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Abstract Hydrogen adsorption in multi-walled boron
nitride nanotubes and their arrays was studied using grand
canonical Monte Carlo simulation. The results show that
hydrogen storage increases with tube diameter and the dis-
tance between the tubes in multi-walled boron nitride nano-
tube arrays. Also, triple-walled boron nitride nanotubes
present the lowest level of hydrogen physisorption,
double-walled boron nitride nanotubes adsorb hydrogen
better when the diameter of the inner tube diameter is
sufficiently large, and single-walled boron nitride nanotubes
adsorb hydrogen well when the tube diameter is small
enough. Boron nitride nanotube arrays adsorb hydrogen,
but the percentage of adsorbed hydrogen (by weight) in
boron nitride nanotube arrays is rather similar to that found
in multi-walled boron nitride nanotubes. Also, when the
Langmuir and Langmuir—Freundlich equations were fitted
to the simulated data, it was found that multi-layer adsorp-
tivity occurs more prominently as the number of walls and
the tube diameter increase. However, in single-walled boron
nitride nanotubes with a small diameter, the dominant mech-
anism is monolayer adsorptivity.
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Introduction

Hydrogen storage is an important research field, as hydro-
gen storage is a prominent component of many industrial
goals, and is of great interest to both scientists and investors
for economic and environmental reasons [1]. Extensive
studies that were ultimately aimed at efficient gas storage,
especially hydrogen storage in nanostructures such as nano-
tubes, and which utilize either experimental or theoretical
approaches have been performed [2—8]. In this research
field, one of the most important considerations is the phys-
isorption of hydrogen on and in carbon nanotubes (CNTs)
and boron nitride nanotubes (BNNTs). So far, many
researchers have focused their theoretical and experimental
studies on various forms of CNTs in order to determine their
storage capacities [9—11], although some papers have inves-
tigated hydrogen physisorption in single-walled boron ni-
tride nanotubes [12, 13] and their arrays [14] using
molecular simulation procedures.

In 2007, Cheng et al. simulated hydrogen storage in single-
walled boron nitride nanotubes (SWBNNTs) [12] and single-
walled boron nitride nanotube arrays (SWBNNTAs) [14]
using a grand canonical Monte Carlo (GCMC) simulation
program designed by them. They showed that SWBNNTs
can adsorb more hydrogen than single-walled carbon nano-
tubes (SWCNTs) for the same nanotube chirality and under
the same thermodynamic conditions. It should be noted that to
achieve the same nanotube chirality, any BNNT must have a
larger diameter than the equivalent CNT. Also, investigations
of hydrogen physisorption in multi-walled boron nitride nano-
tubes (MWBNNTSs) and their arrays (MWBNNTAS) have not
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yet been done—all reported calculations in this field have
attempted to estimate the hydrogen storage inside
SWBNNTs and SWBNNTAs [12—14]. Note that the pro-
cess of separating the SWBNNTs from the SWBNNTAs
after producing them in special chemical reactions is far
from simple. This means that pure SWBNNTs and pure
SWBNNTAs are very expensive to produce and therefore
use in industrial activities. Thus, it would be more econom-
ical to use MWBNNTs and MWBNNTASs as gas adsorb-
ents, as they are easier to produce than SWBNNTs and
SWBNNTAs. Such applications of nanotubes would enable
a new system of delivering energy, called the “hydrogen
economy” [1], as well as novel advanced interdisciplinary
science associated with it. Therefore, studying and observ-
ing the abilities of MWBNNTs and MWBNNTAS to act as
hydrogen adsorbents—as we have done in the work de-
scribed in the present paper—can help us to determine
whether they are good candidates for practical gas/hydrogen
storage materials [12—16].

In this paper, we first provide a brief review of GCMC
and the model employed in the simulation method that we
utilized. We then present our results for hydrogen adsorption
in MWBNNTs and MWBNNTAs, and compare these
results with those obtained for hydrogen physisorption by
SWBNNTs and SWCNTs. A conclusions section rounds off
the paper.

The model used and the GCMC simulations performed

In this work, following an approach previously described in
the literature [16—18], we used GCMC simulations to inves-
tigate hydrogen adsorption in SW/DW/TW BNNTs (SW=
single-walled, DW=double-walled, TW=triple-walled) and
arrays of them (SW/DW/TW BNNTAs). The diameters of
the BNNTs considered are shown in Table 1. All BNNTs
investigated were 4 nm in length. In this paper, the related
notations used for the DWBNNTs and TWBNNTs are writ-
ten as (m,m)@(n,n) and (m,m)@(n,n)@(k.k), respectively.
In each case, the contents of the first set of parentheses relate
to the innermost nanotube; the contents of the second set of
parentheses relate to the middle nanotube, and (only in the
case of TWBNNTSs) the contents of the last set of parenthe-
ses relate to the outermost nanotube. For example, an
(11,1D)@(15,15) DWBNNT is a double-walled nanotube
with an inner (11,11) nanotube and an outer (15,15) nano-
tube, while an (8,8)@(11,11)@(15,15) TWBNNT is a triple-
walled nanotube with an innermost (8,8) nanotube, a middle
(11,11) nanotube, and an outermost (15,15) nanotube. Fur-
thermore, it should be noted that the major diameter of a
DW/TW BNNT is equal to the diameter of its outermost
nanotube, and only the diameter of the inner nanotube was
varied for the DW/TW BNNTs examined in the simulations
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performed in this work. For example, (7,7)@(15,15)@
(22,22) TWBNNTs and (15,15)@(22,22) and (7,7)@
(22,22) DWBNNTs have the same major diameter—the
diameter of a (22,22) SWBNNT, which is the outermost
nanotube in all of these double- or triple-walled nanotubes.

In GCMC simulation, the configurations are sampled
from a grand canonical (GC) ensemble, the temperature
(T), volume (¥), and chemical potential (1) are kept constant
during the simulation [16—18], and periodic boundary con-
ditions (PBC) are applied at the open ends of the BNNTSs
during movements in the GCMC simulation until the num-
ber of hydrogen molecules in the simulation cell reaches
equilibrium [16, 18]. In the actual molecular computations,
the spherical cut-off distance was set to a little less than the
half the simulation cell [16, 18].

In GCMC, for a fixed simulation cell, three types of moves
are used to generate a Markov chain. These three types of
operations are displacement (moving), creation, and deletion,
which are performed with equal probability in order to add a
hydrogen molecule inside the BNNT. The difference between
the total potential energy before and after a creation operation
must be calculated, and then, based on the assumed accep-
tance probabilities, this operation will either be accepted or not
[13, 16-18]. In other words, after selecting a particle at a
random position (#=initial position) and calculating the total
potential energy of the system U(r), the algorithm generates a
random particle displacement (#'=final position) and calcu-
lates the new total potential energy of the system U(r), and
then accepts this particle displacement from its initial position
to its final position with a probability of min[1, exp(—AU/
kgT)], where AU=U(r) — U(#") [18]. In GCMC simulation,
hydrogen—hydrogen, hydrogen—boron, and hydrogen—
nitrogen interactions are considered based on the spherical
Lennard—Jones (LJ) pair potential model, which can be
described as follows [18]:

U(ry) = 45!/[(Uii/rii)12 - (Uii/’”i/')6]v (1)

where ¢;; and 0;; are the energy and length parameters in the
Lennard-Jones potential, and r; denotes the distance be-
tween the centers of particles i and j. In the simulation, the
parameters €, and o;; are the cross-interaction parameters,
which are derived from the Lorentz—Berthelot mixing rules
[16, 18]. Table 1 presents Lennard—Jones potential param-
eter values for hydrogen as a fluid and for boron and
nitrogen as BNNT atoms.

In our GCMC simulation, each run consisted of 2.5x 10’
GCMC moves. The first 1.25x10” moves were considered
to correspond to an equilibration period, and were thus
discarded; only the final 1.25x107 moves were used to
calculate ensemble averages of thermodynamic parameters.
The multipurpose simulation code of a molecular simulation
package was used for all simulations [17]. The BNNTs were
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Table 1 Diameters of the SW/DW/TW BNNTSs considered in this work

SWBNNT Diameter (nm) DWBNNT>* DWBNNT<* TWBNNT Diameter (nm)
7,7 0.96 (1L1DH@(15,15) (8,8)@(15,15) 8,89)@(11,11H)@(15,15) 2.06

(8.,8) 1.10 (15,15)@(22,22) (7,7)@(22,22) (7,@(15,15)@(22,22) 3.03

(10,10) 1.38 (19,19)@(29,29) (10,10)@(29,29) (10,10)@(19,19)@(29,29) 3.99

(11,11) 1.51 (29,29)@(44,44) (15,15)@(44,44) (15,15)@(29,29)@(44,44) 6.05

(15,15) 2.06 (39,39)@(58,58) (19,19)@(58,58) (19,19)@(39,39)@(58,58) 7.98

(19,19) 2.61 (48,48)@(73,73) (24,24)@(73,73) (24,24)@(48,48)@(73,73) 10.04

(22,22) 3.03

(24,24) 3.30 LJ parameter Hydrogen [12] B (nanotube) [12] N (nanotube) [12]
(29,29) 3.99 o (nm) 0.2958 0.3453 0.3365

(39,39) 5.36 elkg (K) ** 36.7 47.8 72.9

(44,44) 6.05 LJ parameter Carbon [12]

(48,48) 6.60 o (nm) 0.34

(58,58) 7.98 elks (K) 28.2

(73,73) 10.04

* DWBNNT> indicates a DWBNNT where the diameter of the inner nanotube is relatively large compared to (although, of course, still smaller than)
the major diameter of the DWBNNT, while DWBNNT< indicates a DWBNNT where the diameter of the inner nanotube is relatively small

compared to the major diameter
** kg is the Boltzmann constant

assumed to have rigid structures, and no changes in the
geometry of the adsorbent (i.e., BNNT here) were consid-
ered, since the changes to the geometries of BNNTSs that are
induced by hydrogen molecules at room temperature can be
neglected. Finally, the isotherms for the adsorption of hy-
drogen by SW/DW/TW BNNTs and SW/DW/TW BNNTAs
that are plotted in the next section correspond to 293 K.

Results and discussion

After running simulations and obtaining data using GCMC
calculations, we were able to plot the adsorption isotherms
for hydrogen inside MWBNNTs and MWBNNTAs. We first
considered two SWBNNTs [(15,15) and (22,22)], four
DWBNNTS [(8,8)@(15,15); (11,1D)@(15,15); (7,7)@
(22,22); and (15,15)@(22,22)] and two TWBNNTSs [(8,8)
@(11,11D)@(15,15) and (7,7)@(15,15)@(22,22)] at 293 K.
Fixing the tube length and varying the pressure, we plotted
the percentage by weight of adsorbed hydrogen (H,/system
wt%) against pressure; the results can be seen in Fig. la.
This figure shows that the hydrogen loading inside the
BNNTs increases as a function of pressure.

As the pressure of hydrogen increases, the hydrogen
loading increases. However, the percentage by weight of
adsorbed hydrogen increases more rapidly within SWBNNTs,
and hydrogen storage decreases with the number of nanotube
walls; in other words, (15,15) and (22,22) SWBNNTs show
enhanced hydrogen physisorption compared to that of (8,8)@
(1L,1D)@(15,15) and (7,7)@(15,15)@(22,22) TWBNNTs

under the same thermodynamic conditions. The results also
show that the TWBNNTs all have similar hydrogen storage
values, while more variation in the hydrogen storage values is
observed for the SWBNNTSs. From Fig. 1a, it is clear that the
percentages by weight of adsorbed hydrogen in DWBNNTs
lie between those of SWBNNTs and TWBNNTSs. In fact, for
large-diameter DWBNNTs with a relatively narrow internal
nanotube [i.e., (7,7)@(22,22) DWBNNTs but not (15,15)@
(22,22) DWBNNTs], the percentage by weight of adsorbed
hydrogen is considerably higher than the corresponding val-
ues for the other DWBNNTs [those with a relatively wide
internal nanotube; i.e, (15,15)@(22,22) DWBNNTSs but not
(7,7)@(22,22) DWBNNTs], which exhibit hydrogen adsorp-
tivities between those of SWBNNTs and TWBNNTs. This
result can be explained by noting that less hydrogen can be
loaded into a narrow internal nanotube than into a wide
internal nanotube. In other words, the interior space of the
tube is an important factor in hydrogen physisorption by the
BNNTs: DWBNNTs with a large major diameter show en-
hanced hydrogen adsorptivity, while DWBNNTSs with a small
major diameter can only adsorb hydrogen at low loadings due
to reduced internal space.

Next, we compared the hydrogen adsorption isotherms
for SWBNNTs and SWCNTs at 293K obtained based on our
simulations and the results reported in [12]. Figure 1b
presents this comparison. In [12], hydrogen physisorption
by (15,15) and (22,22) SWBNNTs and SWCNTs at 293 K is
reported, and our GCMC calculations for the same nano-
tubes and same thermodynamic conditions as used in [12]
are presented in Fig. 1b. We found that the hydrogen
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physisorption data values from [12] are a little higher than
the corresponding data values obtained from our calcula-
tions. It should be noted that we have performed our simu-
lations using the multipurpose simulation code of Snurr’s
research group at Northwestern University [17]. Many
articles have already been published that have made use of
this simulation package [16, 19-21]. However, the hydro-
gen adsorption function behaves in the same manner in both
the data from [12] and our reported data.

We calculated the Langmuir and Langmuir-Freundlich
equation parameters for hydrogen adsorption via Egs. 2 and
3 (below), respectively [16]:

Z KP

0= Zom 11 RP @

@ Springer

Z AP"

P 3
Zoax 1+ APT 3)

where 0 is the fraction of the adsorbent’s surface (BNNTs
here) covered by the adsorbate (hydrogen here), P is the
partial pressure of hydrogen, and Z .« (mol/m?) is the
maximum hydrogen loading (corresponding to complete
coverage of the surface of the BNNT by hydrogen), while
K [in (kPa) '], n, and 4 [the size of which is related to the
value of 7 and is on the order of (kPa) '] are constants.

In this work, we investigated the adsorption of hydrogen
inside BNNTs mathematically, comparing the results
obtained using the Langmuir (L) and the Langmuir-Freund-
lich (L-F) equations. These equations can help us to find the
best fit to the hydrogen physisorption data for illustrating the
mathematical form of the adsorption, and the mechanism of
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hydrogen physisorption (by comparing the equations). For
the single-walled nanotubes, the Langmuir equation fitted
well to the sorption data, meaning that hydrogen can be
adsorbed as a monolayer inside the BNNTs. This can occur
when the nanotube diameter is less than about 20 A and the
molecular gases can be adsorbed in a thermodynamically
stable monolayer [16]. Thus, the Langmuir equation corre-
sponds to monolayer gas sorption, while the Langmuir—
Freundlich equation corresponds to multi-layer gas sorption
in single-walled nanotubes. The grand canonical ensemble
helps us to achieve this goal. However, the mechanism of
hydrogen adsorption inside MWBNNTSs is rather complicat-
ed. Figure 2a presents Langmuir and Langmuir-Freundlich
equations fitted to the hydrogen sorption data for (15,15)
and (22,22) SWBNNTs, and Fig. 2b shows cross-sections of
these SWBNNTs with hydrogen adsorbed at 293 K and
pressures of 1-15 MPa.

Figure 3a presents fits of the Langmuir and Langmuir—
Freundlich equations to the hydrogen adsorption data for (8,8)
@(15,15), (1L,1D)@(15,15), (7,7Y@(22,22), and (15,15)@
(22,22) DWBNNTs, while Fig. 3b shows cross-sections of
these four DWBNNTs with hydrogen adsorbed onto them at

293 K and pressures of 1-15 MPa. Similarly, Fig. 4a depicts
fits of the Langmuir and Langmuir—Freundlich equations to
the hydrogen adsorption data for (8,8)@(11,11)@(15,15) and
(7,@(15,15)@(22,22) TWBNNTs, while Fig. 4b shows
cross-sections of these TWBNNTs with hydrogen adsorbed
onto them at 293 K and pressures of 1-15 MPa.

In Figs. 2a, 3a, and 4a, we can see that the Langmuir—
Freundlich equation gives the best fit to the adsorption data.

From Fig. 2a, it is clear that both the Langmuir equation
and the Langmuir-Freundlich equation can be fitted to the
data for both (15,15) and (22,22) SWBNNTs, and these two
SWBNNTs show similar adsorptivity behavior. The fits to
the data indicate that the mechanism of hydrogen physisorp-
tion in both (15,15) and (22,22) SWBNNTSs is not mono-
layer adsorption; at least two layers of hydrogen can be
adsorbed inside (15,15) and (22,22) SWBNNTs. This be-
havior can be observed in the cross-sections of the (15,15)
and (22,22) SWBNNTs presented in Fig. 2b. According to
results we reported previously, the adsorption of the second
layer of gas inside a nanotube with a diameter of <2 nm is
thermodynamically unstable [16]. Note that the diameters of
the (15,15) and (22,22) SWBNNTs are 2.06 and 3.03 nm,

Fig. 2 a Isotherms of hydrogen 24
physisorption in (15,15) and ;
(22,22) SWBNNTs at 293 K. :
The dashed lines correspond to 20F
Langmuir fits and the solid :

22F

lines correspond to Langmuir— 18 ”
Freundlich fits to the pressure. 2 16k
b Cross-sections of a (15,15) E s
SWBNNT (left) and a (22,22) z l4p
SWBNNT (right) that have been ? 12k
filled with hydrogen at =
15 MPa and 293 K £ 10f
08|

0.6 -

0.4 -

0.2 :

0

Pressure/MPa
[+ a519 ---La515 ——LF(515) = (223 ---L(22323) ——LF(@222)
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Fig. 3 a Adsorption isotherms 2.5 ¢
for hydrogen physisorption by 3
(8.8)@(15,15), (11,1H@ 23¢
(15,15), (7,7)@(22,22), and 20 E
(15,15)@(22,22) DWBNNTs :
at 293 K. The dashed lines rep- e L8F

. L) -
resent Langmuir fits and the 3 15k
solid lines show the Langmuir— z E
Freundlich fits with pressure. & 13F
b Cross-sections of an (8,8)@ é«
(15,15) DWBNNT (top left) and T Lof
an (11,11)@(15,15) DWBNNT =z os b
(top right), and cross-sections E
of a (7,7)@(22,22) DWBNNT 0sF
(bottom lefi) and a (15,15)@ :
(22,22) DWBNNT (bottom 03¢
right) filled with hydrogen at 00 E
15 MPa and 293 K "o

respectively; thus, the probability of two-layer hydrogen
adsorption in these nanotubes increases at high pressure.
Figure 3a illustrates that the Langmuir—Freundlich equa-
tion leads to a better fit to the hydrogen adsorptivity data
than the Langmuir equation for the (7,7)@(22,22) and
(15,15)@(22,22) DWBNNTSs in particular. The figure also
shows that the Langmuir-Freundlich and Langmuir equa-
tions provide similarly good fits to the data for the (8,8)@
(15,15) and (11,11)@(15,15) DWBNNTs. It should be noted
that the diameters of the (8,8)@(15,15) and the (11,11)@
(15,15) DWBNNTs are both 2.06 nm, but the narrower
inner nanotube reduces the space available for hydrogen
storage in the former DWBNNT. Thus, monolayer adsorp-
tion of hydrogen occurs in DWBNNTs with diameters of
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less than about 2 nm, while DWBNNTSs with diameters of
more than 2 nm can adsorb hydrogen in two layers.
Figure 3b shows cross-sections of (8,8)@(15,15) and
(11,1D)@(15,15) DWBNNTs with hydrogen adsorbed in-
side the nanotubes. For (11,11)@(15,15) DWBNNTSs, when
the pressure increases, hydrogen physisorption increases
too; at high pressure, the data deviates from the Langmuir
fit, indicating that (11,11)@(15,15) DWBNNTSs can adsorb
hydrogen in a second layer at high pressure—as observed in
Fig. 3b. Figure 3b also shows that multi-layer hydrogen
adsorption occurs for (7,7)@(22,22) and (15,15)@(22,22)
DWBNNTS, leading to a good fit of the Langmuir—Freundlich
equation to the data obtained from GCMC simulations of
these DWBNNTs.
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Fig. 4 a Isotherms for hydrogen
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(22,22) TWBNNTS at 293 K. 0.40 1
The dashed lines represent the
Langmuir fits and the solid lines 035 |
show the Langmuir—Freundlich B
fits with pressure. b Cross-
sections of an (8,8)@(11,11)@
(15,15) TWBNNT (left) and

a (7,7@(15,15)@(22,22)
TWBNNT (right) that are
filled with hydrogen at

15 MPa and 293 K

030 f
025 F

020 f

Hy/(Hy+B+N) wt%

0.15 f

0.10 |

0.05 L

Pressure/MPa

¢ (8.8)@(11,11)@(15,15)
u (7,7)@(15,15@(22,22)

=== LE3H@11,1D@(15,15)
-== L(71,)@(15,15)@(22,22)

— LEE8@0LID@(15,15)
——L-F(7,)@(15,19@(22,22)

Figure 4a shows the fits of the Langmuir—Freundlich and
the Langmuir equations to TWBNNTs. We can see that (8,8)
@(11,11)@(15,15) TWBNNTs adsorb more hydrogen than
(7,7 @(15,15)@(22,22) TWBNNTs. The diameter of an
(8,8)@(11,11)@(15,15) TWBNNT is about 2.06 nm, while
a (7,7)@(15,15)@(22,22) TWBNNT has a diameter of 3.03
nm. The reason that more hydrogen is adsorbed inside an
(8,89)@(11,11)@(15,15) TWBNNT than inside a (7,7)@
(15,15)@(22,22) TWBNNT is that there is a wider interior
space inside an (8,8)@(11,11)@(15,15) TWBNNT. Al-
though a (7,7)@(15,15)@(22,22) TWBNNT does have
more widely spaced internal nanotube walls than an (8,8)
@(11,11)@(15,15) TWBNNT, the spaces between the inter-
nal nanotube walls in a (7,7)@(15,15)@(22,22) TWBNNT
are still relatively cramped, so intermolecular repulsion be-
tween the atoms of the internal nanotube walls as well as
between those atoms and the adsorbed hydrogen is high,
which in turn suppresses the adsorption of hydrogen in these
spaces. Therefore, we would expect monolayer adsorption
inside both (8,8)@(11,11)@(15,15) and (7,7)@(15,15)@

(22,22) TWBNNTs. Figure 4a suggests that only hydrogen
monolayer adsorption occurs inside both the (7,7)@(15,15)@
(22,22) and (8,8)@(11,11)@(15,15) TWBNNTS up to a pres-
sure of around 10 MPa; however, above this pressure, the
adsorption data for the (7,7)@(15,15)@(22,22) TWBNNTSs
deviate from the Langmuir fit, indicating that hydrogen is
being stored in a second layer. This is also shown in Fig. 4b,
which depicts cross-sections of these TWBNNTs at 15 MPa
and 293 K; at this pressure, the (7,7)@(15,15)@(22,22)
TWBNNTs adsorb a second layer of hydrogen internally.
We now turn our attention to the effect of nanotube
diameter on hydrogen adsorption. Figure 5a shows the per-
centage by weight of adsorbed hydrogen plotted as adsorp-
tion isotherms for SW/DW/TW BNNTs against nanotube
diameter at 10 MPa and 293 K. In Fig. 5a, we can see that
hydrogen adsorption increases as a function of nanotube
diameter in all SW/DW/TW BNNTs. Also, according to this
figure, SWBNNTSs can adsorb more hydrogen than DW/TW
BNNTs; DWBNNTSs with a thin inner nanotube (DWBNNTs<)
adsorb more hydrogen than DWBNNTs with a wide inner
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Fig. 5 a Hydrogen adsorption
isotherms correspond to the unit
of “the weight percentage of
hydrogen adsorption” for
SW/DW/TW BNNTs plotted
against nanotube diameter at

10 MPa and 293K. b Energy of
hydrogen adsorption for
SW/DW/TW BNNTs

plotted against nanotube
diameter at 293 K. ¢ Hydrogen
adsorption isotherms correspond
to the unit of “moles/m®” for
SW/DW/TW BNNTs plotted
against nanotube diameter at 10
MPa and 293K
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nanotube (DWBNNTs>); and TWBNNTSs adsorb a similar wt
% of hydrogen to DWBNNTs>. However, it is important to
combine these results with those obtained from the GCMC
simulation for the energy of hydrogen adsorption. Figure 5b
presents plots of the energy of hydrogen adsorption by SW/
DW/TW BNNTS: versus nanotube diameter at 10 MPa and 293
K. The plots show that SWBNNTs and DWBNNTs<exhibit
the same behavior of the energy of hydrogen adsorption with
nanotube diameter, while DWBNNTs>and TWBNNTSs also
show similar behavior. It is also clear that, for each type of
BNNT, the behavior seen in Fig. 5a is the opposite to that seen
in Fig. 5b. To investigate this further, we replotted the hydrogen
adsorption isotherms in another unit of hydrogen adsorption:
mol/m’; see Fig. 5c. Note that the data in Fig. 5c correlate well
with the data in Fig. 5b. Figure 5c shows that hydrogen
adsorption decreases with nanotube diameter, so the energy
of hydrogen adsorption must decrease (the absolute value of
the adsorption energy decreases), as seen in Fig. 5b. In Fig. 5¢
we also see that the SWBNNTs and DWBNNTs< have similar
hydrogen storage capacities, and the same is true of
DWBNNTs>and TWBNNTS; both of these results are also
apparent in Fig. 5b. Therefore, according to Fig. 5b and c,
increasing the nanotube diameter decreases hydrogen adsorp-
tion, and SWBNNTs can adsorb more hydrogen than other
DW/TW BNNTs. However, the important result is that the
most accurate unit of hydrogen adsorptivity is mol/m?. There-
fore, in order to perform the best comparison of the hydrogen
adsorptivities of SW/DW/TW BNNTSs, the units of adsorptivity
must be converted into mol/m>, but when we focus on a
specific type of nanotube, it is not necessary to change from
using percentage by weight of adsorbed hydrogen as a unit.

In our final investigation, we concentrated on hydrogen
adsorption in SW/DW/TW BNNT arrays (SW/DW/
TWBNNTAs). We calculated the distance between tubes
(DBTs) based on the perpendicular distance between the
surfaces of the outermost tubes of the BNNTs. Technically,
the distance between two parallel nanotubes is the perpendic-
ular distance between the major axes of the nanotubes. How-
ever, if we are investigating parallel nanotubes at various
separations from each other, we can consider the DBT to be
the perpendicular distance between the outer surfaces of the
nanotubes, because the diameters of the nanotubes remain
constant (and can therefore be neglected).

Figure 6a presents the percentage by weight of adsorbed
hydrogen in SW/DW/TWBNNTAs at various DBTs from
1.09 to 1.39 A (and at 10 MPa and 293 K). Figure 6a shows
that hydrogen adsorption both inside and outside the
SWBNNTAs increases with DBT and nanotube diameter.
The difference between the percentages by weight of
adsorbed hydrogen at a high DBT of 1.39 A and a low
DBT of 1.09 A (at fixed nanotube diameter) is considerable
for SWBNNTAs, while this difference is smaller for
DWBNNTAs and smallest for TWBNNTAs. Figure 6b

presents cross-sections of BNNTAs that have been filled
with hydrogen at 10 MPa and 293 K. The cross-sections of
four (7,7)@(15,15)@(22,22) TWBNNTAs where DBT=1.09
A and 1.39 A are shown top left and top right, respectively.
The cross-sections of four (7,7)@ (22,22) DWBNNTAs
where DBT=1.09 A and 1.39 A are shown center left and
center right, respectively. Finally, the cross-sections of four
(22,22) SWBNNTAs where DBT=1.09 A and 1.39 A are
shown at the bottom left and bottom right of Fig. 6b, respec-
tively. Based on Fig. 6b, we can conclude that more hydrogen
is adsorbed in the interstitial space (the space between nano-
tubes) than inside the nanotubes (the internal spaces of the
nanotubes). Note that the internal space of a nanotube is
always fixed, because the diameter of a nanotube is always
fixed. While a nanotube can adsorb a certain amount of
hydrogen, varying the DBT changes the interstitial space,
which in turn changes the amount of hydrogen adsorbed in
this space. Figure 6b clearly shows that the hydrogen adsorbed
in the internal spaces of the nanotubes under the same ther-
modynamic conditions remains almost the same for different
DBTs, but the hydrogen that is physisorbed in the interstitial
space increases with the DBT. However, the radial distribution
function (RDF) of hydrogen must be calculated separately for
the interstitial and interior spaces of the nanotubes using
molecular dynamics (MD) in order to check that the presence
of hydrogen outside the tubes is desirable.

Also, if we consider the data shown in Figs. 1a and 6a, we
can see that the percentages by weight of adsorbed hydrogen
in BNNTAs and BNNTs are fairly similar. Industrially syn-
thesizing and separating out BNNTs is more difficult than it is
for BNNTASs, which suggests that BNNTAs are better candi-
dates than BNNTs for hydrogen adsorption materials.

Conclusions

In this work, we investigated the hydrogen adsorption of
SW/DW/TW BNNTs and SW/DW/TW BNNTAs using
GCMC simulation. We also investigated the mechanism of
hydrogen adsorption by fitting the Langmuir and Langmuir—
Freundlich equations to the hydrogen adsorption data. The
results show that hydrogen adsorption increases with tube
diameter and the distance between the tubes (when they are
in arrays). TWBNNTSs exhibited the lowest levels of hydro-
gen adsorption; this is because of the existence of atomic
repulsion between hydrogen atoms and between hydrogen
and nanotube atoms in TWBNNTs containing adsorbed
hydrogen, which in turn is due to space constraints inside
the TWBNNTs compared to the SW/DWBNNTs. When the
inner tube diameter is sufficiently large, DWBNNTs can
adsorb relatively large amounts of hydrogen, but SWBNNTs
adsorb more hydrogen when the tube diameter is relatively
small. The percentage by weight of hydrogen adsorbed by
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Fig. 6 a Isotherms of hydrogen a 22 3.0 -
physisorption in SW/DW/TW 9

BNNTAs at different DBTs from 2 19
1.09 to 1.39 A (at 10 MPa and 21 f A
293 K). b Cross-sections of four [
(7. 7)@(15,15)@(22,22) : a i °
TWBNNTASs where the DBT= 2.0 E

1.09 A (top lefi) and 1.39 A (top
right), respectively. Cross-
sections of four (7,7)@(22,22)
DWBNNTAs where DBT=1.09
A (center lefi) and 1.39 A
(center right), respectively.
Cross-sections of four (22,22)
SWBNNTAs where DBT=1.09
A (bottom left) and 1.39 A
(bottom right), respectively. 2
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BNNTAs is similar to that adsorbed by BNNTs, which
implies that BNNTAs are better candidates for hydrogen
adsorption materials, as they are easier to industrially syn-
thesize and separate than BNNTs. We also found that using
units of mol/m® instead of the percentage by weight when
comparing the adsorptivities of a series of nanotubes (of the
same type) allows a better comparison. Finally, when we
fitted the Langmuir and Langmuir—Freundlich equations to
the simulation data, we noted that there is a trend towards
multi-layer adsorptivity as the number of walls and the tube
diameter are increased. However, in small-diameter SWBNNTS,
the dominant mechanism is monolayer adsorption of hydrogen.
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