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he discoveries of low-dimensional

carbon nanostructures, such as the

“buckyball” C, fullerene in 1985 and
the carbon nanotube (CNT) in 1991, have
played critical roles in the advancement of
modern nanoscience and
nanotechnology.'™® The C, fullerene is
composed of 60 sp-hybridized carbon at-
oms that form a spherical cage, while a
single-walled CNT (SWCNT) is essentially a
cylindrical graphene sheet composed of
sp>-hybridized carbon atoms. These low-
dimensional carbon nanostructures exhibit
many unique physical, chemical, and electri-
cal properties, in part due to the quantum-
confinement effect. For example, the
SWCNT can be either metallic or semicon-
ducting, depending on its helix angle and
diameter.® Novel properties of Cg,
fullerenes and CNTs endow their promising
applications in nanoelectronic devices, sen-
sors, field emission, and composite
materials.”®” Previous experimental stud-
ies have shown that the two carbon nano-
structures can be actually combined to form
hybrid carbon nanostructures. Smith et al.
have demonstrated that Cg, fullerenes can
be enclosed into CNTs to form the so-called
carbon nanopeapod, where the interaction
between fullerenes and CNTs is of van der
Waals type.? Both experimental and theo-
retical studies have shown that electronic
properties of nanopeapods are tunable and
can be exploited for nanoelectronic
applications.®~2°

More recently, a novel hybrid carbon

nanostructure, coined as carbon nanobud
(CNB), has been successfully
synthesized.?'* In the CNB, one or more
Ceo fullerene molecules are covalently
bonded to the sidewall of a SWCNT. Like
many hybrid nanostructures, it is expected
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ABSTRACT (Carbon nanobuds (CNBs), a novel carbon nanostructure, have been synthesized recently via
covalently bonding C, buckyballs to the sidewall of a single-walled carbon nanotube (SWCNT) through
cycloaddition reaction [Nasibulin, A. G. et al., Nat. Nanotechnol. 2007, 2, 156]. We perform a first-principles study
of structural, electronic, chemical, and field-emission properties of CNBs. It is found that relative stabilities of CNBs
depend on the type of carbon— carbon bond dissociated in the cycloaddition reaction. All CNBs are semiconducting
regardless of the original SWCNT base being metallic or semiconducting. Chemical attachment of Cg, to SWCNTS
can either open up the band gap (e.g., for armchair SWCNT) or introduce impurity states within the band gap,
thereby reducing the band gap (for semiconducting SWCNT). In addition, the band gap of CNBs can be modified
by changing the density of Cy, attached to the sidewall of the SWCNT. The work function of CNBs can be either
slightly higher or lower than that of the parent SWCNT, depending on whether the attached SWCNT is armchair or
zigzag. Computed reaction pathway for the formation of CNBs shows that the barriers of both forward and

backward reactions are quite high, confirming that CNBs are very stable at room temperature.

KEYWORDS: carbon nanobud - C4, buckyball - single-walled carbon
nanotube - cycloaddition reaction - field emission

that properties of CNBs can be modified by
the chemical interaction between Cg, and
the SWCNT or by the density of C, at-
tached to the SWCNT. In fact, an experimen-
tal study has shown that CNBs exhibit lower
field thresholds and much higher current
density than pristine SWCNTs.?' Further-
more, the attached Cq, fullerenes yield
more space between SWCNTs, thereby
weakening the tendency toward adhesion
among SWCNTs and preventing formation
of tight bundles of SWCNTs. The attached
Cgo May be also used as a molecular sup-
port to prevent slipping of SWCNTs in com-
posite materials and to increase the me-

chanical strength of the materials. Higher *Address correspondence to

chemical reactivity of fullerenes can be ex-
ploited for chemically functionalizing CNBs
for sensor application. The aim of this article
is to investigate various properties of CNBs
using a density functional theory method.
Particular attention will be placed on the
structural, chemical, electronic, and field-
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Figure 1. Optimized structures of (a) C4, fullerene, and (b—d)
CNBs. (b) The hh C—C bond in C¢, and the P type C—C bond
in the zigzag (10,0) SWCNT form a quadrilateral ring [la-
beled as “[2 + 2] hh-P (zigzag)”]. (c) The hh C—C bond in
Cgo and the S type C—C bond in the armchair (5,5) SWCNT
form a quadrilateral ring [labeled as “[2 + 2] hh-S (arm-
chair)”]. (d) A hexagonal face of C, is attached to a hexago-
nal ring in the armchair (5,5) SWCNT [labeled as “[6 + 6] C¢,-
armchair”].

emission properties. To our knowledge, this is the first
comprehensive first-principles study of properties of
CNBs.

RESULTS AND DISCUSSION

In the covalent bonding between C,, and a SWCNT,
our DFT computation shows that a single C—C cova-
lent bond between Cy, and the SWCNT is unstable and
can spontaneously break. At least two C—C covalent
bonds are required via the cycloaddition reaction to sta-
bilize the CNB (Figure 1b). Two possible ways for the cy-
cloaddition reaction were considered: (1) a pair of par-
allel C—C bonds form a quadrilateral ring, namely, the
[2 + 2] cycloaddition (Figure 1b,c), and (2) a hexagonal
face of C4, and a hexagonal ring in the SWCNT are con-
nected together to form six C—C covalent bonds,
namely, the [6 + 6] cycloaddition (Figure 1d). It is well-
known that there exist two types of C—C bonds in Cg,
fullerene, one between two hexagonal faces and an-
other between the hexagonal and pentagonal faces (la-
beled as the hh and hp bond in Figure 1a, respec-
tively). Also, two types of C—C bonds can be seen in
the SWCNT, characterized by the angle between the
C—C bond and the tube axis. Among the C—C bonds,
1/3 are either normal (labeled as V) or parallel (labeled
as P) to the tube axis in the armchair or zigzag SWCNT,
while the remaining 2/3 form a sharp angle with the
tube axis (labeled S), as shown in Figure 1b,c. In total,
eight possible C,,/SWCNT configurations are available
for the [2 + 2] cycloaddition and two Cgo/SWCNT con-
figurations for the [6 + 6] cycloaddition. We have per-
formed full geometric optimization for all 10 possible
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TABLE 1. Binding Energy (E,), Average Bond Length (/)
between C,, and SWCNT, and the Charge Transfer per
Supercell (q) from C,, to SWCNT (The Negative Value of
Charge Transfer Means Positive Charges Are Transferred
from SWCNT to C,)

C4o/SWCNT configuration in (NB E, (eV) 1(R) q(e)

[2 + 2] hp-V (armchair) 2.336 1.627 0.013
[2 + 2] hh-V (armchair) 1.598 1.619 0.026
[2 + 2] hh-S (armchair) 1.461 1.613 —0.028
[2 + 2] hp-S (armchair) 2.232 1.617 —0.044
[2 + 2] hp-P (zigzag) 2.296 1.606 —0.041
[2 + 2] hh-P (zigzag) 1.558 1.605 —0.043
[2 + 2] hh-S (zigzag) 1.682 1.625 0.005
[2 + 2] hp-S (zigzag) 2.498 1.636 —0.027
[6 + 6] C¢y armchair 5.950 1.602 0.020
[6 + 6] Cq, zigzag 6.044 1.596 0.032

Coo/SWCNT configurations. The resulting 10 CNB struc-
tures are all stable (see Figures S1 and S2 in the Sup-
porting Information). The covalent bonding between
Ceo and SWCNT induces a local distortion of the SWCNT
surface where some carbon atoms of the SWCNT are
pulled outward from the original wall surface and their
bonding is transformed from sp?- to sp>-hybridization.

The binding energy, average C—C bond length,
and the charge transfer per supercell for the 10 Cqy/
SWCNT configurations are summarized in Table 1. The
label “[2 + 2] hh-V (armchair)” refers to the CNB config-
uration originating from [2 + 2] cycloaddition reaction
between the hh C—C bond in C, and the V C—C bond
in the armchair SWCNT. The binding energy is defined
as E, = E(CNB) — E(Cgo) — E(SWCNT), where E is the to-
tal energy/supercell. Positive binding energy suggests
that the cycloaddition reaction is endothermic. Table 1
shows that CNBs formed via the [2 + 2] cycloaddition
are more stable than those via the [6 + 6] cycloaddition,
even though the latter gives rise to six new C—C bonds.
For the [2 + 2] cycloaddition, the CNBs associated with
the hh C—Cbond are more stable than those associated
with the hp C—C bond. The two most stable CNBs are
“[2 + 2] hh-P (zigzag)” (Figure 1b) and “[2 + 2] hh-S
(armchair)” (Figure 1c), with C4o/SWCNT binding ener-
gies of 1.558 and 1.461 eV, respectively.

The relative stabilities among the 10 CNBs can be
understood from the w-bonding character of C—C
bonds involved in the cycloaddition reaction (also a
pericyclic reaction) in which two m bonds are broken
while two o bonds are formed. In Cy,, the hh C—C bond
has more w-bonding character than the hp C—C bond.
In the SWCNT, C—C 1 bonds are distorted due to the tu-
bular bending, and the degree of distortion is different
for the P, V, and S bonds. In the armchair SWCNT, the V
C—C bonds are more distorted than the S C—C bonds,
whereas in the zigzag SWCNT, the P C—C bonds are less
distorted than the S C—C bonds. The relative stabilities
are also manifested from the average C—C bond length
between C,, and SWCNT (Table 1). In general, shorter
bond length is associated with stronger binding energy.
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Figure 2. (a) Electronic band structure of pristine armchair (5,5) SWCNT (computed based on eight periodic lengths in the
supercell). (b—f) Band structures and DOS of CNBs derived from five different C;,/SWCNT configurations: (b) “[2 + 2] hp-V
(armchair)” configuration; (c) “[2 + 2] hh-V (armchair)” configuration; (d) “[2 + 2] hh-S (armchair)” configuration; (e) “[2 + 2]
hp-S (armchair)” configuration; and (f) “[6 + 6] C¢, armchair” configuration. The Fermi level is plotted with a red dashed
line. The projected DOS of C,, and SWCNTs are plotted with a blue and red solid line, respectively. The total DOS is plotted

with a black solid line.

On the other hand, the CNBs that resulted from the [6
+ 6] cycloaddition show shorter bond lengths but
much higher binding energies compared to those from
the [2 + 2] cycloaddition. A possible reason for this
anomaly is that local distortion in the case of [6 + 6] cy-
cloaddition is too large to be compensated by the for-
mation of six new C—C bonds. The charge analysis us-
ing the Hirshfeld method indicates that electron
transfer between Cg, and SWCNT can be undertaken
in two ways, depending on Cg,/SWCNT configuration.
For the two most stable C,,/SWCNT configurations,
electrons are transferred from SWCNT to C,. This versa-
tile charge-transfer behavior implies that electronic
properties of CNBs may be tunable.

In Figures 2 and 3, electronic band structures and
density of states (DOS) of CNBs derived from 10 differ-
ent C,o/SWCNT configurations are presented. Since the
CNB has no spin polarization, only the band structures
for the majority spin state are displayed. The band struc-
tures of perfect armchair (5,5) and zigzag (10,0) SWCNTs
are also shown in Figures 2a and 3a. As expected, the
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band structures show that the armchair (5,5) SWCNT is
metallic and the zigzag (10,0) SWCNT is semiconducting
with a direct band gap of about 0.8 eV. For Cg,, the
gap between the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital
(LUMO) is 1.67 eV. It is known that the DFT/GGA method
generally underestimates the band gap of semiconduc-
tors. However, this error does not affect our analysis of
electronic properties of CNBs.

The calculated band gaps of CNBs are summarized
in Table 2. As shown in Figure 2, upon attachment of
Ceo to the armchair (5,5) SWCNT, a small band gap
opens up. The resulting CNBs are semiconducting with
the band gap ranging from 0.06 to 0.18 eV. In contrast,
previous calculations show that the carbon nanopea-
pod C4,@(10,10) is metallic, with carries distributed ei-
ther along the (10,10) nanotube or on enclosed Cg,
fullerenes.'® For CNBs with the zigzag (10,0) SWCNT
base, attachment of C,, introduces unoccupied impu-
rity states within the band gap. Thus, the resulting CNBs
are still semiconducting but with much narrower band
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Figure 3. (a) Electronic band structure of pristine zigzag (10,0) SWCNT. (b—f) Band structures and DOS of CNBs derived from
five different C4,/SWCNT configurations: (b) “[2 + 2] hp-P (zigzag)” configuration; (c) “[2 + 2] hh-P (zigzag)” configuration;
(d) “[2 + 2] hh-S (zigzag)” configuration; (e) “[2 + 2] hp-S (zigzag)” configuration; and (f) “[6 + 6] Cs, armchair” configura-
tion. The Fermi level is plotted with a red dashed line. The projected DOS of C,, and SWCNTSs are plotted with a blue and red
solid line, respectively. The total DOS is plotted with a black solid line.

gap (ranging from 0.23 to 0.63 eV) than the pristine tics of an n-type semiconductor. In summary, it ap-

(10,0) SWCNT. The CNBs also exhibit some characteris-  pears that all CNBs are semiconducting regardless of
original SWCNT base being metallic or semiconduct-
ing. In general, the Fermi level of a CNB is slightly lower

TABLE 2. Computed Work Function (WF), Band Gap of the ., that of the parent SWCNT. In addition, by attach-

CNB and SWCNT, As Well As the lonization Potential (IP)

and HOMO—LUMO Gap (E,,_,,) of C,, (The Direct and ing two Cg, fullerenes to the (5,5) SWCNT within super-
Indirect Band Gap Are Labeled with Egp, and E,,, cell in the “[2 + 2] hh-S (armchair)” configuration, the
Respectively) band gap of CNB is further enlarged from 0.1 to 0.22 eV,
WE(V) IP(eV) Eyp (V) Egq(eV) Ey_p(ev) Whereas attaching two Cy, fullerenes to the (10,0)
2 + 2] hp-V (armchair) 453 0.06 SWCNT in the “[2 + 2] hh-P (zigzag)” configuration re-
[2 + 2] hh-V (armchair)  4.45 0.17 sults in a smaller band gap of CNB (reduced from 0.35
(2 + 2] hh-S (armchair)  4.46 0.10 to 0.17 eV). This result suggests that electronic proper-
(2 -+ 21 hp-5 (armchair) - 4.51 009 ties of CNB are highly tunable by changing the C,, den-
E 1 g} ;ﬁl’zr(';d;?r) :';'2 g;g sity on the sidewall of SWCNT.
D+2 hi-P (zigzag) 477 035 From the projected DOS on C,, and the SWCNT (Fig-
[2 + 2] hh-S (zigzag) 4.9 0.63 ures 2 and 3), it can be seen that there is a strong cou-
2 + 2] hp-S (zigzag) 484 0.24 pling between Cg, and SWCNT in CNBs, which breaks
[6 + 6] C, zigzag 472 0.43 the symmetry of band structures of the parent SWCNT
armchair (5,5) SWCNT 438 metal and induces numerous impurity states near the Fermi
?91&9 (10,0) SWCNT 485 » 0.80 o level, especially in the region of unoccupied states. For
60 . .

carbon nanopeapods, however, the coupling between

1462 A@%\K; VOL.2 = NO.7 = WU AND ZENG Www.acshano.org



LUS+1

- .A,n‘ -~
/\ .

.
J 'l, » "0‘ .-
LuUs 3 & _g., 4.~..\ ‘R ),,

a‘ - %N

Figure 4. Profiles of the electronic state of HOS, LUS, and
LUS+1 at the I' point for (a) “[2 + 2] hh-S (armchair)” and
(b) “[2 + 2] hh-P (zigzag)” CNBs. The isosurface value is
+0.01 (distinguished by blue/yellow color) in atomic units
(au/Bohr®).

Ceo and SWCNT is much weaker. Hence, induced impu-
rity states near the Fermi level maintain most of origi-
nal characteristics of molecular orbitals of Cg,.'%?° We
have performed a test calculation for C, physisorbed
on the outer surface of a SWCNT, where the coupling
between C, and the SWCNT is weak. The band struc-
ture of this hybrid nanostructure is similar to that of car-
bon nanopeapods (see Figure S3 in Supporting Infor-
mation). To learn more about the impurity states, we
have plotted electronic profiles of the highest occupied
state (HOS), lowest unoccupied state (LUS), and the
level above LUS (LUS+1) at the I" point for all CNBs con-
sidered in this study (Figure S4 in Supporting Informa-
tion). In Figure 4, the electronic profiles of HOS, LUS, and
LUS+1 for CNBs in “[2 + 2] hh-S (armchair)” and “[2 +
2] hh-P (zigzag)” configurations are plotted. The HOS
stems mainly from the SWCNT base as well as the two
carbon atoms of C,, bonded with the SWCNT. For LUS
and LUS+1, the carbon atoms of C4, make a major con-
tribution. An exception is the LUS of the CNB in the “[2
+ 2] hh-P (zigzag)” configuration, for which carbon at-
oms of the SWCNT also make a notable contribution.
The induced impurity states due to C,, increase possi-
bility of CNBs to be functionalized through chemical re-
actions with other molecules.

One potential application of CNBs is for cold elec-
tron field emission, for which the highly curved Cg,
may act as an emission site when attached to the me-
tallic SWCNT.?" To evaluate field-emission capability of
CNBs, we have estimated the work function (WF) of
CNBs. For bulk metals, the WF is given by ® — E., where
@ is the electrostatic potential change across the di-
pole layer due to the “spilling out of electrons at the
metal surface”,**** and E; is the Fermi energy level. For
SWCNT, |®| is much smaller than |E¢| due to low den-
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sity of conduction electrons, and thus WF can be esti-
mated by the value —E;.2°73° Here, since CNBs are semi-
conducting with a small band gap, we have used the
energy level of conduction band minimum (CBM) to es-
timate the WF, that is, WF = —Eg\. In Table 2, the es-
timated WFs of CBNs and pristine SWCNTSs are given.
For the purpose of comparison, the ionization poten-
tial (IP) of C¢, fullerene is computed at the same level
of theory and is given in Table 2. The WFs of the (5,5)
and (10,0) SWCNTs are ~4.38 and 4.85 eV, respectively,
slightly less than previous theoretical results obtained
from different exchange-correlation functions.?® Note
that the field emission from a SWCNT occurs most likely
from its tip. Therefore, to accurately evaluate the WF
of a SWCNT, the structure of the tip should be consid-
ered. Here, we are mainly concerned with the qualita-
tive difference in WF between CNB and its parent
SWCNT. From Table 2, it can be seen that the WF of
CNB with the armchair SWCNT base is slightly greater
than that of the parent SWCNT, indicating that a higher
field threshold is required for the CNB than for its
SWCNT base. On the other hand, for the CNB with the
zigzag SWCNT base, the change in WF depends on how
the Cq, is attached to the SWCNT. Typically, the WF of
the CNB is within a range of [—0.13, +0.11] eV from that
of the parent SWCNT. Since C,, has little contribution
to the HOS, but a large contribution to LUS and LUS+1
(Figure 4), one possible channel for field emission could
be that electrons are pumped to the LUS initially and
then emit to the vacuum via Cg,.

We note that a previous experimental study has re-
ported that the synthesized CNBs (in water vapor envi-
ronment) exhibit a low field threshold of ~0.65 V/pm
and a much higher current density than pristine
SWCNTSs synthesized under similar conditions but with
no water vapor involved in the synthesis.?' The appar-
ent discrepancy in the predicted field-emission capabil-
ity between the experiment and the present theory
may be due to the following two reasons: First, the as-
sociated water vapor with CNBs in the experiment may
effectively reduce the work function of CNBs, a factor
not considered in our computation. In fact, Maiti et al.
have studied the effect of adsorption of water mol-
ecules on the field emission of the SWCNT.?® They
found that the adsorption of water molecules can nota-
bly reduce the IP of a finite-size SWCNT. Second, the
CNTs synthesized in the same experiment may include
multiwalled CNTs or may be in bundle form. A number
of previous works have shown that multiwalled CNTs or
CNT bundles exhibit higher work function than pris-
tine SWCNTSs.2%272230 Fyture joint experimental and
theoretical studies will be needed to examine the de-
pendence of field-emission capability of CNBs on the
experimental conditions.

Finally, the reaction pathway for the formation of
the CNB from different C,,/SWCNT configurations is ex-
plored. We have computed the minimum-energy path

L L] — = - . \\\ f/:\
VOL.2 = NO.7 = 1459-1465 = 2008 ACIN\JANI()

1463



1464

@
o
I

TS

N
(8]
1

2.011 2.045

N
o
[

=
(8]
L

D

Energy (eV)
o

o
(6]
1

0.0

Image

Figure 5. The minimum-energy path for the formation the
CNB in the “[2 + 2] hh-S (armchair)” configuration. R, TS, and
P denote the reactant, transition state, and product, respec-
tively. The energy of the reactant is set to zero. The values of
the bond length are in angstroms.

(MEP) for the cycloaddition reaction using the nudged
elastic band (NEB) method.?"3? Briefly, the NEB method
can be summarized as the follows: (1) A series of im-
age structures are inserted between the initial and finial
state of the reaction. (2) A fictitious spring force is then
introduced between all nearest-neighbor image struc-
tures. By optimizing these image structures simulta-
neously, the MEP of the reaction can be obtained,
where the real force on the image structures has a
zero projection in the direction normal to the MEP.
Here, we only present the MEP for the formation of
the CNB in the “[2 + 2] hh-S (armchair)” configuration
in Figure 5. The physisorbed Cg, on the (5,5) SWCNT is
chosen as the reactant (R) and the CNB in the “[2 + 2]
hh-S (armchair)” configuration as the product (P). The
physisorption energy of Cq, on the (5,5) SWCNT is
—0.038 eV, and the corresponding distance between
Cyo and the (5,5) SWCNT is ~3.95 A (see bond lengths
shown in Figure 5). The MEP indicates that the energy
barrier for the formation of the CNB in the “[2 + 2] hh-S
(armchair)” configuration is about 2.54 eV, while the
barrier to dissociation is about 1.04 eV. Thus, the forma-
tion process requires a sufficient amount of energy to
go over the high-energy barrier. Also, the CNB should
be very stable at room temperature due to the relatively
high dissociation barrier, as shown also by the experi-
ment.?! At the transition state (T5), the distance be-
tween C,, and the SWCNT is about 2.01 A. For compari-

THEORETICAL METHODS AND MODELS

The first-principles computation was carried out using the
linear combination of atomic orbital density functional theory
(DFT) method implemented in the DMol3 package.>*~° The gen-
eralized gradient approximation (GGA) in the
Perdew—Burke —Ernzerhof (PBE) form and an all-electron double
numerical basis set with polarized function (DNP basis set) were
chosen for the spin-unrestricted DFT computation.®® The real-
space global cutoff radius was set to be 3.70 A. For geometric op-
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son, the transition state for the formation of the CNB

in the “[2 + 2] hh-V (armchair)” and “[2 + 2] hh-P (zig-
zag)” configurations is also searched. Their geometric
structures at the transition state are similar to those
shown in Figure 5, except Cq, has a different orienta-
tion with respect to the SWCNT base. The computed
formation and dissociation barriers are 2.34 and 0.72 eV
for “[2 + 2] hh-V (armchair)”, slightly lower than those
for “[2 + 2] hh-P (armchair)”. For “[2 + 2] hh-P (zigzag)”,
the formation and dissociation barriers are 2.51 and
0.96 eV, respectively, close to those for “[2 + 2] hh-S
(armchair)”.

CONCLUSIONS

We have investigated structural, electronic, chemi-
cal, and field-emission properties of CNBs by using the
first-principles density functional theory method. It is
found that relative stabilities of CNBs depend on the
type of carbon—carbon bond dissociated in the cy-
cloaddition reaction. The computed reaction path
shows that the formation of the CNBs entails a high-
energy barrier in both forward and backward reactions,
indicating that CNBs are very stable at room tempera-
ture. In general, CNBs are semiconducting regardless of
the original SWCNT base being metallic or semicon-
ducting. The band gap of CNB is tunable by changing
the density of C, on the sidewall of SWCNT. The in-
duced impurity states in the band gap due to the C,,
attachment render greater versatility for chemical func-
tionalizing than that of the pristine SWCNTs. The work
function of CNBs with the armchair SWCNT base is
slightly greater than that of the parent SWCNT, indicat-
ing that a higher field threshold is required for field
emission with CNBs than that with the SWCNT base.
On the other hand, for CNBs with the zigzag SWCNT
base, the change in work function depends on relative
orientation of Cg, with respect to SWCNT. Future joint
experimental and theoretical studies will be needed to
determine the dependence of field-emission capability
of CNBs on the synthesis condition and nonvacuum en-
vironment. Finally, attachment of C,, fullerene mol-
ecules to SWCNTSs creates more space between
SWCNTs, thereby weakening the tendency toward ad-
hesion among SWCNTs. Greater opened space between
SWCNTs allows CNBs to be more effective for gas
storage.

timization, the forces on all atoms were optimized to be less
than 0.05 eV-A~". Two SWCNTs were chosen as the base for
CNBs, namely, the armchair (5,5) and zigzag (10,0) SWCNT. A tet-
ragonal supercell with a size of 40 X 40 X ¢ A® was adopted in
the calculation, where c is 19.68 A (eight periodic lengths of the
armchair SWCNT) or 21.35 A (five periodic lengths for the zigzag
SWCNT). Each supercell contains one Cg, fullerene molecule
which is covalently bonded to the sidewall of the SWCNT (Fig-
ure 1). The nearest distance between two neighboring SWCNTSs
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is greater than 25 A, and that between two neighboring C, mol-
ecules is greater than 13 A. Only I point was considered in the
Brilliouin zone for the geometric optimization. To calculate elec-
tronic properties of CNBs, the Brilliouin zone was sampled by 1 X
1 X 10 k points using the Monkhorst—Pack scheme.?’
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