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ABSTRACT

Using first-principles calculations within density functional theory, we explore systematically the capacity of charged carbon fullerenes C n (20
e n e 82) as hydrogen storage media. We find that the binding strength of molecular hydrogen on either positively or negatively charged
fullerenes can be dramatically enhanced to 0.18 −0.32 eV, a desirable range for potential room-temperature, near ambient applications. The
enhanced binding is delocalized in nature, surrounding the whole surface of a charged fullerene, and is attributed to the polarization of the
hydrogen molecules by the high electric field generated near the surface of the charged fullerene. At full hydrogen coverage, these charged
fullerenes can gain storage capacities of up to ∼8.0 wt %. We also find that, contrary to intuitive expectation, fullerenes containing encapsulated
metal atoms only exhibit negligible enhancement in the hydrogen binding strength, because the charge donated by the metal atoms is primarily
confined inside the fullerene cages. These predictions may prove to be instrumental in searching for a new class of high-capacity hydrogen
storage media.

Because of its abundance and environmentally friendly
properties, hydrogen has been actively considered as an
appealing alternative to fossil fuels for various energy
applications. To possibly reach this eventual goal, one crucial
issue is the availability of safe and efficient storage media.1

Ideal hydrogen storage materials should have high gravi-
metric and volumetric densities, as specified by the targets
of 6.0% mass ratio and 45 kg/m3 volumetric capacity by
2010.2 Other important criteria include the following: the
binding energy should be about 0.2-0.6 eV per hydrogen
molecule, so that hydrogen can adsorb and desorb under near
ambient conditions,3 and the hydrogen release should be
reversible.

One class of candidate materials for high-capacity hydro-
gen storage is to use light-element-based materials with high
surface areas, such as carbon nanotubes (CNTs) or other
carbon-based nanostructures,4 noncarbonaceous nanotubes,5,6

and metal-organic frameworks.7 Since the discovery of
CNTs, their capacity as potential hydrogen storage media
has been actively explored, and by now it has been generally
agreed that pristine CNTs cannot effectively store hydrogen
because the binding strength of molecular hydrogen on such

CNTs is too weak (∼0.03 eV).8 This is because the carbon
nanotubes and fullerenes are quite stable structurally and very
inert chemically, unable to interact strongly with molecular
hydrogen, which itself is chemically rather inert. Several
recent studies have shown that the binding strength of
molecular hydrogen with nanoscaled carbon structures can
be substantially enhanced by adsorption of transition metals
such as Ti onto the surfaces,9,10 but how to prevent the
clustering of the adsorbed metal atoms remains a chal-
lenge.11,12

In this Letter, we explore systematically how charging of
carbon fullerenes can affect their ability to bind molecular
hydrogen, using first-principles calculations within density
functional theory (DFT). We find that the binding strength
of molecular hydrogen on either positively or negatively
charged fullerenes Cn of different sizes (20e n e 82) can
be substantially enhanced to 0.18-0.32 eV, a desirable range
for potential room-temperature, near ambient applications.
The enhanced binding is delocalized in nature, surrounding
the whole surface of a charged fullerene, and is attributed
to the polarization of the hydrogen molecules by the high
electric field generated near the surface of the charged
fullerene, which can gain storage capacities of up to∼8.0
wt % at full hydrogen coverage. We further show that,
contrary to intuitive expectation, fullerenes containing en-
capsulated metal atoms only exhibit negligible enhancement
in hydrogen binding, because the charge donated by the metal
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atoms is primarily confined inside the fullerene cages. These
predictions are expected to be instrumental in searching for
a new class of high-capacity hydrogen storage media.

Our DFT calculations were carried out using the Vienna
ab initio simulation package (VASP),13 with the exchange-
correlation potential described by the Ceperley-Alder local
density approximation (LDA)14 as parametrized by Perdew
and Zunger.15 We employed the projector-augmented wave
pseudopotentials.16 The energy cutoff for the plane-wave
basis set was 400 eV, and Monkhorst-Packk-point sam-
pling17 was used for the integration. For selective cases, we
also compared the LDA results with those containing
nonlocal corrections to the exchange-correlation potential,
as described by the Perdew-Wang version of the gradient
generalized approximation (GGA).18 For example, the bind-
ing energy of molecular hydrogen to a buckyball is 0.02 eV
from GGA and 0.08 eV from LDA. On the other hand, it is
known that GGA underestimates van der Waals interaction,
as reflected by the observation that the graphite interlayer
distance from LDA is 0.34 nm in good agreement with
experiments, while it is greater than 0.4 nm from GGA. We
therefore present mainly the LDA results.

In calculation of the energy of a charged cluster (Cn
q, with

q being the net charge of a given fullerene of Cn), a uniform
background charge was introduced to keep the system charge
neutral within a supercell.19 The spurious electrostatic
interactions due to the introduction of the uniform back-
ground charge, and that associated with the long-range
interaction between different supercells, were corrected with
monopole and multipole terms using the schemes imple-
mented in VASP.19-21 We have carefully monitored each
correction component with respect to the supercell size, and
energy convergence for each case has been confirmed.
Positively charged fullerenes exhibit better energy conver-
gence than negatively charged ones, because it is more
difficult to treat a negatively charged system in a supercell
calculation due to the highly diffusive nature of the extra
electrons.22 For example, we observed that energy levels
stemming from fictitious states appear near the Fermi level
as a fullerene is charged with more than two to four electrons
depending on the size of the fullerene. Such fictitious states,
corresponding to spatial distribution of electrons in the
vacuum region, cause unphysical behaviors of the highly
negatively charged fullerenes. In contrast, no such problems
were observed for the positively charged fullerenes forq up
to six holes. We therefore limit our investigation to systems
Cn

q with -2 e q e +6.

The hydrogen binding strength to an sp2 carbon structure
is primarily determined by the local curvature at a given
binding site. Therefore, a fullerene whose local curvature is
determined by its radius and the local bonding arrangement
is an ideal model system to investigate H2 interaction with
an sp2 carbon structure of various curvatures. For example,
the H2 binding energy to a given fullerene is similar to that
of a nanotube with a similar curvature and the energy
converges to that of a graphene as the radius of the fullerene
increases. In this study, we mainly consider a free floating
fullerene because of its simplicity and theoretical conven-

ience. The use of such a representative system allows
demonstration of how charging can modify the H2 interaction
with an sp2 carbon material. The results obtained in this study
are also qualitatively valid for other sp2 carbon materials of
different form. Future studies may consider more sophisti-
cated structures in order to get quantitative results for
potential practical purposes.

A wide range of all-carbon fullerenes have been considered
in the present study, including Cn with different sym-
metries: n ) 60 (Ih), 72 (D6d), 74 (D3h), 76 (Td), and 82
(C2V). Smaller systems such asn ) 20 (Ih), 28 (Td), 32 (C2),
and 50 (D5h) have also been considered. Those small
structures cannot satisfy the isolated pentagon rule23 and are
thus less stable (with lower cohesive energies per carbon
atom). Correspondingly, the hydrogen binding to a pentagon
on such a fullerene is stronger, because the electrons in
neighboring pentagon(s) can help to enhance the binding.
In particular, C20, which completely consists of pentagons,
is chemically so active that the adsorption of a hydrogen
molecule onto its surface is dissociative. We exclude
consideration of such highly reactive fullerenes as potential
hydrogen storage media, because the atomic binding of H is
too strong.

There are several ways to control the charging state of
fullerenes, including electrochemical doping, ion/electron
impact, laser desorption, and chemical doping. First, it has
been demonstrated experimentally that electrochemical dop-
ing of fullerenes can lead to the formation of anions (q < 0)
or cations (q > 0).24 For instance, C60 and C70 fullerenes
with irreversible charging of up to(6 electrons have been
obtained in solution.24 Second, using ion/electron bombard-
ment25 or laser desorption,26 fullerene ions can be generated
in gas phase. Third, chemical doping of fullerenes is another
way to achieve various fullerene ions of high charge states;
here doping can be substitutional, endohederal, exohederal
doping, or via functionalization.24,27,28Substitutional doping
of fullerenes can easily change their charge states.27 Other
charging methods include doping endohedrally or exohe-
drally by introducing metal atoms, ions, or charge-transfer
complexes.24,28 In particular, when metal atom(s) are encap-
sulated inside a hollow carbon cage to form a metallof-
ullerene, substantial charge transfer from the metal atoms
to the fullerene can take place. For example, charge transfer
of up to six electrons has been observed experimentally when
two La atoms were encapsulated in C80.28 In this study we
will first focus on hydrogen binding to electronically doped
fullerenes Cnq and metallofullerenes consisting of a La atom
encapsulated inside a fullerene (La@Cn). We will also
discuss the results in comparison with other related studies
involving charging of fullerenes via other chemical doping
methods.24-28

Figure 1a shows the binding energy of a single hydrogen
molecule on charged fullerenes Cn

q as a function of charging
stateq for n ) 28, 32, 60, and 82. When compared to the
cases of neutral fullerenes, the molecular binding energy is
enhanced by a factor of 2-5 asq changes from-2 to +6.
For example, the binding energy on C28

4+ is ∼0.32 eV,
increased from∼0.06 eV for binding on a neutral C28
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fullerene. In addition, for a given host of Cn
q, the hydrogen

adsorption geometry has been fully optimized at the center
of a hexagonal carbon ring, where the binding is the
strongest. The results show that the axis of the H2 molecule
is aligned parallel to the surface of a positively charged
fullerene but perpendicular to that of a negatively charged
fullerene.

We next increase the coverage of hydrogen molecules on
the charged fullerenes, using C28

3+ and C82
6+ as selective

examples. Three hydrogen molecules can be adsorbed onto
one hexagon of C28

3+, residing on alternating tops of the
atoms belonging to the hexagon. Depending on the relative
orientations of the molecular axis, the binding energies differ
substantially, equal to 0.41 eV per molecule when it is nearly
vertical to the fullerene surface and 0.18 eV per molecule
when it is nearly parallel. Because a C28

3+ fullerene has four
hexagons, it can store at least 12 hydrogen molecules, giving
rise to a hydrogen uptake of 6.67 wt % and a nearly constant
binding energy of 0.19 eV per H2. The optimized structure
of 12 H2 on C28

3+ is shown in Figure 1b, in which the
distance of each molecule from the fullerene surface is also
nearly a constant. Here we note that the 6.67 wt % is the
lower capacity bound of a C28

3+ fullerene for hydrogen
storage. It is possible that some additional hydrogen mol-
ecules could be adsorbed onto the (12H2 + C28

3+) complex,
albeit likely with somewhat weaker binding strengths. Figure
1c shows the optimized structure of 43 H2 stored on C82

6+
,

with one molecule per facet; the average binding energy per
molecule is 0.18 eV, with little variations from molecule to
molecule. The (43H2 + C82

6+) complex corresponds to a
lower capacity bound of 8.04 wt % for hydrogen storage.
Because the average binding strength of the hydrogen
molecules on these charged fullerenes is similar to that of a
single H2 and is ∼0.2 eV, such charged fullerenes are
promising candidates as high-capacity hydrogen storage
media for applications under ambient conditions.29

To elucidate the underlying physical reason(s) for the
enhanced binding of molecular hydrogen, we contrast in
Figure 2a the electric fields generated by neutral and charged

fullerenes, C28
q (q ) -2, 0, +2), along the radial direction

from the center of the fullerene to that of a hydrogen
molecule located on top of a hexagon. The radius of C28 is
∼0.24 nm, and the hydrogen molecule is located at 0.46 nm
from the center, as indicated by the vertical dotted line. The
optimum hydrogen binding site is initially determined by
the van der Waals interaction between H2 and a neutral
fullerene and further stabilized by its polarization under the
electric field surrounding a charged fullerene. The electric
field experienced by H2 is negligible on a neutral C28, but
on a charged fullerene it is enhanced to∼1.5× 1010 V/m at
the hydrogen site. Figure 2 illustrates the charge density
redistribution of a hydrogen molecule under a strong electric
field of 2 × 1010 V/m applied along either (b) parallel or (c)
perpendicular direction to the molecular axis. The resulting
electric dipole moment (pb) is given bypb ) REBext, whereR
is the electric polarizability of the molecule. The correspond-
ing energy decrease is∆U ) -1/2 pb‚EBext,30 which is largely
responsible for the enhanced hydrogen-fullerene binding.
The polarizability along (R||) and perpendicular (R⊥) to the
hydrogen axis is 6.3 (a.u.) and 4.85 (a.u.), respectively.31

Therefore, an electric field of∼2 × 1010 V/m generated by
a charged fullerene will result in a hydrogen binding energy
of ∼0.2 eV. The hydrogen binding energy to a charged
fullerene estimated by this semiclassical approach (solid lines
in Figure 1a) is in good agreement with the DFT results (data
points in Figure 1a), both showing a quadratic increase with
the net charge. It should be noted that the semiclassical
picture is applicable only if the hydrogen orbitals have no
strong hybridization with that of a fullerene.

When a fullerene molecule is too highly charged, the
strong electric field will dissociate a hydrogen molecule
during structure optimization, as indicated by the missing
certain data points in Figure 1a. The critical fieldEext

c above
which hydrogen dissociation would occur is determined by
the dissociation barrier of a hydrogen molecule on a fullerene.
Here, as the strength of electric field increases, the barrier
decreases and finally vanishes atEext

c, whose precise value
varies from fullerene to fullerene.

Figure 1. (a) Binding energy of molecular hydrogen on charged
or neutral fullerenes. The DFT calculations (data points) are
compared with semiclassical calculations (solid lines), and for both
cases the binding energy increases quadratically with the net charge.
(b, c) Structurally optimized hydrogen-fullerene complexes of (b)
12H2-C28

3+ and (c) 43H2-C82
6+, with a hydrogen uptake of 6.67

wt % and 8.04 wt %, respectively.

Figure 2. (a) Electric fields associated with neutral and charged
fullerenes, C28

q (q ) -2, 0, +2), at the center of a hydrogen
molecule located on top of a hexagonal ring. (b, c) Charge density
variations of a hydrogen molecule induced by an electric field of
2 × 1010 V/m applied (b) parallel and (c) perpendicular to the
molecule axis, respectively.
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Next we analyze the detailed charge redistributions of
neutral or charged fullerenes upon H2 adsorption. The left
column of Figure 3 shows the charge densities of the H2-
C28

q (q ) -2, 0, +2) complexes, where the hydrogen
molecule is located at the center of a hexagonal ring. For
the charged cases, only the charge density differences (∆F)
are displayed, measured relative to the densities of the
corresponding neutral complexes with frozen atomic geom-
etries as the fully optimized ones for the charged complexes.
For the neutral case, the total charge density (F) is displayed.

The optimized geometries show that H2 aligns parallel to
the surface of a positively charged fullerene, while a
perpendicular configuration is preferred on a negatively
charged fullerene. The different orientation preference is
mainly due to the interaction between the quadrupole moment
of H2 and the gradient of the external field.32 Within a good
approximation, the Hamiltonian of the H2 molecule under
an external electric field can be expressed in terms of the
unpurturbed Hamiltonian plus interaction terms of dipolar
and quadrupolar nature. At the optimum H2 location near a
fullerene, the dipole term dominates, with∆U ) -1/2 pb‚
EBext. The next-order tem (∆U′) contains the information about
the orientation of the H2 molecule in terms of the sign of
the charged object;∆U′ ) -1/2Q∇EBextP2(cosθ), whereθ
is the orientation of the molecule with respect to a field in

radial direction,Q the quadrupole moment in the fixed-
molecule frame, andP2 the Legendre polynomial.32 In order
to minimize the total energy up to second order in the
multipole expansion, the H2 orientation ofθ ) π/2 (parallel
to the fullerene surface) is obtained for a positively charged
fullerene, while that withθ ) 0 (perpendicular to the
fullerene surface) is favorable for a negatively charged
fullerene.

Next, the origin of the high electric field produced by a
charged fullerene is explained on the level of quantum
mechanics. Here we analyze the partial densities of states
(PDOS) of the fullerenes and a hydrogen molecule on
positively and negatively charged fullerenes in comparison
with the neutral cases, as presented in the middle column of
Figure 3. There is no significant change in the overall feature
of the density of states (DOS) of the fullerenes when their
charge states are varied; instead, such homogeneous charging
only causes a rigid shift of the Fermi level (dashed red line),
upward or downward by∼4.5 eV for C28

2- or C28
2+,

respectively. This observation is consistent with the changes
in HOMO (highest occupied molecular orbital) and LUMO
(lowest unoccupied molecular orbital) levels. When two
electrons are added to the fullerene, the doubly degenerate
HOMO level becomes triply degenerate, while the doubly
degenerate LUMO becomes nondegenerate (upper panel in

Figure 3. Left column: charge density of the complexes H2-C28
2- (upper panel), H2-C28

0 (middle panel), and H2-C28
2+ (lower panel),

with the hydrogen molecule located at the center of a hexagonal ring. For the charged cases, only the charge density differences are
displayed, measured relative to the densities of the corresponding neutral complexes with frozen atomic geometries as the fully optimized
ones for the charged complexes. For the neutral case, the total charge density is displayed. The middle column displays the partial densities
of states, where the Fermi levels are indicated by the dotted red lines. The charge densities of the levels involved in hydrogen bonding to
the fullerene are shown in the right column.
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the middle column). Similarly, the LUMO becomes triply
degenerate and the HOMO nondegenerate when two elec-
trons are removed from the fullerene (bottom panel). The
rigid shift of the Fermi level of a charged fullerene effectively
results in the macroscopic electric field (Eext); that is, as we
bring H2 to the charged object, its Fermi level also shifts to
match the new Fermi level and the global Fermi level will
be determined in chemical equilibrium. As a result, the
molecular hydrogen levels experience Stark effects31 on the
charged fullerenes and electronic hybridization with the
fullerene states will take place accordingly. The charge
differences∆F shown in the left column of Figure 3 exhibit
high degrees of polarization of the hydrogen molecule under
the high electric field produced by the charged fullerenes,
resulting in the enhanced fullerene-hydrogen binding ener-
gies of∼0.14 eV for C28

2+ and C28
2-. In short, the quantum

mechanical results from DFT calculations confirm quanti-
tatively the semiclassical predictions on the difference in H2

orientation for the positively and negatively charged fullerenes,
the charge redistribution and corresponding energy gain, and
the strength of electric field generated by charged fullerenes
from the point charge approximation.

On both positively and negatively charged fullerenes, a
small spread of the H2 σ state is observed, resulting in an
upward or downward shift of the H2 σ level by ∼2.5 eV
with the addition or removal of two electrons. As a result,
the fullereneπ state is weakly involved in the hydrogen
binding to the positively charged fullerene, while theσ state
is involved in the binding to the negatively charged fullerene
(see the right column of Figure 3). In the latter case, the
hybridization is relatively stronger because of the perpen-
dicular orientation of the adsorbed hydrogen molecule. The
amount of transferred charge from the fullerene to H2 is
negligible (less than 0.01 electrons), and a slight increase in
the hydrogen bond length (up to 0.6%) is observed on the
negatively doped fullerene.

We now compare the different and conceptually distinct
approaches of enhancing the binding strength of H2 on
functionalized fullerenes. One is to coat the fullerenes with
reactive transition metals such as Ti.9,10 The other is to dope
the fullerenes substitutionally with other light elements of
different valent states such as B.33 As discussed in the
introduction, for the first approach how to prevent clustering
of the metal adatoms remains a challenge. Furthermore, for
both approaches the active sites for enhanced binding are
spatially localized around the adatoms or the dopants.9,10 In
contrast, the approach of using charged fullerenes proposed
here establishes strong electric fields surrounding the whole
surface of a fullerene; therefore, the enhanced binding is
delocalized or global in nature, surrounding the whole surface
of the charged fullerene.

Next, we briefly discuss the effectiveness of charging
fullerenes by encapsulating different metal atoms inside the
cages and the corresponding influence on the binding strength
of H2 on such metallofullerenes. Various metal atoms have
been encapsulated inside fullerenes experimentally,24,28 and
efficient charge transfer from the metal atoms to the
fullerenes has been observed.24,28 As an example, we focus

on metallofullerenes (La@Cn) consisting of a single La atom
encapsulated inside Cn (28 e n e 82). We find that three
electrons are transferred from La to the fullerenes for all the
considered cases.24 Nevertheless, the binding strength of H2

on La@Cn remains very weak, showing negligible enhance-
ment over the binding strength on uncharged pristine
fullerenes. This finding, somewhat counterintuitive, turned
out to reflect the observation that the transferred charge is
highly localized near the La ion and inside the fullerene cage,
making the electric field of dipolar nature felt outside the
cage relatively weak. Therefore, despite the existence of
significant charge transfer, metallofullerenes are not promis-
ing materials as high-capacity hydrogen storage media.

Before closing, we briefly discuss potential experimental
realization of charged fullerenes and validation of the strong
predictions made in the present study. Electrochemical
doping24 generally works to produce fullerene ions because
there are counterions nearby in the solution, but for such
systems little free space for hydrogen adsorption is left. Using
ion/electron bombardment25 or laser desorption,26 fullerene
ions can be generated in gas phase, resulting in ideal model
systems to test the effect of charging on the H2 binding
strength. Here, the challenge is to produce large quantities
of such charged fullerenes with good volumetric density for
practical applications. Chemical doping is another way to
achieve various fullerene ions of high charge states. Doping
approaches include substitutional, endohederal, exohederal,
and via functionalization.24,27,28By substitutional doping of
a fullerene with elements such as B or N, the net number of
electrons of a fullerene can be changed.27 However, this
approach creates charged fullerenes that are only locally
chemically active for enhanced H2 binding, mediated by local
charge transfer.33 We found no noticeable electric field
surrounding such objects. High charge transfer achieved by
endohederal doping of fullerene failed to achieve a high
electric field outside because of screening. On the other hand,
exohederal doping and chemical functionalization are alter-
native ways to achieve fullerene anions or cations. It has
been experimentally shown that additions of various elements
such as alkali metal and alkaline earth species and charge-
transfer complex such as TDAE (tetrakis-dimethylamino-
ethylene) can successfully produce fullerene (C60 and C70)
anions.24 Such a chemical reduction mechanism can be
achieved relatively easily compared to that of oxidization
of fullerenes due to their high electron affinity. The addition
of a few F complexes to a fullerene or alkoxylated or arylated
fullerene derivatives result in fullerene cations.24 Homoge-
neous exohederal doping or functionalization using charge-
transfer complexes could be promising ways to achieve
fullerene anions and cations. Finally, the predicted strong
enhancement in H2 binding on charged fullerenes can be at
least partially validated using charged fullerene molecules
adsorbed on a poorly conduction Si(100) surface.34 Such an
experiment is not only physically feasible but also worthwhile
in its own right besides its relevance to the present work.

In summary, we have investigated systematically how
charging of carbon fullerenes can affect their ability to bind
molecular hydrogen using first-principles calculations. We
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found that the binding strength of molecular hydrogen on
either positively or negatively charged fullerenes can be
substantially enhanced to 0.18-0.32 eV, a desirable range
for potential room-temperature, near ambient applications.
The enhanced binding is delocalized in nature, surrounding
the whole surface of a charged fullerene, and is attributed
to the polarization of the hydrogen molecules by the high
electric field near the surface of the charged fullerene. At
full hydrogen coverage, the charged fullerenes gain storage
capacities of∼8.0 wt %. We have also shown that, contrary
to initial intuitive expectation, fullerenes containing encap-
sulated metal atoms only exhibit negligible enhancement in
hydrogen binding, because the charge donated by the metal
atoms is primarily confined inside the fullerene cages. These
predictions are expected to motivate active research efforts
to search for potential new high capacity hydrogen storage
media.
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