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A quantum chemistry study of curvature effects
on boron nitride nanotubes/nanosheets for gas

Haoyan Sha and Roland Faller*

Quantum chemistry calculations were performed to investigate the effect of the surface curvature of a
Boron Nitride (BN) nanotube/nanosheet on gas adsorption. Curved boron nitride layers with different
curvatures interacting with a number of different gases including noble gases, oxygen, and water on
both their convex and concave sides of the surface were studied using density functional theory (DFT)

with a high level dispersion corrected functional. Potential energy surfaces of the gas molecules
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interacting with the selected BN surfaces were investigated. In addition, the charge distribution and
electrostatic potential contour of the selected BN surfaces are discussed. The results reveal how the
curvature of the BN surfaces affects gas adsorption. In particular, small curvatures lead to a slight

difference in the physisorption energy, while large curvatures present distinct potential energy surfaces,

www.rsc.org/pccp

Introduction

One- and two-dimensional layered nanostructured materials have
attracted intense attention over the last two decades including
nanotubes, nanosheets, nanoscrolls, etc." ' Various inorganic
elements and compounds have been explored for next generation
layered nanomaterials, such as carbon, boron nitride, and silicon
compounds. This novel class of materials possesses fascinating
mechanical, thermal, and structural properties, and has enormous
potential for real-world applications. Particularly, the high specific
surface area proves excellent for gas adsorption and storage.*'"
Well-defined nanoporous structures also show great potential for
gas mixture separations.

Among layered nanostructured materials, graphene and
carbon nanotubes are by far the best studied.'® The adsorption
properties have been systematically studied both experimentally
and theoretically using quantum mechanics and molecular
simulation methods. Many gas molecules, including H,,”*™°
N,,"®"” methane,"®'? noble gases,”® and others as well as their
mixtures, have been successfully investigated. Defects and
packing effects on carbon surfaces were also studied.”"**

BN structures have been studied much less to date.> However,
BN materials possess competitive thermal and structural stabi-
lities with carbon making them excellent materials for gas
adsorption.”® Cheng et al. studied hydrogen physisorbed in
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especially for the short-range repulsion.

single wall boron nitride nanotube (BNNT) bundles using the
grand canonical Monte Carlo (GCMC) method.** Baierle et al.
applied DFT to study the effect of carbon doping in BNNT on H,
adsorption.?® Zhao and Ding investigated gas molecules inter-
acting with the open ends of BNNT.*® Zhao et al. studied the
non-covalent adsorption of aromatic molecules on BNNTSs
utilizing ab initio methods.>” Shadman and Ahadi used GCMC
for noble gases, argon and neon adsorbing in BNNTs.>® A few
comparative simulation studies were performed between
BNNTs and CNTs on hydrogen adsorption and the DFT results
present comparable capacities for H, storage where a controversy
exists as Mpourmpakis and Froudakis state that BNNTs are more
favorable than CNT for adsorbing H,** while Zhou et al. state the
opposite.®® There is an insufficient understanding of gas adsorp-
tion on layered BN surfaces, particularly, how the surface curvature
affects gas adsorption. Baierle et al>® and Mpourmpakis and
Froudakis®® studied the CNT curvature and chirality effects on
adsorption using ab initio methods. However, to the best of our
knowledge, the curvature effect on BN layered nanostructures on
adsorption has not yet been investigated.

Here, density functional theory was applied to study the
interactions between BN surfaces with different curvatures of
different gases, including noble gases, O,, and H,0O, which
are representative monoatomic, diatomic and polyatomic
molecules and important adsorbents of interest in a variety of
applications. Potential energy surfaces were scanned on both
the convex and concave sides of the selected surfaces. The effect
of surface curvature on physisorption was analyzed by deter-
mining physisorption energy differences between curved and
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flat BN surfaces. The charge distributions, electrostatic potentials,
and HOMO-LUMO orbitals of the selected BN surfaces were also
discussed.

Model & methods

All boron nitride surfaces consist of 18 boron and 18 nitrogen
atoms, with a B-N bond length of 1.446 A. The flat BN surface
was cut from a BN nanosheet (¢f Fig. 1(a)), while the curved
ones (Fig. 1(b-e)) were taken from boron nitride nanotubes
with indices of (5, 5), (10, 10), (15, 15), and (20, 20) respectively,
which describe the sizes of the nanotubes, as shown in Table 1.
The dangling bonds on the edges of the BN surfaces were
satisfied with hydrogen atoms, with B-H and N-H bond lengths
of 1.20 A and 1.02 A, respectively.®? Utilizing the cluster model
to represent the curved nanotube structure has been previously
verified in the literature by modeling of materials in similar
structures and presented excellent quality.**—°

The Gaussian code® was used for all DFT calculations®*® using
the dispersion and long-range corrected wB97XD functional and the
6-311G(d,p) basis set.** Please note that according to the insuffi-
ciency of the quantum description of weak interatomic interactions
by DFT* the purpose of this study is not to quantify the detailed
potential energies of the gas with the BN surfaces with high
accuracy. Instead, we study how the curvature of the BN surfaces
affects gas adsorption at a consistent level and we kept all model
parameters (except curvature) exactly the same across all studies.

The potential energy of physisorption was calculated by
deducting the energy of the BN surface and the gas molecule
from the energy of the BN-gas complex:

37,38

EPhysisorption = Ecomplex — EBn — Egas

Counterpoise correction was used to eliminate basis set super-
position errors.*"*> Potential energy surfaces (PESs) were studied
by scanning gas molecules along the radial direction on convex
and concave sides of the selected BN surfaces.
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Table 1 Sizes of the curved BN surfaces

Index Diameter of BNNT (A)
(5, 5) 6.90
(10, 10) 13.81
(15, 15) 20.71
(20, 20) 27.62

Results and discussion

To determine the energetically most preferred binding site on
the BN surface, three potential choices on a flat BN nanosheet
were tested using a single argon atom. These positions are on
top of boron, on top of nitrogen and on top of the center of the
BN hexagon, as these are the symmetrically most likely candi-
dates for the extrema. The corresponding PESs are plotted in
Fig. 2. The three adsorption sites are not significantly different
at large distances; at short distances the position on top of
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Fig. 2 Potential energy plots of argon binding towards nitrogen, boron,
and the center of the BN hexagon.

Fig.1 Model of BN surfaces: (a) flat (top view); (b) (5, 5); (c) (10, 10); (d) (15, 15); and (e) (20, 20) (b—e side views). Blue: nitrogen; pink: boron; and white:

hydrogen.
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nitrogen faces stronger repulsion than the other two. The overall
adsorption on top of the center of the hexagon is the energetically
most favorable adsorption site. Therefore, all the following PES
scans of gases above BN surfaces (flat/curved) were performed
along the axis through the centers of the hexagons.

To evaluate the curvature effect on adsorption, noble gases
which are highly symmetric and only slightly polarizable mono-
atomic structures were tested first. Fig. 3 shows PES and PES
difference curves collected from an argon atom interacting
with the BN sheet on both the convex and concave sides. The
curvature influence on adsorption is characterized by the
difference of adsorption energies between the curved BN
surfaces and the flat surface:

Epitference = Ecurved — EFrlat

The adsorption energy data are presented in Table 2. On the
convex side of the surface (¢f. Fig. 3(a and b)), the curvature only
slightly changes the shape of the potential energy well, where the
surface with stronger curvature presents a shallower energy well.
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Table 2 Gas
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Ar adsorption energy (K)

0, adsorption energy (K)

BN surface Convex side Concave side Convex side Concave side
(5, 5) —642.34752 —1277.5507 —488.03104 —1042.6102
(10, 10) —706.53504 —1051.8918 —512.57056 —750.24416
(15, 15) —735.62976 —957.72256  —529.54048 —683.08928
(20, 20) —753.3744 —915.8416 —540.77952 —656.68352
Flat —826.09568 —601.5264

Only at short distances the curvature significantly affects the
repulsion. For the flat surface at close approach the boron and
nitrogen atoms closest to the approaching hexagon center lead to
repulsion. However, the B and N atoms further from the adsorption
site locate at attractive distances for the atom, which partially offsets
the repulsion from the first ring. By increasing the curvature, the
outer B and N atoms which show attraction on the flat surface are
moved away from the adsorbent atom, so that the attraction from
these atoms becomes weaker. The net potential then increases such
that with larger curvature the short-distance repulsion increases.
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Fig. 3 Ar—BN surfaces: (a) convex side potential energy; (b) convex side potential energy difference; (c) concave side potential energy; and (d) concave

side potential energy difference.
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On the other hand, the concave sides of the BN surfaces
show reversed trends of physisorption, where the larger curvature
exhibits stronger attraction, which also is due to contributions
from BN atoms at intermediate distance from the Ar atom. When
the curvature becomes very high for the (5, 5) surface the Ar atom
exhibits attraction at a much longer distance to the surface and
the crossover from more repulsive to more attractive with respect
to the flat surface is shifted outwards, so that the shape of the PES
qualitatively changes leading to a confinement effect. Data of
Ne-BN surface interactions consistent with these data can be
found in the ESI, T Fig. S1.

In addition to noble gases, oxygen was tested for the
curvature effect on adsorbate-adsorbent interaction. Oxygen
was aligned with the oxygen—oxygen bond perpendicular to the
surface. The corresponding PES data are plotted in Fig. 4. For
the convex side, the oxygen, which has fewer electrons than
argon, presents a weaker total adsorption and the adsorption
energy changes with curvature consistent with the noble gases.
For the concave side, more significant PES shape changes
compared to noble gases are observed. The diatomic structure
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of oxygen provides an extra interaction site, which makes the
confinement effect stronger for O,. This has been further
confirmed using H,O PES data (ESL,T Fig. S2). The physisorption
energies of all the selected gases are presented in Fig. S3 (ESIT),
where we see that argon has the strongest interaction whereas
the other three are in the same order of magnitude. Water has a
steeper repulsion than oxygen and Ne.

The interaction strength differences between the selected
adsorbents interacting with the BN surfaces are mainly caused
by the different van der Waals and electrostatic potential
energies. For non-polarized systems, the van der Waals inter-
action, which comes from the instantaneous dipole of the
molecules, plays the most important role. van der Waals
potential has a strong dependence on the atomic mass. That
explains why argon has the strongest potential energy among
the BN surfaces while the neon-BN interaction is the weakest.
For polarized molecules, like H,O, the unbalanced charge
distribution causes strong electrostatic potential between H,0O
and BN, which enables it stronger interaction with BN surfaces
than molecular oxygen and neon.
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Fig. 4 O,-BN surfaces: (a) convex side PES; (b) convex side potential energy difference; (c) concave side PES; and (d) concave side potential energy

difference.
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Fig. 5 BN surface charge distributions: (a) flat, (b) (20, 20), (c) (15, 15),
(d) (10, 10), and (e) (5, 5). Color ranges from red to green representing
elementary charges from —0.41 to 0.41 as labeled.

In addition to the PES analysis, the charge distributions and
the corresponding electrostatic potential (ESP) contours of the
flat and curved BN surfaces are shown in Fig. 5 and 6. With
increasing curvature, the charges on the boron and nitrogen
atoms do not significantly change, with only slightly reduced
dipolarization. The corresponding ESP contours are plotted on
the surface perpendicular to the BN sheets for the selected
isosurfaces in Fig. 6. By introducing curvature, the symmetric
ESP contour of the flat BN surface distorts. This distortion is
also clearly visible in the HOMO and LUMO orbitals of the
sheets (ESL T Fig. S4 and S5) where one sees e.g. that the HOMO
orbitals start to align with the central axis of the cylinder on
which the sheet is based.

Conclusions

The present density functional theory study investigated the
curvature effect on the example of layered boron nitride on gas
adsorption. The selected gas molecules including noble gases
(argon and neon), oxygen, and water were tested by scanning
the gas-BN physisorption energy. Charge distribution and ESP
of the BN surfaces were analysed. The results show that the
curvature of the BN surface strengthens the short-distance
repulsion on the convex side and increases the whole-range

19948 | Phys. Chem. Chem. Phys., 2016, 18, 19944-19949
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Fig. 6 Electrostatic potential (ESP) contours of the BN surfaces: (a) flat,
(b) (20, 20), (c) (15, 15), (d) (10, 10), and (e) (5, 5). ESP iso-values were
selected as 0.001, 0.003, 0.005, 0.007, and 0.009 a.u.

attraction on the concave side. Strong curvatures can signifi-
cantly change the adsorption PES.
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