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New materials for hydrogen storage of Li-doped fullerene (Cayg, Cag, Csg, Cs0, Ceo, Cro)-intercalated
hexagonal boron nitrogen (h-BN) frameworks were designed by using density functional theory
(DFT) calculations. First-principles molecular dynamics (MD) simulations showed that the struc-
tures of the C,,-BN (n = 20, 28, 36, 50, 60, and 70) frameworks were stable at room temperature. The
interlayer distance of the h-BN layers was expanded to 9.96-13.59 A by the intercalated fullerenes.
The hydrogen storage capacities of these three-dimensional (3D) frameworks were studied using
grand canonical Monte Carlo (GCMC) simulations. The GCMC results revealed that at 77 K and
100 bar (10 MPa), the C50-BN framework exhibited the highest gravimetric hydrogen uptake of
6.86 wt% and volumetric hydrogen uptake of 58.01 g/L. Thus, the hydrogen uptake of the Li-doped
Cp-intercalated h-BN frameworks was nearly double that of the non-doped framework at room tem-
perature. Furthermore, the isosteric heats of adsorption were in the range of 10-21 kJ/mol, values

wm
Q
.-
wm
>
=
=¥
S
)
&
2
e
=
)
=
=

that are suitable for adsorbing/desorbing the hydrogen molecules at room temperature. At 193 K
(=80 °C) and 100 bar for the Li-doped C50-BN framework, the gravimetric and volumetric uptakes

of Hy reached 3.72 wt% and 30.08 g/L, respectively.

Keywords hydrogen storage, boron nitrogen, doping, first-principles, grand canonical Monte Carlo

PACS numbers 31.15.Ew, 61.72.Bb

1 Introduction

Hydrogen is considered one of the best energy carriers
because of its abundance in nature and because com-
bustion of hydrogen creates neither air pollutants nor
greenhouse gases [1-3]. However, it has not been avail-
able for commercial use yet because of several hurdles
that need to be overcome [4, 5]. The biggest challenge
in terms of implementing a new hydrogen economy is
finding materials with high gravimetric and volumetric
density that can store hydrogen under favorable thermo-
dynamic conditions and exhibit fast kinetics [1]. Among
various possible storage techniques, physisorption using
a porous material with a large surface area and pore vol-
ume has drawn much attention. In the past few years,
many studies have been devoted to the development of
materials that not only possess a porous structure and
high surface area but also can reversibly store and release
hydrogen under the conditions studied [6-10].

Since the early report of Novoselov et al. in 2004 [11],
graphene, a flat monolayer of carbon atoms arranged in
a two-dimensional (2D) honeycomb lattice, has rapidly
become one of the hottest topics in materials science due
to its fascinating properties and great potential for use
in various applications. It has attracted particular atten-
tion as a gas storage material due to its specific surface
area (theoretically, 2630 m?/g) [12]. However, because
of the very weak physical adsorption of Hy for carbon-
based materials, recent efforts have been directed toward
non-carbon nanosystems composed of light elements such
as B and N, which offer many advantages to storing
hydrogen, such as the possibility of good reversibility,
fast kinetics, and large surface area [13-15]. Hexagonal
boron nitride (h-BN) is isostructural to graphite and
has been referred to as “white graphene”. sp?-bonded
h-BN shows strong covalent bonds within the plane and
weak bonds with van der Waals forces between different
planes. Among the pioneering works in this field, Corso
et al. [16] successfully produced an h-BN nanomesh on
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a Rh (1 1 1) single-crystalline surface by self-assembly.
Novoselov et al. [17] subsequently obtained BN sheets
using mechanical cleavage. These breakthrough experi-
ments have paved the way for future application of h-BN
sheets in gas storage, electronic devices, and templates
for assembling specific nanostructures.

BN white graphene possesses a very high surface area
due to its atomic-scale thin layers. Research has shown
that the Brunauer—-Emmett—Teller (BET) surface area is
as much as 927 m? /g with 1-4 layers of BN [18]. With the
high surface area, BN white graphene exhibits high CO4
adsorption but negligible Hy adsorption [18]. Because of
the interlayer distance in graphite (3.33-3.35 A) [19-21]
and h-BN (3.30-3.33 A) [22-27], no Hy can penetrate
between the layers [28-30]. Therefore, the interlayer dis-
tance needs to be increased by other means. Here, we
propose intercalating fullerenes into a two-dimensional
(2D) h-BN structure to achieve larger interlayer dis-
tances so that the Hs molecules can penetrate into the
interlayer spaces. In the past, Cgo-intercalated graphite
was synthesized experimentally and the interlayer dis-
tance of graphite was increased from 3.37 A t0 12.7 A [31,
32]. Kuc et al. theoretically proved that Cgo-intercalated
graphite can achieve a reasonable hydrogen storage ca-
pacity [33]. First-principles calculations have shown that
one needs graphite with a slit pore size slightly above 6
A for storage of Hy in the interlayer spaces, which is in
agreement with recent experimental results [28, 29, 34].
Hanet al. reported the fabrication of lithium-organic pil-
lared graphite with high Hy uptakes of 4.0 wt% and 41.9
kg/m? at 300 K and 100 bar [35]. Very recently, Guo et al.
designed a new Li-doped fullerene-intercalated phthalo-
cyanine covalent organic framework designed for hydro-
gen storage, and the gravimetric and volumetric uptakes
of Hy reached 4.2 wt% and 18.2 g/L, respectively, at 298
K and 100 bar [36, 37].

In this study, we investigated the adsorption behavior
of hydrogen in Li-doped C,-intercalated h-BN frame-
works using density functional theory (DFT) calcula-
tions. Our results show that the interlayer distance of
the h-BN layers expanded to approximately 13.59 A by
the intercalated fullerenes and that the hydrogen uptakes
of the Li-doped C,-intercalated h-BN frameworks were
nearly double that of the non-doped framework at room
temperature.

2 Computational details

Using density functional theory (DFT) within the gen-
eralized gradient approximation (GGA) in the Perdew—
Wang 91 (PW91) [38] and the projector-augmented wave
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potentials (PAW) [39] as implemented in the VASP code
[40, 41], C,-intercalated h-BN frameworks were opti-
mized. The wave functions were expanded by plane waves
up to a cutoff energy of 500 eV. The convergences for the
energy and the force were set to 107> eV and 0.03 eV/A,
respectively. The periodic boundary condition was taken
in all calculations, and the I' point was used to rep-
resent the Brillouin zone. First-principles molecular dy-
namics (MD) simulations were carried out at 298 K for
C,-intercalated h-BN systems with the canonical NVT
ensemble. The temperature was controlled using a Nose
thermostat [42], where I" point sampling was carried out
with a time step of 1 fs for 5 ps.

Hydrogen adsorption in the C,,-intercalated h-BN lay-
ers was simulated using GCMC simulations*® imple-
mented in the multipurpose simulation code Music [44].
Gas-phase fugacities for hydrogen were calculated with
the Peng—Robinso equation of state. For Hs adsorption
in various sorbents, the interactions of gas—adsorbent
and gas—gas were represented by the Lennard—Johns (LJ)
12-6 terms.

p(rij) = deij [(03/ri)"* — (03/735)°] (1)
where €;; is the potential well depth and oy;is the inter-
atomic distance at which a zero potential energy occurs,
respectively, r;; denotes the interaction distance between
particle ¢ and particle j. The parameters of the frame-
work atoms were obtained from the standard DREID-
ING force field [45], whereas molecular hydrogen was
modeled by two LJ spheres (o = 2.72 A, en/kp = 10.00
K, diz_1 = 0.74 A) [46]. The method in detail and the pa-
rameters of the hydrogen—lithium interaction were deter-
mined by fitting to accurate first-principles calculations
as described by Guo et al. [36]. A number of simulation
studies have revealed that the DREIDING force field can
accurately predict the adsorption of light gases and dif-
fusion and separation in porous materials [47-49]. The
GCMC method was used to simulate the adsorption of
Hs molecules into the C,-intercalated h-BN layers. A 3 x
3 x 3 supercell was used for small C,,-intercalated h-BN
frameworks (n = 20, 28, 36) and a 2 x 2 x 2 supercell
was used for large C,,-intercalated h-BN frameworks (n
= 50, 60, 70). Van der Waals (VDW) interactions were
evaluated with a cutoff radius of 12.5 A and a computa-
tional precision of 0.001 keal/mol. For each state, a total
of 2 x 107 runs were accumulated, in which the first 1 x
107 runs were used to reach equilibrium and the remain-
ing runs were used for calculating the ensemble averages.

The pore volumes of these C,-intercalated h-BN
frameworks were estimated using the method proposed
by Talu and Myers [50] by using the following equation
[36]:
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VP = NaKBTo/P. (2)

The accessible surface areas in the designed new ma-
terials were calculated by using a numerical Monte Carlo
integration technique proposed by Frost et al. [51] It was
performed by “rolling” a probe molecule with a diame-
ter equal to the LJ o parameter for Ny (3.681 A) over
the framework surface. The isosteric heat of adsorption,
gravimetric density of hydrogen, and the volumetric den-
sity of hydrogen were calculated according to Refs. [52—
55].

3 Results and discussion

In this work, we selected several different C,, fullerenes—
Ca0 (In), Cas (Ta), Cs6 (Dsn), Cs0 (Dsn), Ceo (Ir), and
Cro (Dsp)—to enlarge the distance between h-BN lay-
ers. We placed them in a rectangular lattice with a =
12.78 A, b = 14.76 A (Cyg, Cag, and Csg), and a =
21.31 A, b = 19.68 A (Cs9, Cgo, and Cyg). The inter-
layer distance of the C,-BN frameworks was expanded
to 9.96-13.59 A by the intercalated fullerenes, which is
large enough for Hy molecules to penetrate into the inter-
layers. The detailed structural information of these new
structures is listed in Table 1. With the increasing diame-
ter of the fullerenes, the interlayer distance of the C,,-BN
frameworks increased correspondingly. Cs9-BN possessed
the largest accessible surface of 2089.32 m?/g, whereas
C36-BN showed the smallest accessible surface of 1496.84
m?/g. Further, the stabilities of the fullerene-intercalated
BN layers were evaluated at 298 K by MD simulations
for 5 ps. Figures 1(a) and (b) show snapshots of the Cag-
and Cgo-BN frameworks during MD runs at 298 K after
5 ps. The resulting geometries show that the MD calcu-
lations predicted some fluctuations of these frameworks,
especially the BN plane, due to the thermal motion of
atoms at finite temperatures, but these fluctuations were
not significant. Based on these results, we can conclude
that these frameworks are stable at elevated temperature
(298 K).

Table 1 Unit cell parameters (a, b, and c), density, pore vol-
ume (V}), and the nitrogen accessible surface (S) of the C,-BN
frameworks.

Materials a (A) b (A) ¢ (A) Density Vo 5
(g/cm?) (em®/g) (m?/g)
Cg0-BN  13.05 15.06 9.96 0.96 0.74 1762.77
Cog-BN  13.05 15.06 10.47 0.99 0.79 1656.89
C36-BN  13.03 15.04 10.71 1.04 0.83 1496.84
Cs0-BN  21.74 20.08 12.51 0.78 1.19 2089.32
Ceo-BN  21.73 20.08 13.19 0.78 1.38 2054.14
Cro-BN  21.72 20.08 13.59 0.79 1.44 1995.06
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Fig. 1 Snapshots of (a) Cag-, (b) Ceo-BN frameworks during
MD runs at 298 K after 5 ps.

By using GCMC, we carried out a systematic simu-
lation of hydrogen adsorption in C,-intercalated h-BN
frameworks. The hydrogen adsorption isotherms calcu-
lated for a pressure range of 0.1-100 bar and tempera-
tures of 293 K and 77 K are shown in Fig. 2. The calcu-
lated gravimetric and volumetric uptakes of all sorbents
at 293 K are given in Figs. 2(a) and (c), respectively. It
is apparent that both the hydrogen gravimetric and vol-
umetric uptakes increased linearly with increasing pres-
sure of Hy except for Coo-BN. The good linearity shows
that the amount of hydrogen adsorbed is proportional
to the pore volume and virtually independent of binding
energy or surface area at room temperature. From the
simulation results of six different sorbents, our results
show that the highest Hy gravimetric storage capacity
and volumetric uptake were 1.21 wt% and 9.52 g/L, re-
spectively. Corresponding to Csp-BN with the smallest
pore volume, it is clear that both the gravimetric and the
volumetric uptakes increase faster at lower pressures but
slower at higher pressures. Furthermore, the gravimet-
ric and volumetric uptakes of Coo-BN are higher than
those of other C,-BN (n = 28, 36, 50, 60, 70) frame-
works at lower pressures. This is due to the fact that the
smaller pore size produces stronger framework affinity
to adsorbates at lower pressures, whereas pore volume
plays a more important role at higher pressures. Figures
2(a) and (c) also show that increasing pressure causes
an increase in the adsorption at room temperature, but
not enough for practical use. Similarly, metal-organic
frameworks (MOFs) are viewed as attractive materials
for hydrogen storage because their Hy uptake capacity
decreases dramatically near room temperature [56, 57].
Temperature, of course, also has an important effect on
the hydrogen storage capacity for nanoporous materi-
als. The hydrogen adsorption capacities of new materi-
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als are also investigated at very low temperatures. The
gravimetric Hy adsorption isotherms at 77 K for all C,,-
intercalated BN frameworks are shown in Fig. 2(b). Our
simulation results show that the gravimetric Houptakes
at 77 K and 100 bar were 1.93, 4.87, 4.43, 6.86, 6.83,
and 6.62 Wt% for CQ()—, ng—, 036‘7 050—, C60‘7 and C70—
intercalated h-BN layers, respectively, and that the volu-
metric uptakes were 18.95, 50.80, 48.70, 58.01, 57.27, and
56.18 g/L, respectively. We note that Co9-BN reached
saturation very quickly due to the small pore volume at
77 K. Our results show that Cs59-BN had the highest H,
gravimetric and volumetric storage capacities, with up-
takes of 6.86 wt% and 58.01 g/L, respectively, at 77 K
and 100 bar because it had the highest surface area and
lowest density.

In order to understand the adsorption behaviors of Hy
in the frameworks on a molecular level, we examined the
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snapshots of the Csg-intercalated h-BN framework with
Hs molecules adsorbed at 77 K under pressures of 5 bar
and 80 bar, as shown in Fig. 3. It can be seen that at
low pressure, as revealed in Fig. 3(a), the Hy molecules
were mainly located on the surface of C59-BN owing to
the interaction of Hy molecules with the skeleton atoms
of the frameworks. As the pressure increased, as revealed
in Fig. 3(b), more and more Hy molecules begin to ac-
commodate pore sites some distance from the surfaces of
the frameworks.

As another important factor for hydrogen storage ma-
terials, the Qg values calculated in this work are shown
in Fig. 4. The isosteric heat of adsorption provides a mea-
sure of the strength of the interaction between hydrogen
molecules and the adsorbent surface or pore structure.
As shown in Fig. 4, the isosteric heats of adsorption
under all pressures studied at both 293 K and 77 K are
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Fig. 2 Computed H2 adsorption isotherms in Cj-intercalated h-BN frameworks at T' = 293 K and T = 77 K in the
pressure range from 0.01 to 100 bar; (a) Ha gravimetric uptake at T' = 293 K; (b) Ha gravimetric uptake at T = 77 K; (c)
Hs volumetric uptake at T' = 293K; (d) H2 volumetric uptake at 7' = 77 K.

Fig. 3 The snapshots of hydrogen adsorption in Csp-intercalated h-BN framework at T'= 77 K in the pressures of 5 bar

and 80 bar. (a) P =5 bar; (b) P = 80 bar.
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in the range of 10-21 kJ/mol. From the results, we can in-
fer that the Hy molecules interacted with the frameworks
through weak VDW interactions. It is encouraging that
these values are much larger than those of any metal—
organic frameworks (MOFSs) or covalent organic frame-
works (COFs) to data, where typical values are between
5 and 7 kJ/mol. [58] To be an ideal hydrogen storage
media, we are concerned not only with charging but also
with recharging. Large Qg values favor efficient charging
and small Qg values favor recharging. In this sense, the
U.S. Department of Energy (DOE) standard is meaning-
less because not only do we have to store a large amount
of hydrogen, we also have to release it at ambient con-
ditions. For ambient temperature, the thermodynamic
requirement sets the value of Qg at 15 kJ/mol. [59] The
Qst values of the hydrogen storage materials reported
herein are in this range, which indicates that the C,,-
intercalated h-BN materials achieved reliable kinetics for
absorption/desorption at ambient conditions.

For comparison, we also discuss the adsorption
isotherms of hydrogen in Li-doped C,,-BN systems. Pre-
vious studies [60, 61] have shown that transition metal
(TM) atoms doped many materials are not stable as the
strong d—d interaction between TM atoms leads to clus-
tering. However, it has been experimentally confirmed
that lithium doping provides an effective approach for
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Fig. 4 Isosteric heats of hydrogen adsorption in Cj-intercalated
h-BN frameworks (n = 20, 28, 36, 50, 60, and 70) at (a) 7" = 293
K and (b) T =77 K.
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enhancing Hy uptake [62-64] owing to the strong affin-
ity of Li™ for the Hy molecule. Therefore, to enhance
the hydrogen storage capacities of C,,-intercalated h-BN
frameworks, we further studied doping C,-BN frame-
works with Li atoms and predicted their hydrogen stor-
age performance. We found that the Li atoms cannot
be stably locate on the surface of the Cyp-BN frame-
work. In addition, four and eight Li atoms were bound
on the hexagonal rings of the intercalated Csg and Csg
fullerenes, respectively. Twelve Li atoms were bound
on the pentagonal rings for all intercalated Csg, Cgp,
and Crofullerenes. We carried out unconstrained geom-
etry optimizations for Li-doped C,-BN (n = 28, 36,
50, 60, 70) frameworks. The average binding energy be-
tween the Li atom and the C,, fullerenes is given by
AE = %(N x E(Li) + E(C,) — E(Li — Cy)), where
E(C,) and E(Li-C,) are the total energies of the dif-
ferent fullerenes and Li adsorption on the fullerenes, re-
spectively, E(Li) is the energy of isolated Li atoms, and
N is the number of Li atoms adsorbed on each fullerene.
The average binding energies of Li atoms in Cag, Csg,
Cs0, Cgo, and Crg were calculated to be 3.31, 2.01, 1.84,
1.71, and 1.74 eV, respectively.

Figures 5(a) and (b) show the gravimetric and vol-
umetric adsorption isotherms, respectively, of Hs in
Li-doped C,-intercalated h-BN frameworks at 293 K.
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Fig. 5 Computed hydrogen adsorption isotherms in Li-doped and
non-doped C,-BN frameworks at 7' = 293 K in the pressure from

0.01 to 100 bar. (a) Gravimetric Ho uptakes; (b) Volumetric Ha
uptakes.
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Fig. 6 The snapshots of hydrogen adsorption in Li-doped C50-BN framework at T' = 293 K in the pressure of 5, 20, and

100 bar, respectively. (a) P = 5 bar; (b) P = 20 bar; (¢) P =

Lithium doping plays a more important role in gravimet-
ric and volumetric adsorption. The gravimetric Houptake
of the Li-doped C,,-intercalated h-BN frameworks at 293
K and 100 bar are 1.43, 1.79, 2.34, 2.05, and 1.95 wt%,
respectively, whereas the volumetric uptakes were 14.70,
18.60, 18.67, 16.67, and 16.45 g/L, respectively. Intrigu-
ingly, the gravimetric and volumetric uptakes of the Li-
doped C,,-BN frameworks are approximately twice those
of the non-doped framework across the whole pressure
range at 293 K. Especially for the Li-doped Cso-BN
framework, the hydrogen storage capacities reached 2.34
wt% and 18.67 g/L. The snapshots for hydrogen adsorp-
tion in the Li-doped Cs50-BN framework at 293 K at pres-
sures of 5, 20, and 100 bar are shown in Fig. 6. It can
be seen that, at low pressure, the adsorbed Hy molecules
mainly accumulated at positions near the Li cations. As
the pressure increases, the relatively large pores are also
filled by Hs molecules. In a word, Li-doped C,,-BN frame-
works provide more hydrogen molecule binding sites. Ho
molecules accumulated on the surface of fullerenes coated
by Li atoms leads to the enhancement in gravimetric and
volumetric Ho uptakes as compared to without doping.
The underlying mechanism responsible for the high bind-
ing affinity of Li cations toward hydrogen molecules may
be electrostatic charge—quadrupole and charge-induced
dipole interactions.

Finally, the hydrogen storage capacities of the Li-
doped Cgo-BN framework were systematically calculated
for a wide range of temperatures (77, 150, 193, 243, and
293 K) by GCMC. The results show that the gravimet-
ric and volumetric uptakes decrease as temperature in-
creases. At cryogenic temperatures, the hydrogen storage

113101-6

100 bar.

capacities of the Li-doped Cs5¢-BN framework were 7.74
wt% and 65.40 g/L, respectively. More important is that
the Hs uptakes of the Li-doped Cso-BN framework can
reach 3.72 wt% and 30.08 g/L at 193 K (-80 °C) and 100
bar. The hydrogen adsorptions were not saturated at 100
bar at higher temperatures (293, 243, 193, and 150 K),
so with increasing pressure, the hydrogen uptakes of the
Li-doped Cg-BN framework would be even higher.

4 Conclusions

A series of fullerene (Cgo, ng, C367 C50, CGO, C70)—
intercalated h-BN frameworks were computationally de-
signed with the aid of DFT and MD methods. As com-
pared to our previous work [36], the interlayer distance
of the h-BN layers was expanded to 9.96-13.59 A by the
intercalated fullerenes, which is better than experiments
results (3.37-12.7 A). The designed C,,-intercalated BN
frameworks exhibited superior hydrogen storage capac-
ity at 77 K. At 77 K and 100 bar, the highest hydrogen
gravimetric and volumetric uptakes were 6.86 wt% and
58.01 g/L, respectively. The most important result is
that the isosteric heats of adsorption under all pressures
studied at both 293 K and 77 K were in the range of
10-21 kJ/mol. Our results also show that at 293 K and
100 bar, the highest gravimetric and volumetric uptakes
of Hy reached 2.34 wt% and 18.67 g/L, respectively,
and the Hs uptakes of the Li-doped Cs5¢-BN framework
reached 3.72 wt% and 30.08 g/L at 193 K (-80 °C) and
100 bar.
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