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This paper applies a density functional theory (DFT) and grand canonical Monte Carlo simulations (GCMC)

to investigate the physisorptions of molecular hydrogen in single-walled BC3 nanotubes and carbon nanotubes. The

DFT calculations may provide useful information about the nature of hydrogen adsorption and physisorption energies

in selected adsorption sites of these two nanotubes. Furthermore, the GCMC simulations can reproduce their storage

capacity by calculating the weight percentage of the adsorbed molecular hydrogen under different conditions. The

present results have shown that with both computational methods, the hydrogen storage capacity of BC3 nanotubes

is superior to that of carbon nanotubes. The reasons causing different behaviour of hydrogen storage in these two

nanotubes are explained by using their contour plots of electron density and charge-density difference.
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1. Introduction

Hydrogen has significant potential as a future en-
ergy carrier, where it can be used in efficient fuel cell
technology to produce electricity particularly for mo-
bile applications. Indeed, the U.S. Department of En-
ergy (DOE) has established for the year 2010 a hydro-
gen storage target of 6% of the storage system weight
for onboard automotive applications. To achieve this
goal, hydrogen storage media should have large sur-
face areas and binding energies. Carbon nanotubes
(CNTs) are attractive candidates for high-capacity hy-
drogen storage media, particularly due to their ultra-
high surface area/weight ratio. Consequently, a great
number of experimental and theoretical studies of hy-
drogen storage in CNTs have been reported.[' =7 How-
ever, data on the hydrogen storage capacity of CNTs
are still in dispute because some experiments are not
reproducible. Recent reviews!®? concluded that the
hydrogen storage capacity of CNTs is very small (less
than 1 wt % ) at room temperature and moderate
pressures and that CNTs are not superior to other

carbon nanostructures for hydrogen storage. On the
other hand, theoretical calculations yield binding en-
ergies of a single Hy molecule on CNTs[10~13] of ap-
proximate 100 meV or less, in agreement with experi-
mental results of the binding energies between 20 and
100 meV.!"15] However, a thermodynamic analysis
based on a comparison of the Gibbs free energies of
the free gas and adsorbed hydrogen phases, using the
van’t Hoff equation, shows that a binding energy of
about 300-400 meV/molecule would be required to
meet with hydrogen storage target of DOE for viable
adsorption/desorption at room temperature and mod-
erate pressures.['%) Thus it can be seen that the hydro-
gen storage capacity of CNTs is hard to achieve the
DOE target. Therefore, much effort has been made in
finding more feasible hydrogen storage media.

The discovery of CNTs sets off a tremen-
dous explosion for obtaining novel one-dimensional
nanostructures.l'® Some nanotubes originating from
hexagonal compounds, such as BC3, have been pro-
posed and realised experimentally.'”) Its geometries,
electronic properties and possibilities for technical ap-
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plications have been investigated theoretically.['7—19]
However, to our knowledge, hydrogen adsorption in
the newly proposed BC3 nanotubes is absent. So the
exploration of possible hydrogen adsorption in this
nanotube is a worthy objective. Among the well-
established computational techniques used to study
hydrogen storage in porous materials are the density
functional theory (DFT), which is a first principles
quantum chemistry method and the grand canonical
Monte Carlo (GCMC) simulation. The present study
adopts these two computational methods to investi-
gate the nature of adsorption and storage processes
from different points of view. The aim of the DFT
study is to calculate the electronic structures and the
physisorption energies of molecular hydrogen on the
CNTs or BC3 nanotubes. The GCMC method is used
to study the hydrogen adsorption isotherms for these
two nanotubes in different conditions. The predicted
hydrogen adsorption properties of BC3 nanotubes may
help experimental explorations of new nanostructured
material for possible hydrogen storage medium.

2. Models and computational
methods
2.1. Models

The structures of BC3 nanotubes are classified by
the chirality notation (n, m) in analogy with carbon
nanotubes.'” The optimised (8,0) structure models
of carbon and BC3 nanotubes are shown in Fig. 1.

(b)

Fig. 1. The optimised structure models of the BC3(8, 0)
(a) and the C(8, 0) (b) nanotubes.

2.2. The DFT

We have performed DFT calculations by using the
CASTEP code on a basis of plane waves and super-
cell approaches.?”! The ionic cores are replaced by
ultrasoft pseudopotentials. To avoid the interaction
between the tube and its periodic images, the nearest
distance between two neighbouring C(8,0) or BC3(8,0)

nanotubes is no less than 10 A. To minimise the in-
fluence of Ho—Hs interactions along the tube axis, the
computed supercells include two unit cells for both
C(8,0) and BC;5(8,0). For exchange and correlation
energy, we have used the local density approximation
(LDA) functional of Vosko et al.l?!l An energy cut-
off of 400 eV and six k-points for sampling the one-
dimensional Brillouin zone were used to optimise the
geometric structures and compute the physisorption
energies in the present paper.

The LDA assumes that the exchange and corre-
lation energy is only a function of the electron den-
sity at the point of evaluation. The generalised gra-
dient approximation (GGA), however, takes into ac-
count the gradient of the electron density at the point
of evaluation. The LDA has a tendency to overes-
timate the binding energies.[?223 Conversely, GGA
tends to underestimate binding energies predicting a
shallow or flat adsorption well.[?3:24 Tt is well known
that DFT function does not accurately describe all
the characteristics of molecular interactions,?®! es-
pecially van der Waals (vdW) interactions.[2426:27]
However, in some cases, LDA has given good agree-
ment with experimental results through fortuitous er-
ror cancellations between exchange and correlation en-
ergy approximations.[24’27’28] Note that our goal is not
to predict hydrogen physisorption energies with high
accuracy due to the insufficiency of the LDA exchange
and correlation energy to describe the long-range dis-
persion interactions. However, our results at uniform
levels may make comparisons of hydrogen physisorp-
tion on C and BC3 nanotubes and provide insights to
help understanding experimental findings.

The physisorption energy Ep of a Hy molecule
may measure the thermodynamic driving force for Hy
molecule adsorption on nanotubes and is given by

Ey, = E(host) + E(Hy) — E(host + Ha), (1)

where Fpost represents the total energy of the nan-
otube (BCj nanotube or CNTs), Ey, is the energy
of the isolated Hy molecule, and Fhest+1, is the total
energy of the hydrogen-nanotube system. According
to this definition, the stable structure is supposed to
exothermic adsorption which corresponds to Ey, > 0.

2.3. The GCMC method

The GCMC method has been extensively used
in studying equilibrium adsorption properties of sor-
bates, which may simulate the adsorption equilibrium
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of sorbates in microporous materials with fixed chem-
ical potential and temperature. Some important ad-
sorption properties of sorbate molecules in the same
temperature and pressure may be obtained by using
GCMC method.

Lennard—-Jones (LJ) potential is mainly used to
study the interactions among all particles in hydrogen
storage systems.2?732] For a given pair of particles i
and j with the distances 75, its LJ potential form is
given by

¢ij = deij(04;/ri;)' = (03/ri5)°), (2)
where €;; and o0;; are potential depth of LJ potential
and length of particles, respectively.

For a system where the number of hydrogen atom,

carbon atom, and boron atom are m, n and p respec-
tively, its total potential energy is expressed as follows:
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where r;, r; and r, are position vectors of the ith
Hs molecules, the jth carbon atom and the kth boron
atom respectively. The @i i, @140 Phiksr Pijs Pir and
¢, are interactions of hydrogen and hydrogen, carbon
and carbon, boron and boron, hydrogen and carbon,
hydrogen and boron, carbon and boron, respectively.
Of course, if the number of some kind of atoms is zero,
then the potential energy of this term is also zero.

In GCMC simulation, three types of basic opera-
tions with equal probability are generated randomly in
each simulation cell: displacement, creation and dele-
tion. The total potential energy U (before a certain
operation), U’ (after a certain operation) and the in-
crement AU = U’ —
Then according to the assumed acceptance probabil-

U are calculated by using Eq. (3).

ities, this operation accepts or not. The acceptance
probabilities of displacement, creation and deletion

are respectively[®3]

min{l, exp[—AU/kgT]}, (4)

min {1, 575y 53y oxolln = AD)/ (T 5)

3.
rm{Lﬁf%wkw+Amﬂ@n@, (©)

where A = \/h2/(2rmkgT), h is Planck constant, m

is the mass of Hs molecule, T is temperature, p is
the chemical potential, V; is the volume of the ith
subspace, and N; is the number of Hy molecules in
the ith subspace. The above operations are repeated
until systems reach equilibrium. In the simulations,
periodic boundary conditions are used; 1x10° steps
are used for simulation lengths in order to equilibrate
the system and 1x107 steps to calculate the chemical
potentials.

3. Results and discussion

3.1. Optimized structures of BC3; and
carbon nanotubes

The BC;3(8,0) and the C(8,0) nanotubes were fully
relaxed in supercells, and the optimised structure pa-
rameters are listed in Table 1. As shown in this table,
the C—C bond lengths in BC3 and CNT's are compara-
ble, i.e. 1.410 A and 1.409 A, respectively, which agree
well with the experimental values of 1.415 A 134 or
1.41 A.13% The B-C bond length in BC3 nanotubes is
1.548 A, which is also in agreement with the calculated
values 1.55 A.[36] Therefore, our optimised results are
reasonable. As a consequence of these individual bond
lengths, the diameter D and the tubular length [ in
the BC3(8,0) nanotubes are also larger than those in
the C(8, 0) nanotubes (Table 1).

Table 1. Diametre D, supercell length [ and average bond
length d for C(8,0) and BC3(8,0) nanotubes after geomet-
ric optimisations (1 A = 0.1 nm).

nanotube  D/A 1/A d/A
BC3(8,0) 6.506 8.864 do_c = 1.410, do_p = 1.548
C(8,0)  6.263 8.520 do—c = 1.409

3.2. The DFT study of hydrogen ph-
ysisorptions in BC3 and carbon nan-
otubes

We have studied the physisorptions of molecular
hydrogen in BC3(8,0) and C(8,0) nanotubes. Three
adsorption sites were studied with the axis of Hy
molecule whose orientation is parallel to the nanotube
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surface. For C(8,0) nanotube, the adsorption sites correspond to site A, above C-C bond; site B, on top of a

C' atom; and site C, the centre of a hexagon. Likewise, for BC3(8,0) nanotube, the corresponding adsorption

sites are site A, above B—C bond; site B, on top of a B atom; and site C, the centre of a hexagon. The three

adsorption sites in the BC3(8,0) are given in Fig. 2.

Fig. 2. The adsorption sites of a Ha molecule in BC3(8,0) nanotube: (a) site A: above B-C bond; (b) site B:

on top of a B atom; (c) site C: the centre of a hexagon.

The physisorption energies of Hy adsorbed on the
BCj3 and CNTs are displayed in Table 2 along with the
equilibrium distance between the hydrogen molecule’s
centre of mass and the nanotube wall. As shown in
this table, although the physisorption energies have
no significant differences, they are slightly dependent
on the locations of an Hy molecule. The most stable
configuration is site C, whose physisorption energies
and equilibrium distances are 116.48 meV and 2.7 A
for the BC3(8,0) nanotube and 78.3 meV and 2.9 A for
the C(8,0) nanotube, respectively. Cabria et al.’) re-
cently studied the hydrogen adsorption on the C(7,7)
nanotube by using DFT with exchange and correlation
energy of LDA, and reported physisorption energy and
equilibrium distance with Hy molecule located at the
centre of a hexagon outside the nanotube are 100 meV
and 2.5 A respectively. Furthermore, Henwood and
Carey!®8] also studied the hydrogen physisorption on
the C(9,0) and the C(10,0) nanotubes by using DFT
with both LDA and GGA exchange and correlation
energy. For the same adsorption site with ours, the
physisorption energies and equilibrium distances are
79.2 meV and 2.7 A for the C(10,0) nanotube and
79.75 meV and 2.7 A for the C(9,0) nanotube, respec-
tively, which are also in agreement with ours. Thus the
prediction of physisorption energies for the BC3(8,0)
nanotubes are believable. We may also see that from
Table 2, all physisorption energies are larger for hy-
drogen adsorbed on BC3 nanotubes in comparing with
the physisorption energies of hydrogen physisorbed to
CNTs. And the physisorption energies of BCs5(8,0)
nanotube are an average of 40.15 meV larger than

those of C(8,0) nanotube. Therefore, it is indicated
that BCs nanotube is energetically more favourable
than CNT for hydrogen storage.

Table 2. Physisorption energies Ej}, (in meV/molecule)
and equilibrium distances Deq (in A) for the different ad-
sorption sites in the C(8,0) and the BC3(8,0) nanotubes.
The equilibrium distances Deq (in A) are measured from
the nanotube wall to the mass centre of an Ho molecule.

adsorption site C(8,0) BCs(8,0)
Deq  Ep  Deq Ey, AEy
A 3.0 71.87 2.8 113.74  41.87
B 2.9 73.59 2.8 113.81 40.22
C 2.9 78.03 2.7 116.48  38.45

In order to analysing the reasons why the hy-
drogen storage capacity of BC3 nanotube is supe-
rior to CNT, firstly, we have computed the charge-
density differences of BC3 and CNTs. Because charge-
density difference may illustrate the interaction of a
Hs molecule with nanotubes, especially it may show
how the electronic structure is distorted by the two

molecule’s proximity to one another. The charge-
density difference is defined by
A,O = P(host+Hs) — (p(H2) + p(hOSt))’ (7)

where ppost is the charge density of the nanotube (BCy
nanotube or CNTSs), p(,) is the charge density of the
isolated Ha molecule, and pnost+1,) is the total charge
density of the hydrogen-nanotube system.

For the adsorption site C, the contour plots of
charge-density difference Ap for the C(8,0) and the
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BC3(8,0) nanotubes are plotted in Fig. 3. As shown
in this figure, significant charge redistribution in the
C(8,0) nanotube is clearly seen, which leads to the
concentration of electronic charge between CNT and
Hs molecule, but there is no charge deviation between
them. However, for the BC5(8,0) nanotube, there are
some charge deviation of Hy molecule towards nan-
otubes, thus it shows a certain extent properties of
chemisorptions. Therefore, the interaction of BCjs
nanotube with Hy molecule is stronger than that of
CNT with Hy molecule. This may also be explained
from the electron densities of these two nanotubes.
The contour plots of electron densities of these two
nanotubes are plotted in Fig. 4, which correspond to
the cross section in a yz plane along z axis of the

nanotubes. The white regions and the black one de-
note high electron density areas and low electron den-
sity areas, respectively. The overlap indicates covalent
bonding between atoms. For the C(8,0) nanotube, we
may see clearly the conjugated bonds of carbon atoms
(Fig. 4(a)). The BCj3(8,0) nanotube also shows this
structure, however, due to the lower electronegative-
ness of B atom compared with C atom and forming
an electron-deficient structure, it displays the lopsided
densities characteristic including a certain extent of
ionic B-C bonding (Fig. 4(b)), and the electron den-
sities near B atoms are much lower than those near
C atoms. Therefore, the electron-deficient BC3 nan-
otubes adsorbed Hy molecule more effectively than
CNTs.

- 1.805 x 1073

-1.137 x 1073
- 4.698 x 1074
-1.979 x 10~¢

- 8.655 x 104

(b)

Fig. 3. Contour plots of charge-density difference of the adsorption site C for the C(8,0) (a) and the BC3(8,0) (b)
nanotubes which correspond to the cross section (zy-plane) along x axis through the centre of mass of Ha molecule.
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Fig. 4. Contour plots of the electron densities for the C(8,0) (a) and the BC3(8,0) (b) nanotubes which correspond
to the cross-sections (yz-plane) along the axis (z direction) of the nanotubes.

For the sites A and B, the contour plots of charge-density difference for the C(8,0) and the BC3(8,0)
nanotubes are plotted in Figs. 5 and 6, respectively. Together with Fig. 3, we can see that the interaction of

--i

- 3.054 x 10~3

—1.473 x 1073
- —1.080 x 10~
- —1.689 x 103

- —3.270 x 103

Fig. 5. Contour plots of charge-density difference of the adsorption site A for the C(8,0) (a) and the BC3(8,0)
(b) nanotubes which correspond to the cross section (xz-plane) through the axis of Ha molecule.
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(a)
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Fig. 6. Contour plots of charge-density difference of the adsorption site B for the C(8,0) (a) and the BC3(8,0)
(b) nanotubes which correspond to the cross section (zz-plane) through the axis of Ho molecule.

BCj3 nanotube with Hs molecule is stronger than that
of CNT with Hs molecule. This is mainly because of
the existence of more electronegative B atom and the
asymmetric structure of 6 MR. Due to the asymmet-
ric structure of 6 MR, the contributions of B atom to
physisorption energies of different adsorption sites are
slightly different. As a consequence, the physisorption
energy F, is largest in site C, intermediate in site B,
smallest in site A (Table 2).

3.3. The GCMC study of hydrogen ph-
ysisorptions in BC3 and CNTs

In a given temperature, we may obtain the rela-
tionship between hydrogen physisorption amounts and
pressure by varying pressure of the system, i.e. ad-
sorption isotherms. Firstly, in order to validate cor-
rectness and accuracy of our calculated results, the
computed adsorption isotherms of the C(7,7) nan-
otube in a broad range of temperature (77 K-300 K)
and pressure (0-10 MPa), shown in Fig. 7, were com-
pared with those results which were investigated by
Cabria et al.37 using quantum-thermodynamic model
method. Asshown in this figure, our calculated hydro-
gen adsorption amounts are 0.59 wt% and 2.38 wt%
at 300 K and 77 K respectively with a pressure of
10 MPa, which are in agreement with 0.6 wt% and
2.5 wt% in Ref. [37]. Thus, our results are believable.

Then we studied the adsorption isotherms of the
BC;5(8,0) and the C(8,0) as a function of the pres-
sure for several different temperatures using GCMC
method, as shown in Fig. 8. We can see that the
adsorption amounts increase and saturate with in-
creasing pressure, which are in agreement with ex-
periments on porous carbons.3%49) And the adsorp-
tion amounts correspondingly increase with decreas-

ing temperature. However, there is a maximal ad-

sorption limit. For the BCj5(8,0) nanotube, the ad-
sorption limit is 1.602 wt%, which may be reached at
10 MPa and 200 K, 0.5 MPa and 77 K, respectively;
however, this limit is not reached at room temperature
300 K, which is the temperature of interest. Compa-
rably, the C(8,0) nanotube will reach its adsorption
limit 0.520 wt% at 5 MPa and 200 K, 0.2 MPa and
77 K, respectively; and this limit is also not reached
at 300 K.

N 31 @ — T-TTK e 200K
£ ¢ T=10K e — T=300K
T ], LT
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E o
[
CS c i T —
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J T
5 i/ ”””” /.__e/ ______________________
0 " | | | |
0 i ’ 6 8 10
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Fig. 7. The adsorption isotherms of the C(7,7) nanotube
in a range of temperatures from 77 K to 300 K.
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089

Adsorption amounts/wt%
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Fig. 8. The adsorption isotherms of the BC3(8,0) and the
C(8,0) nanotubes at 300 K, 200 K and 77 K.

Differently, the adsorption amounts of the
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BC;5(8,0) are larger than those of the C(8,0) for all
temperatures examined. Concretely, the adsorption
amounts of the former are 1.182 wt%, 1.589 wt% and
1.602 wt% at 300 K, 200 K and 77 K respectively with
a pressure of 10 MPa, while the adsorption amounts
of the latter correspond to 0.497 wt%, 0.520 wt%
and 0.520 wt%, respectively. Furthermore, the differ-
ence of the adsorption amounts of 0.023 wt% between
200 K and 300 K with a pressure of 10 MPa for the
C(8,0) nanotube is much smaller than 0.407 wt% for
the BC3(8,0) nanotube.

creased adsorption amounts of CNT are small when

This suggests that the in-

temperature lowers; however, for the BC3 nanotube,
there is a noticeable increment of adsorption amounts
with the decrease of temperature from room tempera-
ture to a lower temperature before reaching its adsorp-
tion limit, and the adsorption amounts are no longer
increased after reaching its adsorption limit even when
temperature is further lowered.

To sum up, the GCMC results are consistent with
those obtained using DFT. Both these results indi-
cate that BCs nanotube has a higher hydrogen stor-
age capacity, thus it may be a better hydrogen storage

medium than CNTs.

4. Conclusions

We have studied the interactions of molecular hy-
drogen with BC3 and CNTs using DFT and GCMC
methods, respectively. The DFT calculations show
that the adsorption of Hy in BC3 nanotubes is more
favourable and energetical than CNTs. And the
GCMC studied results illustrate quantitatively that
the adsorption amounts of Hy in BC3 nanotubes are
larger than those in CNTs. Essentially, these two re-
sults are consistent, which show that the hydrogen ad-
sorption capacity of BC3 nanotubes is stronger than
that of CNTs. The results help to understand hydro-
gen adsorption properties of these two nanotubes and
explore new hydrogen storage candidates experimen-
tally.
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