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N
owadays, the lack of efficient hy-
drogen storage media is one of the
great challenges for hydrogen ap-

plication in mobile industry. An ideal hydro-

gen storage material needs to meet several

requirements for industrial applications:

high capacities, fast kinetics, and proper

thermodynamics conditions under which

quick adsorption and desorption are readily

accessible for hydrogen. However, almost

no materials can meet all the requirements

so far. It is well-known that the carbon nan-

otube (CNT) is not an ideal hydrogen stor-

age material because of its poor perfor-

mance at room temperature. Schlapbach et

al. believed that it is difficult for carbon ma-

terials to achieve a high hydrogen storage

capacity unless they hold an extremely high

specific surface area (SSA).1 Cao et al. de-

signed a carbonaceous inverse opal ma-

terial with extremely high BET SSA of 4200

m2/g and found that this material exhibits
a hydrogen uptake of 5.9 wt % at p � 30 M
Pa and room temperature.2 Schimmel et al.
explored hydrogen adsorption in carbon
nanotube, carbon fibers, and coals and re-
ported that the adsorbed hydrogen only
reaches 2 wt % at low temperature.3 An-
són et al. investigated the adsorption of hy-
drogen in a single-walled carbon nanotube
by using three different adsorption tech-
niques, and their results show that the high-
est capacity does not exceed 0.5 wt % at p
� 20 bar and room temperature.4 However,
doping metal atoms such as alkali or transi-
tion metals (TMs) to carbon-based porous
materials, such as CNTs and fullerene, opens
a new strategy for hydrogen storage re-
search recently.5�14 It is found that doping
carbon-based materials with some metals
can enhance the hydrogen storage capac-
ity significantly, owing to the strong bind-
ing energy between H2 and the doped
metal atom. This strong binding energy is
mainly attributed to the charge transfer
mechanism from the doped metal atoms
to the host material. The targeted metals
mainly include some light metals like Li, as
well as some transition metals in the fourth
cycle of the periodic table of elements, such
as Ti and Sc. This new strategy is a great ad-
vance and makes it possible to design novel
hydrogen storage materials that may meet
these requirements for industry
applications.

Chen et al. reported in 1999 that Li- or Pt-
doped CNTs can improve hydrogen uptakes
significantly compared to nondoped CNTs.5

Froudakis et al. theoretically investigated
the nature of interaction between H2 and
alkali-metal-doped CNTs.6 They believed
that the strong binding energy between H2

and the doped metal atom is induced by
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ABSTRACT By using the first-principles DFT calculations, we design a novel hydrogen storage material,

Li12Si60H60 composite, and validate its geometric stability. It is found that the adsorbed Li atoms do not cluster on

the Si60H60 fullerene unlike other metals such as Ti, owing to the relatively low Li�Li binding energy and the

inhibition of Si�H bonds. Our results show that the Li-doping enhances the hydrogen adsorption ability of Si60H60

significantly, owing to the charge transfer from the doped Li atoms to the host material and the polarization of

the adsorbed H2 molecules. By combining the first-principles calculation and grand canonical Monte Carlo

simulation, we further investigate the hydrogen storage capacity of the simulation-synthesized exohedral

Li12Si60H60 composite at T � 77 K. As the vdW gap (i.e., the separation between the surfaces of two Li12Si60H60

fullerenes) is equal to 8.2 Å, the total hydrogen uptake of the square-arranged Li12Si60H60 array reaches 12.83 wt

% at p � 10 MPa, while the excess hydrogen uptake shows a maximum of 7.46 wt % at p � 6 MPa. Impressively,

at T � 298 K and p � 10 MPa, the Li12Si60H60 array still exhibits a total hydrogen uptake of 3.88 wt % at the

vdW gap of 8.2 Å. These results clearly indicate that the composite, Li12Si60H60 fullerene, is a promising candidate

for hydrogen storage.

KEYWORDS: hydrogen storage · Li-doped silicon-fullerene · first-principles
calculation · grand canonical Monte Carlo simulation · simulating synthesis of
materials
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the charge transfer from the alkali metal to the tube
which polarizes the adsorbed H2 molecule. In addition,
Ti- and Sc-coated CNTs and fullerenes were also
found to exhibit high hydrogen storage capacities
up to 8 wt % with a binding energy of about 0.5
eV/H2 molecule.10�13 Subsequently, other research-
ers proved that Ti atoms prefer forming clusters on
the C60 cage rather than decorating the 12 pentago-
nal faces.14 This clustering tendency of the doped
Ti atoms makes Ti12C60 unsuitable for storing H2, be-
cause its capacity is not higher than 3 wt %. It should
be mentioned that most of the research interests in
the past were focused on the carbon-based porous
materials, while novel materials composed of silicon
and other elements may also be promising adsor-
bents for hydrogen storage as found recently. Ishi-
hara et al. experimentally prepared a Si�carbon
nanotube composite which is mainly composed of
CNTs-coated Si particles, and found that this material
shows a relatively large hydrogen uptake (2.5 wt %)
at T � 10 MPa and p � 283 K.15 Wu et al. studied the
pillared Li-dispersed boron carbide nanotubes by
density functional methods (DFT). Their work indi-
cated that these materials can store hydrogen as
much as higher than 6.0 wt %, and boron substitu-
tion in CNTs greatly enhances the binding energy of
Li atom to nanotube and prevents the Li clustering
at high Li-doping concentration.16 Our previous
work also indicated that silicon nanotubes exceed
the corresponding isodiameter CNT in hydrogen
storage significantly.17 Lee et al. prepared a series
of aligned Li-dispersed silicon nanotubes, and re-
ported that these materials exhibit 2-fold increase
of H2 uptake (0.29 wt %) compared to the nondoped
ones (0.15 wt %) at 77 K and 4.5 MPa.18 Most re-
cently, the Si-based fullerene structures were also re-
ported to be possibly suitable hydrogen adsorbents.
Karttunen et al. predicted a family of stable Ih-
symmetric polysilane nanostructures including
Si20H20, Si80H80, and larger structures with DFT calcu-
lations.19 Zhang et al. studied hydrogen adsorption
in a single Si60H60 cage with DFT methods and found
that 58 H2 could be stored in this structure, corre-
sponding to hydrogen capacity of 9.48 wt %.20 Bar-
man et al. predicted that Ti-coated P10Si50H50 can ad-
sorb 80 H2 molecules, corresponding to H2 uptake
of 6 wt %.21 In contrast, the Ti atoms doped on
Si60H60 still tend to cluster together, and this de-
grades their hydrogen storage capacity.

In this work, we use a molecular simulation method
to design a novel hydrogen storage material, exohe-
dral Li12Si60H60 composite, which possesses not only
outstanding hydrogen uptake but also excellent struc-
tural stability. To validate the feasibility of the compos-
ite material, we need to address the following three is-
sues. First, is the simulation-synthesized Li12Si60H60

composite stable enough for practical applications?

Second, do the coated Li atoms tend to form clusters
when adsorbed on the Si60H60 fullerene? Third, how
does the exohedral functionalization with Li-doping en-
hance the hydrogen storage capacity of Si60H60? To an-
swer these questions, a multiscale theoretical method,
which combines the first-principles DFT calculation and
the grand canonical Monte Carlo (GCMC) simulation,
was adopted.

RESULTS AND DISCUSSION
First of all, we used the first-principles calculations

to design the Li12Si60H60 composite and investigate its
structural stability. The initial procedure for the design
of the Li-coated Si60H60 composite is to study the site
preference of a single Li atom. When a single Li atom re-
sides outside Si60H60, it prefers to be adsorbed at the
pentagonal site with a binding energy of �27.0 kcal/
mol, which is significantly higher than �20.1 kcal/mol
at the hexagonal site (see Figure 1). At the pentagonal
site, the distance between the doped Li atom and its
nearest H atom is only 1.80 Å, while at the hexagonal
site this value is about 2.99 Å. On the contrary, inside
the Si60H60 surface, the hexagonal site is more prefer-

Figure 1. Possible adsorption sites of a single Li atom inside
and outside surfaces of the Si60H60 fullerene, respectively.
The left panel shows the side view and the right shows the
top view. White, yellow, and pink denote H, Si, and Li,
respectively.
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able for Li than the pentagonal one. The calculated

binding energy for a Li atom adsorbed on the inner hex-

agonal site is about �27.2 kcal/mol, and that for the in-

ner pentagonal site is just �21.5 kcal/mol. Although

the binding energies for Li outside and inside Si60H60

fullerene are comparable, occupation of Li atoms in-
side the surface is difficult because of the limitation of
pore size in the Si60H60 fullerene. Therefore, in the fol-
lowing work, we just took into account Li adsorption on
the outer surface of the Si60H60 fullerene.

Figure 2 displays the optimized adsorption posi-
tions for two Li atoms on the Si60H60 surface. Our first-
principles calculation confirms that the Li atoms do not
cluster when they are bound to the exohedral Si60H60

fullerene. Among the several coadsorption modes, dis-
persion of each Li adatom to the pentagonal site is the
most favorable one with a coadsorption energy of
�55.6 kcal/mol. The second favorable coadsorption
mode is that one Li atom locates at a pentagonal site
and the other locates at its neighboring hexagonal site
with a binding energy of �54.4 kcal.mol. Owing to the
steric effect, occupying one pentagonal site with two Li
atoms is the most impossible coadsorption mode with
a binding energy of �46.9 kcal/mol. In fact, the reasons
that we can not observe Li-clustering phenomenon at
the Si60H60 material are, first, the binding energy be-
tween Li atoms is relatively lower than that for TMs such
as Ti and Ni; second, the existence of Si�H bond inhib-
its the clustering tendency of Li atoms. From the calcu-
lations above, it is suggested that the Si60H60 can at least
load 12 Li atoms stably in energy, forming Li12Si60H60

composite with each pentagon face loading one Li
atom.

To further probe the interaction nature between
the doped Li atom and the host material, we analyzed
the Bader charge of the doped Li atom by using the
LiSi60H60 complex in Figure 1b as a representative. It is
found that the exohedrally adsorbed Li atom is posi-
tively charged with a quantity of �1|e|, either at the
hexagonal or pentagonal sites. These results are in
agreement with the electron density and its Laplacian
for LiSi60H60, as shown in Figure 3. Because of the charge
transfer from the Li atom to the host material, the va-
lence charge around the Li atom is not visible in Figure
3a. As is well-known, the Laplacian of an electron den-
sity recovers the shell structure of an atom. A negative
Laplacian represents the concentration of the negative
charge, while a positive Laplacian denotes the deple-
tion of the negative charge. From Figure 3a,b, the
highly covalent Si�Si and Si�H bonds and the ionic na-
ture of the interactions between the capped Li atom
and Si, H atoms are clearly visualized.

After the structure of the Li12Si60H60 composite is de-
termined, we intend to discuss the mechanism, which
the exohedral functionalization with Li-doping en-
hances the hydrogen adsorption of Si60H60. It is well-
known that the pure Si60H60 fullerene shows very low af-
finity to H2. Based on our calculations, the binding
energies for H2 at the hexagonal site outside and in-
side the cage are �0.55 and �0.74 kcal/mol, respec-
tively. These data indicate that the pure Si60H60 fullerene

Figure 2. Possible adsorption sites for two Li atoms at the outer sur-
face of the Si60H60 fullerene: (a) on two pentagonal sites, (b) on two
neighboring pentagonal and hexagonal sites, (c) on a single pentago-
nal site. The upper and bottom panels show the side and top views, re-
spectively. White, yellow, and pink denote H, Si and Li, respectively.

Figure 3. 3D distribution of (a) electron density at the iso-
surface level of 0.016 au and (b) Laplacian of electron den-
sity at the isosurface level of 0.047 au for the LiSi60H60 sys-
tem, where a Li atom is deposited at the pentagonal site. In
panel b, charge concentrations are colored in orange and
charge depletions are colored in blue.

Figure 4. Adsorption of one and six H2 molecules at the ex-
ohedral LiSi60H60 composite. The upper and bottom panels
give the side and top views, respectively. White, yellow and
pink represents H, Si and Li, while blue represents the ad-
sorbed H2 molecules.
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is not suitable for high-capacity hydrogen storage.
However, the Li-coated Li12Si60H60 composite is a prom-
ising hydrogen storage material, because the doped Li
atoms greatly enhance the composite affinity toward
hydrogen. To investigate the interaction between H2

and the Li cation doped on the Si60H60 exohedrally, we
consequently studied the adsorption of a single H2 mol-
ecule at the representative LiSi60H60 cage (see Figure 4
(a)) to reduce the computational cost. In the Li12Si60H60

composite, the doped Li atoms are far from each other,
therefore, using LiSi60H60 as the prototype can yield
equivalent results. In the ground-state configuration,
our results show that the first H2 molecule is adsorbed
in the molecule form with a bond length of 0.755 Å, and
the distance between the Li cation and each H atom is
about 2.08 Å. The calculated binding energy for the
H2�LiSi60H60 interaction is about �4.84 kcal/mol, sug-
gesting that the doped Li cation enhances the H2 bind-
ing energy significantly. It should be pointed out that
the adsorbed H2 molecule is polarized in the ground
state, with the left H atom of H2 in Figure 4a charged
by �0.01 |e| and the other by �0.02 |e|. Figure 5 shows

Figure 5. Highest occupied molecular orbital (HOMO) for a H2 molecule adsorbed at the LiSi60H60 composite, where the Li
atom is doped on the outer pentagonal site.

Figure 6. (a) Calculated potential energies for H2 interaction
with the Si60H60 fullerene, where H2 keeps away from the cen-
ter of a hexatomic ring inside and outside, respectively, with its
axis vertical to the surface. The abscissa axis denotes the dis-
tance between the hexatomic ring center and the center of H2.
Here, the potential energies are relative to the minimum of
the inside case. (b) Calculated potential energies for H2 interac-
tion with a Li cation adsorbed on the outer pentagonal site of
the Si60H60 fullerene.

TABLE 1. Parameters of the Morse Potential Used to
Describe the Interaction between a H2 Molecule and the
Li12Si60H60 Composite Materiala

parameters H_A-H H_A-Si H_A-Li

D (kcal/mol) 0.0158 0.055 1.820
� 12.018 12.020 6.283
re (Å) 3.285 3.722 2.080

aH_A denotes the H atom in H2, and Si, H, and Li denote the corresponding atom
types in Li12Si60H60.
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the isosurface plot for the highest occupied molecular

orbital (HOMO) of the system studied above. In the

HOMO, mainly Li 3Px orbital participates in the hybrid-

ization with the coniugated � orbital of the Si atoms in

the pentagon and H 2s orbital of H2. It is noticed that

during the hybridization of the atomic orbital, Li 1s elec-

tron has been provoked to 3Px orbital due to necessity

of hybridization. Another important point we are con-

cerned about is the maximum number of H2 molecules

that can be bound to a Li cation. Therefore, we added

the H2 molecules around the doped Li cation from dif-

ferent directions continually and optimized their ad-

sorption positions without any constraints. It is found

that as the number of H2 increases, the binding ener-

gies decrease accordingly. The calculated binding en-

ergy for the second H2 molecule adsorbed at the Li cat-

ion is about �2.16 kcal/mol and those for the third,

fourth, fifth, and sixth are �1.66, �1.49, �1.33, and

�1.12 kcal/mol, respectively. As shown in Figure 4b,

the adsorbed H2 molecules form two obvious layers.

In the investigations above, we used the first-

principles calculations to obtain the interactions be-

tween H2 and the Si60H60 fullerene as
well as the doped Li atom. Next, the
obtained interaction energies were fit-
ted to the Morse potential (see eq 1)
to achieve the force field parameters
for the interactions such as H�Si and
H�Li. Figure 6a shows the calculated
potential energies for H2 adsorption
inside and outside the Si60H60

fullerene, respectively, where the po-
tential energies were obtained by
making a H2 molecule pass through a
hexatomic ring with its axis vertical to
the plane. Figure 6b gives the poten-
tial energies for H2 interaction with a Li
cation doped at an outer pentagonal
site, where the H2�Li interaction
mode is shown in Figure 4a. The ob-

tained potential energies were then fitted to the Morse
potential, given by

where ri is the interaction distance in Å. D, �, and re de-
note the well depth, the stiffness (force constant), and
the equilibrium bond distance, respectively. Here, the
hydrogen molecule was treated as a diatomic molecule.
Table 1 lists the fitted force field parameters for the in-
teractions between H2 and the Li-coated Si60H60

material.
Using these data, GCMC simulations were finally

performed to predict the hydrogen storage capaci-
ties of the Li12Si60H60 composite at T � 77 K. Figure 7
presents the calculated total and excess gravimetric
isotherms of hydrogen adsorption in the square-
arranged Li12Si60H60 array at T � 77 K and different
van de Waals (vdW) gaps, where the vdW gap is de-
fined as the separation between the surfaces of two
neighboring Li12Si60H60 units. The snapshots for hy-

drogen storage in the array
with the vdW gap equal to
8.2 Å at T � 77 K and 10 MPa
are also shown in Figure 8.
Our GCMC results indicate
that, as the vdW gap is equal
to 8.2 Å, the total gravimet-
ric hydrogen uptakes in the
Li12Si60H60 array achieve 6.95,
10.94, and 12.83 wt % at T
� 77 K and p � 1, 5, and 10
MPa, respectively. This supe-
rior hydrogen storage per-
formance can be attributed
to the enhancement effect
of Li-doping. As the vdW
gap decreases to 6.2 and

Figure 7. Computed H2 adsorption isotherms in the Li12Si60H60 array at T � 77 K: (a) total gravi-
metric isotherms; (b) excess gravimetric isotherms. vdW gap denotes the separation between the
surfaces of two neighboring Li12Si60H60 units.

Figure 8. Snapshots for hydrogen adsorption in the Li12Si60H60 array at T � 77 K and p � 10 MPa with
the vdW gap of 8.2 Å. The simulation box contains eight Li12Si60H60 units in the GCMC simulations. Left
panel, top view; right panel, side view.

Ui ) D[x2 - 2x], x ) exp(-γ
2( ri

re
- 1)) (1)
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4.2 Å, the Li12Si60H60 array still exhibits high hydro-
gen uptakes of 11.11 and 9.34 wt % at T � 77 K and
p � 10 MPa, respectively. It is noted from our calcu-
lations that the adsorbed H2 molecules mainly dis-
tribute outside the Li12Si60H60 cage due to the strong
binding energy between H2 and Li cations doped
on the outer surface. Even at p � 10 MPa, the num-
ber of H2 molecules stored inside the sphere is still
no more than 4 on average. Figure 7 b shows the ex-
cess gravimetric hydrogen uptakes at T � 77 K. As
the vdW gap equals 8.2 Å, the excess hydrogen up-
takes of the Li12Si60H60 array show a maximum of 7.46
wt % at 6 MPa. In contrast, when the vdW gap equals
6.2 Å, the Li12Si60H60 array displays a comparable ex-
cess hydrogen uptake as above. However, as the
vdW gap decreases to 4.2 Å, the excess hydrogen up-
takes decrease evidently for the steric effect. By com-
parison, the vdW gap of 8.2 Å gives nearly the highest to-
tal and excess hydrogen capacities for the Li12Si60H60 array.
It can be found from Figure 8 that the adsorbed H2 mol-
ecules are mainly bound to the Li cations, originating
from their strong affinity to H2. Our GCMC simulations in-
dicate that the Li12Si60H60 composite is one of the most
promising candidates for hydrogen storage, which gives
a comparable hydrogen storage capacity to 3D covalent
organic frameworks as reported by experiment22 and
simulations.23

For the practical use of hydrogen at room tempera-
ture, we also investigated the adsorption capacity of
the Li12Si60H60 composite at T � 298 K. The predicted to-
tal gravimetric isotherms for hydrogen adsorption in
the Li12Si60H60 array are shown in Figure 9. Impressively,

at T � 298 K the squared-arranged Li12Si60H60 array still
exhibits good hydrogen storage performance. The
amount of H2 stored in the array is slightly dependent
on the vdW gap. At T � 298 K and p � 10 MPa, the to-
tal gravimetric uptakes of hydrogen reach 2.79, 3.57,
and 3.88 wt %, corresponding to the vdW gaps of 4.2,
6.2, and 8.2 Å, respectively. As analyzed above, the
doped Li atom is the main source of affinity to H2 in
the Li12Si60H60 composite. By observing the snapshots
of interaction between H2 and the host material, it is
found that at T � 298 K and p � 10 MPa, each Li atom
can attract approximately three hydrogen molecules in
the array. In short, the Li12Si60H60 composite is a promis-
ing hydrogen adsorbent.

CONCLUSIONS
We have used a multiscale theoretical method,

which combines the first-principles DFT calculations
and the GCMC simulations, to design a novel hydro-
gen storage composite, Li12Si60H60, and further investi-
gate its hydrogen storage capacities. Our simulation re-
sults indicate that the Si60H60 fullerene can bind with Li
atoms strongly with a binding energy of about �27.0
kcal/mol at the outer pentagonal site. This strong inter-
action energy is attributed to the charge transfer mech-
anism from Li atoms to the host material. At least 12 Li
atoms can be loaded to its 12 pentagon faces exohe-
drally, forming the Li12Si60H60 composite. Impressively,
the adsorbed Li atoms do not cluster on the surface of
the Si60H60 fullerene for the relatively low Li�Li binding
energy and the inhibition of Si�H bonds, unlike the
cases of Ti-doping on C60, CNTs, and Si60H60. The doped
Li cations can enhance the hydrogen adsorption abil-
ity of Si60H60 significantly. Our GCMC results show that
the Li12Si60H60 array exhibits a maximal excess hydrogen
uptake of 7.46 wt % at p � 6 MPa and T � 77 K at the
vdW gap of 8.2 Å, which is comparable to the well-
known 3D covalent organic frameworks. Furthermore,
the predicted hydrogen adsorption isotherms at T �

298 K show that the Li12Si60H60 array can store as much
as 3.88 wt % of H2 at the vdW gap of 8.2 Å and p � 10
MPa, where each Li atom attracts nearly three H2 mol-
ecules. These results suggest that the composite ma-
terial, Li12Si60H60, is a promising candidate for hydrogen
storage. These theoretical results are encouraging and
remain also to be further validated in experiment.

COMPUTATIONAL DETAILS

All the first-principles DFT calculations here were carried
out by using the Vienna ab Initio Simulation Program
(VASP).24,25 The approach implemented in VASP is based on
the (finite-temperature) local-density approximation with the
free energy as variational quantity and an exact evaluation
of the instantaneous electronic ground state at each molec-
ular dynamics (MD) time step. Here, the generalized gradient
approximation (GGA) was adopted together with the func-
tional of Perdew and Wang.26 The interaction between ions

and electrons is described by ultrasoft Vanderbilt27 pseudo-
potentials (US-PP), as implemented by Kresse and Hafner.28

The tight convergence of the plane-wave expansion was ob-
tained with an energy cutoff of 240 eV. For energy calcula-
tion, the electronic energy was converged to 10�4 eV, and the
positions of the atoms were allowed to relax until all forces
were smaller than 10�3 eV/Å2. For the Li-coated Si60H60, a 23
� 23 � 23 Å3 cubic cell was adopted. The Brillouin zone was
sampled at the gamma point with a gamma-centered grid
for the large cells used here. The positions of all the atoms

Figure 9. Computed H2 adsorption isotherms in the
Li12Si60H60 array at T � 298 K.
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in the supercell were fully relaxed without the symmetry con-
straint during the geometry optimizations. The binding en-
ergy is defined as

where E(adsorbates/host), E(adsorbates) and E(host) are the
energies of the complex coadsorption species, the separated
adsorbates, and the host material, respectively.

By performing first-principles calculations, the potential ener-
gies of the adsorbates at the surface of the host material were
then obtained. Using the force field parameters derived from the
calculated potential energies as input, we performed GCMC
simulations to evaluate the hydrogen uptake of the Li12Si60H60

composite. During the GCMC simulation, the cubic simulation
box consists of eight Li12Si60H60 units, which are square-arranged
and uniformly spaced. The periodic boundary conditions were
applied in all the three dimensions. The cutoff radius is six times
the collision diameter of adsorbates. To obtain the relationship
between the chemical potential and pressure, the Widom’s test
particle insertion method in the NVT ensemble was used.29 The
details of the GCMC simulation can be found in our previous
works.17,23,30
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