forms by means of atomization energies perinteraction potential on the grid points inside of the cages.
carbon atom The attractive part of the HCIG interaction potential is given

in Figure 2. Asactive volume we define the space of
Eatom= EofN — Efree attractive H-host potential. For CIG the active volume is

Figure 1. The extended unit cell of &-intercalated graphite. The
fullerene cages form two-dimensional hexagonal layers.
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Table 2. Hydrogen Storage Capacities of Selected Mate¥ials

Pext VC

material T (K) (MPa) ew (%) (g/em3)

CNT 2981773 0.1 0.4 (0.3/0.7)*  0.0032
Li-doped CNT 473—-673 0.1  20.0 0.180
Li-doped graphite 473—673 0.1 14.0 0.280

K-doped CNT <313 0.1 14.0 0.0126
K-doped graphite <313 0.1 5.0 0.060
FeTi—-H >263 25 <2 0.096
NiMg—-H >523 25 <4 0.081
cryoadsorption ~T77 20 ~5 0.020
isooctane/gasoline >233 0.1 173 0.117
CIG 300 10 (3.5) (0.060)
250 10 (5.7) (0.071)

200 10 9.1 (0.120)

aThe strorage temperaturd)( external pressurePfy), gravimetric
density (gw), and volumetric densityd) are compared. Experimental values
are taken from ref 28, while those calculated for this work are given in
parenthese$.Model calculations of a carbon nanotube with chirality (6,6)
and~7 A diameter at ambient conditions give gravimetric storage capacities
CPf 0.3% in the interior of a CNT and 0.7% in a bundle.

Figure 2. The interaction potential between Bind Gg-intercalated
graphite (H-CIG). The figure shows potential energy isosurfaces
in a diagonal cut through the unit cell.

found in the fosses and grooves between the fullerenes an
the graphene sheets, where the potential reaches values
—12.5 kJ/mol. On the contrary, at the points of closest
fullerene-fullerene and fullerenegraphene distance the-H
host potential becomes repulsive. The active volume of CIG
has been determined by numerical integration and is found
to be 19% of the total volume. In comparison, the same
structure without fullerene spacers has an active volume of
62%.

In Figure 3a we compare the interaction free energy of
CIG with hypothetical graphite with the same interlayer
distance as function of the temperature. Over the range of
50 K to ambient temperature, the spacers double the e
interaction free energy of CIG with Hcompared to the to He.
empty structure. However, the supporting effect foy H Further, we calculated the diffusion coefficients gfdihd
storage due to lower free energy is partially compensated Nz inside CIG using BorrOppenheimer molecular dynam-
by the reduction of active volume, which is now taken by ics simulations, employing the DC-DFTB method using a
the fullerene cages. The resulting relative storage capacity,NVE ensemble at 300 K for 1 ns. The Hiffusion constant
compared with free Hgas at same temperature and pressure, is calculated to be-8.5 x 1072 cn¥/s, while the values for
is given by the equilibrium constant (Figure 3b). The storage the other molecules are more than 1 order of magnitude lower
capacity might become interesting for practical applications (3.8 x 107 cn/s for N and 1.7x 104 cnm¥/s for Gy itself).
at low temperatures and at moderate pressures (e.g., afhese values show that,Ns trapped between thesf
10 MPa and 200 K), Table 2. The density of ltates molecules, while Bican easily penetrate through the structure
(density-of-states, DOS) in CIG is given in Figure 4. It shows and move between the bucky balls and the graphene layers.

c)c‘1at Gso spacers lower the energy levels populated by H
but they reduce the total amount of available binding states
compared to hypothetical graphite with the same interlayer
distance. Comparison with the low,dtorage capacity of
carbon nanotube ropes indicates the importance of the
topology of the nanostructure: CIG is a solid which does
not suffer as strongly from surface effects as CNT buntfles.
In CIG, the inactive volume in the interior of the fullerenes
is smaller than that inside the CNTs. Moreover, due to
graphene layers CIG is less affected by the fact that the
concave outer walls of CNTs and fullerenes are less attractive
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Figure 3. The dependence of free energy (a) and equilibrium constant (b) with respect to the temperature, within the ideal gas approximation
for H,. Values for Ggintercalated graphite (circles) are compared with those of hypothetical graphite with the same interlayer distance
(crosses).
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Figure 4. Density of states (DOS) of molecular hydrogen igC
intercalated graphite, hypothetical graphite with same interlayer
distance and of a potential-free simulation box.
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Figure 5. Volumetric (top) and gravimetric storage capacities of
CIG, calculated from the real gas equation of state, as function of
the external pressure are given for various temperatures (color
coded). For bold lines, our approximations are on safe grounds.
The targets of the Department of Energy of the USA for automotive
applications (Gwt= 6.5%, V = 31.2 cn¥mol) are indicated as
horizontal lines.

In conclusion, our simulations confirm the structure of the
recently reported & intercalated graphite, and the stability
of the material is in the expected ramjeExperiment and

simulation agree very closely on the geometrical parameters.

The electronic properties of CIG are similar to those of
graphite. We showed that intercalation of graphite by
fullerenes is an interesting way to follow for realization of

H, storage devices based on physisorption in carbon nano-
structures. The shape of the spacers allows a nearly free

penetration of Hinto and out of the material with no effect

hand, the fullerenes reduce the active volume of 62% of the
structure without spacers to 19% in CIG in the case of closest
packed hexagonal cage. Gravimetric and volumetric storage
capacities of Hin CIG are given in Figure 5. Compared to
other candidate systems for hydrogen storage, CIG ap-
proaches values obtained for Li-doped carbon systems at low
temperatures (Table 2). AsyHs only physisorbed in CIG
has, however, the advantage of easy loading and unloading
over metal hydrides and alkali-doped carbon structures. The
storage capacity might become interesting for practical
applications at low temperatures and at moderate pressures
(e.g., at 10 MPa and 200 K). An even more promising
material for the storage of molecular hydrogen could be
created if it would be possible to reduce the density gf C
inside CIG. However, CIG may prove a useful part of a
composite storage system, by providing in situ separation
of H, from other gases contained in air by molecular sieving.
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