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High coverage of hydrogen on a (10,0) single-walled boron nitride nanotube
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The binding energy of hydrogen atoms to a (10,0) single-walled boron nitride nanotube (SWBNNT) is
calculated at 25%, 50%, 75%, and 100% coverage using the density functional theory. The average binding
energy is highest at 50% coverage when the H atoms are adsorbed on the adjacent B and N atoms along the
tube axis and the value is —53.93 kcal/mol, which is similar to half of the H—H binding energy. Also, the
band gap (—4.29 eV) of the pristine (10,0) SWBNNT is decreased up to —2.01 eV for the H-adsorbed BNNT

with 50% coverage.
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Due to low dimensionality and high surface-area-to-
volume ratio, the physical properties of nanotubes can be
dramatically influenced by the surface addition of selected
atomic or molecular species. Such functionalization can lead
to significant enhancement of properties relevant to techno-
logical applications. For instance, it has been recently dem-
onstrated that carbon nanotubes (CNTs) functionalized with
hydrogen represent a new type of a nanoscale electronic
device.!

In contrast to CNTs, boron nitride nanotubes (BNNTS)
have a uniform electronic band gap independent of the diam-
eter and chirality of the tube and their native state is electri-
cally insulting.>? Because of large ionicity of the B—N
bond in BNNTs, their properties are different from CNTs. It
was reported that BNNTs prefer a nonhelical or zigzag ori-
entation during growth,*> which prefigures the advantage of
BNNTs in the potential application of nanoscale electronic
devices similar to CNTs. The doping behavior of BNNTs is
also important since it may create acceptors or donors for the
use in the electronic device such as the p-n junction. How-
ever, studies of BNNTs have been focused on growth and
properties of clean BNNTs so far. The doping behavior or
functionalization of BNNT is very rare compared with the
studies of CNTs.

In this work, we study the chemisorption behavior of hy-
drogen on the sidewall of the (10,0) single-walled BNNT
(SWBNNT) with 25%, 50%, 75%, and 100% coverages by
the density functional theory (DFT). We will show that the
binding energies of hydrogen on the BNNT wall are depen-
dent on its coverage and the electronic structures of the tube
can be modified by the chemisorption process of hydrogen.

The binding energies of hydrogen were calculated using
the local-orbital DFT method implemented with the DMOL?
package.® All the electron calculations were used together
with the double numerical plus polarization (DNP) basis set
and the generalized gradient approximation (GGA) employ-
ing the Perdew-Wang scheme.? The DNP basis set is compa-
rable in quality to the commonly used Gaussian analytical
basis set, 6-31G™".° To model the interaction between hydro-
gen atoms and a (10,0) SWBNNT, we used a tetragonal cell
of the size 25 A X25 A X4.38 A with the length of ¢ equal
to the periodicity of the (10,0) SWBNNT, assuming a B—N
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PACS number(s): 68.43.—h, 31.10.+z, 73.22.—f, 82.65.+r

bond length of 1.46 A.'0 The supercell includes 20 B and 20
N atoms. The experimentally synthesized SWBNNTs were
observed to have a range of diameters ranging from
~0.5 to 1.2 nm.'"12 It was also reported that the synthesis of
the zigzag-type BNNT is more favorable to that of the am-
chair type,*® thus the (10,0) SWBNNT is chosen in this
study since the zigzag (10,0) BNNT has a diameter of
0.81 nm. In calculating with a DMOL? code, all the calcula-
tions were performed only at the gamma point (k=0).

Densities of states (DOSs) for both the pristine (10,0)
SWBNNT and the hydrogenated one were also investigated
by the CASTEP software.!® The exchange-correlation of elec-
trons was handled with the PW91 functional® of GGA level
and the norm-conserving pseudopotentials generated by us-
ing the Troullier-Martins scheme were adopted to describe
the electron-ion interaction.'* We set a kinetic energy cutoff
of 700 eV for the BNNTs and used the Monkhorst-Pack
scheme'” to generate the k-space grid. With the optimized
structures of the nanotubes predicted in the above chemi-
sorption energy studies of hydrogen with coverage, we per-
formed single point calculations for the structures to calcu-
late DOS because the plane-wave type DFT calculation
generally requires high simulation time cost. The cell size is
considered to be same as that in the chemisorption energy
studies performed by the DMOL? package. We also found out
that a k-point sampling of 2 X2 X4 is sufficient for energy
convergence. Integration over a three-dimensional Brillouin
zone was carried out using the total of eight k points.

According to Bauschlicher,'¢ it was proved that hydrogen
is more strongly bonded to the single-walled carbon nano-
tube (SWCNT) with hydrogen coverage of a high symmetry
than the random structure. As a result, the SWBNNTs with
hydrogen coverage of only high symmetry were considered
in this study. The (10,0) SWBNNT plus H models considered
here are shown in Fig. 1 in which the structures are opti-
mized with all the atoms free. To show the adsorption struc-
tures clearly, we repeat the unit cell in the ¢ direction up to
double periodicity. The hydrogen binding energies are sum-
marized in Table I. The adsorption energy AE, 4 is defined as
follows:
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FIG. 1. (Color online) Hydrogen decorations considered in this
study to investigate the binding energies of H on the exterior wall of
(10,0) SWBNNT as a function of H coverage. In DFT calculations,
only four layers of the BNNT (half of the present tube structures
along the tube axis) were considered due to computational limita-
tion. Here, the pink, blue, and white atoms mean boron, nitrogen,
and hydrogen, respectively. In the case of 25% H coverage, the
25cov_1 indicates all boron pattern, the 25cov_2 all nitrogen pattern,
the 25cov_3 the line pattern, and the 25cov_4 the zigzag pattern. In
50% coverage, the 50cov_1 means the pairs of rings pattern, the
50cov_2 all boron pattern, the 50cov_3 the line pattern, the S0Ocov_4
the spiral pattern, and the 50cov_5 the pairs of lines pattern. Also,
the 75cov_1 is the pattern of 75% H coverage having the 20 B—H
and 10 N—H in unit cell of the BNNT and the 75cov 2 is the
pattern having 10 B—H and 20 N—H.

AE, = E,o(BNNT + nH) — E,(BNNT) — 11 X E,,,(H)
(1)

where E,(BNNT+nH), E,(BNNT), and E,,[H] are the to-
tal energies of the fully optimized (10,0) SWBNNT-H struc-
ture, the nanotube alone and the hydrogen atom, respectively,
and n is the number of hydrogen. The minus value of AE,
implies that adsorption is exothermic.

In Table I, it is noticeable that the binding energies of
hydrogen are higher for all the high hydrogen coverages than
the binding energies of one B—H bond or one N—H bond.
Especially, the N—H binding energy has a positive value
when one H atom is adsorbed on the top site of one N atom
in the (10,0) SWBNNT; however, it changed to a negative
value if the hydrogen coverage is increased (see 25cov_2 in
Table I). The result for the adsorption of a single H shows
that the adsorption is site selective; in other words, a H atom
prefers to be adsorbed on the top site of the B atom of the
pristine SWBNNT, which agrees well with the DFT result of
Wu et al.'” Moreover, the B—H binding energy in the 25%
(25¢cov_1) or 50% (50cov_2) coverage is significantly higher
than that in the single B—H bond state. It is because only
one B—H bond state leaves an open-shell radical state (dou-
blet spin state) on the nanotube, while the BNNTs with high
hydrogen coverage, such as 25cov_1 and 50cov_2, have a
close-shell structure (singlet spin state).

In addition, the highest stability of the BNNT structure
with high hydrogen coverage is observable when hydrogen is
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TABLE 1. Summary of H binding energies (kcal/mol) on the
(10,0) SWBNNT exterior wall as a function of H coverage. The
calculations were performed at the level of DFT/PW91 with a DNP
basis set. The case that all H atoms adsorb on nitrogen atoms in
coverage of 50% is not shown here because the calculation is not
converged.

Coverage AE 48 AE,,P
25%
25cov_1 -178.98 —-17.90(10 B—H)
25cov_2 -274.29 —27.43(10 N—H)
25cov_3 -538.15  -53.81(5 B—H&5 N—H)
25cov_4 -518.71  -51.87(5 B—H&5 N—H)
50%
50cov_1 -1045.76 —52.29(10 B—H& 10 N—H)
50cov_2 —415.48 -20.77(20 B—H)
50cov_3 -1007.41 -50.37(10 B—H&10 N—H)
50cov 4 -1068.48 —53.42(10 B—H&10 N—H)
50cov_5 -1078.57 -53.93(10 B—H&10 N—H)
75%
75cov_1 -1210.78 -40.36(20 B—H& 10 N—H)
75cov_2 -1132.28 -37.74(10 B—H&20 N—H)
100%
100cov —-1835.44 -45.89(20 B—H&20 N—H)
2.5%
One B—H on BNNT -8.10
One N—H on BNNT +7.25

AAE, 4= E\o BNNT+nH] - E BNNT]-n X Eo[H] (n is the num-
ber of hydrogen atom)

bAverage H binding energy calculated by the following equation:
AE,.=AE/n

chemisorbed on adjacent B and N atoms along the tube axis,
which probably results from two reasons. Hydrogen bonding
to adjacent B and N atoms would imply a loss of one B—N
7 bond, while that with two B atoms would have a greater
disruption of the B—N 7 bond system. Another reason can
be discovered by atomic charges of hydrogen. For example,
in the case of 25% hydrogen coverage, the atomic charges
have negative values as hydrogen is bonded with only B
atoms (see 25cov_1 in Fig. 1), and vice versa for N—H
bonds. Thus the repulsive interaction is affected between two
hydrogen atoms chemisorbed on the nanotube wall and two
hydrogen atoms tend to repel each other. On the other hand,
if hydrogen is chemically adsorbed with adjacent B and N
atoms, as in the case of 25cov_3, the charges for hydrogen
atoms are negative for B—H bonds and positive for N—H
bonds, indicating attractive interaction between two hydro-
gen atoms. The attractive force causes two H atoms to pull
each other. Additionally, one can consider the attraction be-
tween nonbonded H and N atoms in the case of 25cov_3
since H atoms bonded with N atoms have positive atomic
charges and other N atoms do not. In the case of 25cov_1,
this attraction is not present because all H atoms bonded with
B atoms have negative charges. Therefore, the most favor-
able hydrogen configuration at a constant coverage has H
atoms upon adjacent B and N atoms.
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In Table I, we can also find that the most favorable ad-
sorption configuration is that the numbers of H-adsorbing B
and N atoms are equal. However, the hydrogen binding en-
ergies at 100% coverage are lower than at 25% and 50%
coverage with the equal number of B—H and N—H bonds.
To form B—H and N—H bonds, the B and N atoms must
occupy sp> hybridization, which results in the B and N bulg-
ing out the tube. For both 100% coverages, the B and N
atoms still form a good tube structure since any deformation
that improves one B—H or N—H bond will weaken an-
other, which is similar to the case of CNT.'® This means that
for the 100% coverage, the B and N atoms cannot change
their hybridization to enhance the B—H and N—H bond,
which results in weaker adsorption than the 50% coverage
where half of the B and N atoms can bulge out of the tube to
maximize the B—H and N—H bonding. The reason why
hydrogen binding energy at 100% coverage is higher than at
75% 1is that the electrostatic attraction between nonbonded
B—H and N—H is maximized when numbers of the
formed B—H and N—H bonds are same. If the number is
different, the additional electrostatic repulsive forces be-
tween two H atoms bonded with B atoms (75cov_1) or with
N atoms (75cov_2) are generated. Despite any limitation in
the calculation methods used, it is clear that the formation of
75% and 100% coverage will be a very endothermic process
because the H—H bond energy is 105.27 kcal/mol at the
present DFT calculation level. Because the highest binding
energies (—=53.93 kcal/mol in the case of 50cov_5) computed
for the 50% coverage are sufficiently close to one-half
(=52.64 kcal/mol) of the H—H bond energy, it might be
possible to achieve the coverage level in a thermodynamic
process starting with H, and BNNT. The formation of sig-
nificantly higher than 50% coverage in a thermodynamic
process seems unlikely since a higher coverage would re-
quire deformation of the B and N atoms on the tube, which
would weaken some of the existing B—H and N—H bonds
and hence result in a smaller average H binding energy.

By calculating the electronic DOS, we investigated the
electronic structures of the (10,0) SWBNNT with high hy-
drogen coverage. Figure 2 shows the total DOS (TDOS) for
electrons in pristine and hydrogen adsorbed (10,0)
SWBNNT where the hydrogen coverage corresponds to
50cov_5, the most stable state in Fig. 1. We found that the
pristine (10,0) SWBNNT has a band gap of 4.29 eV from the
gap of the highest occupied molecular orbital (HOMO) and
the lowest unoccupied molecular orbital (LUMO) in Fig.
2(a), which is similar to the published DFT result of
4.03 eV.'"® In the SWBNNT with 50% hydrogen coverage,
the band gap (HOMO-LUMO gap) is decreased to 2.01 eV,
indicating a semiconductor with a wide band gap. From this
fact, we know that the SWBNNT can be modulated through
hydrogen adsorption from an insulator (for the pristine state)
to a semiconductor (for the 50% coverage state). The reason
why the band structure can be changed by hydrogen adsorp-
tion is easily understood from the partial DOS (PDOS) for B
and N atoms in the nanotube, although the result is not
shown here. In the case of the pristine (10,0) SWBNNT, the
PDOS demonstrates that the structure of the valence band is
almost completely determined by nitrogen. The contribution
of boron is small but its effect on the formation of states at
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FIG. 2. TDOS for (a) pristine (10,0) SWBNNT and (b) (10,0)
SWBNNT with 50% H coverage, called 50cov_5 in Fig. 1. The
dotted lines in each figure refer to the Fermi energy level. The
arrow in (b) indicates one band in the band gap, caused by hydro-
gen chemisorption.

the edges of the conduction band is greater. In the BNNT
with 50% hydrogen coverage, a new peak is found near
0.0 eV in the band gap, indicated by an arrow in Fig. 2(b).
The peak is mainly caused by the s orbital of H atoms
bonded with B atoms.

As already mentioned, it is believed that the BNNT is an
insulator with a 4-5eV band gap independent of its
helicity.>? To modulate the band gap of the nanotube, there
are two ways: carbon doping!® and radial deformation®® of
the BNNT. According to the local density functional calcu-
lation of Blase et al.,'® the calculated band gap is decreased
to 2.0 and 0.5 eV for BC,N and BC; nanotubes, respectively,
as the carbon composition is increasesd in B,C N, nanotube.
Thus, the synthesis of the composite B,C,N, nanotube would
make possible its application for electronic and photonic de-
vices with a variety of electronic properties. Also, Kim et
al.? reported that in the zigzag BNNTs the radial deforma-
tion that gives rise to transverse pressure of about 10 GPa
decreases the gap from 5 to 2 eV, allowing for optical appli-
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cation in the visible range. We suggest a new method, hydro-
gen adsorption, to modulate a band gap of the BNNT. The
band gap (4.29 eV) of the insulating (10,0) SWBNNT can be
decreased to 2.01 eV, indicating a semiconductor with a
wide band gap.

In summary, it is possible for hydrogen to be chemically
adsorbed on the exterior surface of BNNT up to 50% cover-
age. Since the average hydrogen binding energy (per H
atom) at 50% coverage is very close to half of a H, bond
energy, it might be possible to achieve this level of coverage
in a thermodynamic process starting with H, and pristine
SWBNNT. The band structure of the SWBNNT can be

PHYSICAL REVIEW B 72, 113402 (2005)

modulated through hydrogen chemisorption. In detail, if hy-
drogen is chemisorbed on the exterior wall of BNNT up to
the coverage of 50%, the pristine insulating BNNT is
changed to a semiconductor with a wide band gap. It is cer-
tain that the present results for the electronic properties of
BNNT activate further works on the electronic and photonic
devices using BNNTs.

This research was supported by Grant No. 04K1501-
02210 from the Center for Nanostructured Materials Tech-
nology under the 21st Century Frontier R&D Programs of
the Ministry of Science and Technology, Korea.

*Corresponding  author: Prof. Hyuck Mo Lee: Email:
hmlee @kaist.ac.kr TEL: +82-42-869-3334: FAX: +82-42-869-
3310
K. S. Kim, D. J. Bae, J. R. Kim, K. A. Park, S. C. Lim, J.-J. Kim,
W. B. Choi, C. Y. Park, and Y. H. Lee, Adv. Mater. (Weinheim,
Ger.) 14, 1818 (2002).

2X. Blase, A. Rubio, S. G. Louie, and M. L. Cohen, Europhys.
Lett. 28, 335 (1994).

3 A. Rubio, J. L. Corkill, and M. L. Cohen, Phys. Rev. B 49, 5081
(1994).

4M. Terauchi, M. Tanaka, K. Suzuki, A. Ogino, and K. Kimura,
Chem. Phys. Lett. 324, 359 (2000).

SH. J. Xiang, J. Yang, J. G. Hou, and Q. Zhu, Phys. Rev. B 68,
035427 (2003).

5B. Delley, J. Chem. Phys. 113, 7756 (2000); DMOL? is a regis-

tered software product of Molecular Simulation Inc.

"B. Delley, J. Chem. Phys. 92, 508 (1990).
8J. P. Perdew and Y. Wang, Phys. Rev. B 45, 13244 (1992).
9B. Marlid, K. Larsson, and J.-O. Carlsson, J. Phys. Chem. B 103,

7637 (1999).

105, W. Yang, H. Zhang, J. M. Soon, C. W. Lim, P. Wu, and K. P.
Loh, Diamond Relat. Mater. 12, 1194 (2003).

1A Loiseau, F. Willaime, N. Demoncy, G. Hug, and H. Pascard,
Phys. Rev. Lett. 76, 4737 (1996).

12E. Bengu and L. D. Marks, Phys. Rev. Lett. 86, 2385 (2001).

BM. C. Payne, M. P. Teter, D. C. Allan, T. A. Arias, and J. D.
Joannopoulous, Rev. Mod. Phys. 64, 1045 (1992).

¥N. Troullier and J. L. Martins, Phys. Rev. B 43, 1993 (1991).

I5H. J. Monkhorst and J. D. Pack, Phys. Rev. B 13, 5188 (1976).

16C. W. Bauschlicher, Jr., Nano Lett. 1, 223 (2001).

17X. Wu, J. Yang, J. G. Hou, and Q. Zhu, Phys. Rev. B 69, 153411
(2004).

18T M. Schmidt, R. J. Baierle, P. Piquini, and A. Fazzio, Phys. Rev.
B 67, 113407 (2003).

19X. Blase, J.-C. Charlier, A. De Vita, and R. Car, Appl. Phys. Lett.
70, 197 (1997).

20Y-H. Kim, K. J. Chang, and S. G. Louie, Phys. Rev. B 63,
205408 (2001).

113402-4



