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ABSTRACT

The interaction of bare graphene nanoribbons (GNRs) was investigated by ab initio density functional theory calculations with both the local
density approximation (LDA) and the generalized gradient approximation (GGA). Remarkably, two bare 8-GNRs with zigzag-shaped edges are
predicted to form an (8, 8) armchair single-wall carbon nanotube (SWCNT) without any obvious activation barrier. The formation of a (10, 0)
zigzag SWCNT from two bare 10-GNRs with armchair-shaped edges has activation barriers of 0.23 and 0.61 eV for using the LDA and the
revised PBE exchange correlation functional, respectively. Our results suggest a possible route to control the growth of specific types SWCNT
via the interaction of GNRs.

Since the discovery of fullerenes and carbon nanotubes, low-
dimensional nanoscale carbon materials have been the subject
of intensive research during the past 2 decades due to the
peculiar electronic structures that are expected to be impor-
tant for practical applications in nanoelectronics.1,2 Recently,
single graphite layers, referred to as graphene nanoribbons
(GNRs) have been prepared experimentally by using con-
ventional device setup.3,4 Moreover, methods such as me-
chanically cutting exfoloiated graphenes5,6 or patterning
epitaxially grown graphenes7 have been also developed for
realizing varying widths of GNRs. Such findings have
opened up exciting opportunities for the design of novel
electronic devices and interconnects, e.g., quantum informa-
tion processing,8 tiny transistors,4,9 and so on. Theoretically,
there have been many existing studies to predict the band
ferromagnetism,10-12 the energy gaps,13 and optical proper-
ties14 of GNRs with various widths. These provided a
qualitative way of determining the electronic properties of
ribbons with widths of practical significance. More recently,
results obtained in the Berkeley lab show that zigzag GNRs
are magnetic and can carry a spin current response to the
external electric field. This opens a new path to the
application of spintronics.15

Generally, single-walled carbon nanotubes (SWCNTs) are
typically grown as mixtures of metallic and semiconducting
tubes, depending on the arrangement of the hexagonal rings
along the tubular surface.16 However, this actually constitutes
one of the notable obstacles to the widespread application
of this unique material, since metallic and semiconducting
materials have very different functions in nanodevices.
Hence, separating them has become a central issue in terms
of effective fabrication of high-performance electronic
devices. Currently, many physical and chemical methods
have been developed for the separation according to the
respective electronic properties by using dielectrophoresis,17,18

selective flocculation,19 selective adsorption of the functional
group,20,21 and density gradient induced centrifugation.22

However, none of these is satisfactory from the point of view
of high throughput, better selectivity and yield, and more
favorable scalability.23

Recently, the “partial radical” concept for GNRs with
zigzag-shaped edge has been proposed by Jiang et al.24 due
to the strong localized state near the Fermi level. Bare GNR
also has unsaturated dangling bonds at zigzag or armchair-
shaped edges. Clearly a single graphene sheet is very difficult
to roll into a SWCNT without any catalyst. An intriguing
question, however, is whether it is possible to form SWCNTs
via the interaction of bare GNRs? To explore this question,
we report below a series of calculations to study the
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interaction of bare GNRs with both armchair- and zigzag-
shaped edges. We found that two bare nanoribbons (Nz )
8) with zigzag-shaped edge could form a (8, 8) single-wall
armchair carbon nanotube with almost no activation barrier.
In contrast, there is a significant activation barrier for the
formation of a (10, 0) single-wall zigzag nanotube from
armchair-shaped ribbons (Na ) 10), suggesting a possible
route for selective synthesis and growth of nanotubes with
specific properties via the interaction of GNRs.

Computational Details. All the calculations were per-
formed by using the plane-wave basis VASP code25,26

implementing both local density approximation (LDA) and
the generalized gradient approximation (GGA) (revised PBE
exchange correlation functional).27-29 An all-electron de-
scription, the projector augmented wave method (PAW)30,31

is used to describe the electronic-ion-core interaction. The
cutoff energies for plane waves are chosen to be 500 eV,
and the supercell is large enough to ensure that the vacuum
space is at least 16 Å, which is enough to separate the
interaction between periodic images. Monkhost pack mesh
of K-points (1 × 1 × 7) is used for sampling the one-
dimensional Brillium zone during geometry optimization
with 0.01 eV/Å convergence tolerance of force on each atom.
The accurate band structure calculations are based on LDA
only by using 60 k-points along theZ axis.

To determine activation barriers for the formation of
armchair- and zigzag-type nanotube via the interaction of
GNRs with zigzag- and armchair-shaped edge, the nudged
elastic band (NEB) method was used.32,33 This method
involves optimizing a chain of images that connect the
reactant and product state. Each image is only allowed to
move into the direction perpendicular to the hypertangent.
Hence the energy is minimized in all directions except for
the direction of the reaction path. A damped molecular
dynamics was used to relax ions until the force in each image
is less than 0.02 eV/Å. We note that the contribution from
spin polarization is not included in our calculation due to
reasons of computational feasibility.

Results and Discussion.Following the previous conven-
tion by Son et al.,10 the GNRs with zigzag-shaped edge on
both sides (ZGNR) are classified by the number of zigzag
chains (Nz) across the ribbon width as shown in Figure 1a.
Likewise, GNRs with armchair-shaped edge on both sides
(AGNR) are classified by the number of dimer lines (Na)
across the ribbon width (see Figure 1b). 8-ZGNR and 10-
AGNR represent GNR with 8 zigzag chains and 10 dimer
lines, respectively. First, geometry optimizations for 8-ZGNR
and 10-AGNR with and without H-termination were per-
formed utilizing the conjugate gradient method. The band
structures for 8-ZGNR and 10-AGNR with and without

Figure 1. Geometry structure for hydrogen-terminated graphene nanoribbons (GNRs) with (a) zigzag- and (b) armchair-shaped edges. (c)
and (e) represent the corresponding band structures for (a) and (b), respectively. (d) and (f) present the band structure of bare 8-ZGNR and
10-AGNR, respectively. The gray and white balls represent C and H atoms, respectively. The Fermi level was indicated as the dashed line
at E ) 0 eV. The 1D unit cell distance and the ribbon width are denoted bydz(da) andWz(Wa) for 8-ZGNR (10-AGNR).
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H-saturation were calculated and are plotted in parts c-f of
Figure 1, respectively. Clearly, the localized edge state
appears around the Fermi level for H-terminated 8-ZGNR
and a direct gap (0.9 eV) is observed for H-terminated 10-
AGNR (see parts c and e of Figure 1). Collectively, they
are in good agreement with other recent theoretical studies.14

Additionally, a degenerate and very flat band appears in the
bare 8-ZGNR and 10-AGNR (without H-termination at both
sides). These represent carbon dangling bonds at the edges,
since each edge carbon atom is only bound to two neighbor-
ing carbon atoms. The difference between them is that the
electronic state is half occupied and strongly localized around
the Fermi level in 8-ZGNR, which may imply a high
chemical reactivity.

Recently, the “partial radical” concept for ZGNRs has been
proposed by Jiang et al.24 Apparently, the existence of
dangling carbon bonds in the bare GNR should offer a much
higher chemical reactivity to manipulate the interaction of
GNRs. This prompts the question as to whether we could
form a SWCNT via the bare GNRs. To search for a possible
pathway by which this might happen, we first position two
bare 8-ZGNRs at a large separation distance (5 Å) as the
initial state (IS), such that the interaction between them is
very weak. A pristine (8, 8) armchair SWCNT is formed as
the final state (FS). Then a chain of images (28) is laid
between the IS and the FS and the NEB algorithm is used
to minimize the appropriate effective force acting on each
image. The energy profiles for the final minimum energy
pathway (MEP) between the IS and the FS, as well as a three-
dimensional isosurface of electronic charge density (in red)
for the IS and FS, are plotted in Figure 2.34 The activation
barriers (0.01 and 0.05 eV for LDA and GGA (RPBE)
calculation, respectively) are negligible.35 Clearly, the (8, 8)
armchair SWCNT could be easily formed via the interaction
of two bare 8-ZGNRs. This can be understood by the strongly
localized electronic state across the Fermi level at the zigzag
edges as alluded to above (see Figure 1d). To study the

influence of temperature, we have performed molecular
dynamics (MD) simulation at 300 K for two 8-ZGNRs
positioned at a distance of 3.3 Å, which is very close to the
natural separation of two graphite layers. Our MD simulation
was based on the canonical (NVT) ensemble and contained
totally 1600 carbon and 32 H atoms. The second-generation
reactive empirical bond order potential36 with 6-12 Lennard-
Jones correction at long distance was used to describe the
C-C and C-H interaction. As would be expected on the
basis of the computed MEPs, (8,8) armchair SWCNTs can
be formed around 160 ps (see Supporting Information). This
indicates the barrier should be very small if there is any and
thus confirmed our NEB path. In Figure 3, we present a series
of band structures for some chosen images (a, b, c, d, e, and
f sites as shown in Figure 2) along the minimum energy
pathway. Figure 3a is similar to Figure 1c and corresponds
to two 8-ZGNRs separated at far distance. Figure 3f shows
the band structure for a pristine (8, 8) armchair SWCNT.
Clearly the metallic behavior and theπ-π* band crossing
can be seen near the BZ boundary (Z-point).37 As shown in
parts b-e of Figure 3, the charge density starts to overlap at
edge when two 8-ZGNRs move closer to each other. The
degenerate, half-occupied flat band near the Fermi level (see
Figure 3a) will split. Finally, theπ-π* band crossing almost
comes into form and the metallic behavior of armchair
SWCNT can be seen clearly even in the 21st image (see
Figure 3e).

Subsequently, we then turn to study the interaction of two
bare 10-AGNRs (see Figure 1b). The NEB calculation is
very similar to the above calculations, but for the formation
of a (10, 0) zigzag SWCNT. Figure 4a presents the energy
profile along the MEP from 10-AGNRs to a semiconducting
(10, 0) SWCNT by using both the LDA and GGA (RPBE)
exchange correlation functional, respectively. Parts b and c
of Figure 4 show the activation barriers of Figure 4a with a

Figure 2. The calculated energy profile for the formation of a (8,
8) armchair single-wall carbon nanotube via the interaction of two
bare 8-ZGNRS based on LDA and GGA (RPBE), respectively. a,
b, c, d, e, and f correspond to the IS, 5th image, TS, 11th image,
21st image, and FS along the minimum energy pathway, respec-
tively. Figure 3. The corresponding band structures (LDA only) for the

chosen images along MEP as indicated by a, b, c, d, e, and f in
Figure 2. The dashed line atE ) 0 eV represents the Fermi level.
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larger scale. In strong contrast to the former calculation, the
effective activation barriers for the formation of a (10, 0)
SWCNT via the interaction of two 10-AGNRs are 0.23 and
0.57 eV for LDA and GGA (RPBE), respectively. An
additional transition state (Ea ) 0.61 eV) was also found
when using the RPBE exchange correlation functional (see
Figure 4c). A careful check of the transition states shows
that calculations based on RPBE give two-step chemical
reactions. The first step corresponds to the bonding at one
end of two 10-AGNRs and the second step involves binding
at the other end of the 10-AGNRs (see movie files in the
Supporting Information). Clearly, the above results indicate
a rate-limiting process during the formation of (10, 0)
SWCNT via the bare 10-AGNRs, contrasting with the
formation of (8, 8) armchair SWCNT via 8-ZGNRs. The
possible reason for this could be that the degenerate band is
far from the Fermi level in 10-AGNRs, whereas it is strongly
localized around the Fermi level for 8-ZGNRs. Figure 5

presents a series of band structures for some chosen images
(a, b, c, d, e, and f sites as shown in Figure 4) along the
MEP. Figure 5a actually corresponds to the IS (two 10-
AGNRs at far distance) and the degenerated band can be
seen clearly there. Figure 5f shows a typical semiconducting
band strucure for (10, 0) SWCNT with a band gap of 0.9
eV, which is in good agreement with ref 38. The degenerated
band appearing in an unoccupied state will split as shown
from Figure 5b to Figure 5e as two 10-AGNRs move closer.
Only one split band moved across the Fermi level and finally
became occupied (see Figure 5b-d). A (10, 0) zigzag
semiconducting SWCNT was formed almost at image 22 as
shown in Figure 5e.

In order to build reliable microelectronic nanodevices
based on SWCNTs, selective processes must be developed
to create SWCNTs with specific electronic and mechanical
properties. Despite many experimental efforts directed toward
the separation of metallic and semiconducting nanotubes,

Figure 4. (a) The calculated energy profile for the formation of a (10, 0) zigzag semiconducting single-wall carbon nanotube via the
interaction of two bare 10-AGNRs based on LDA and revised PBE exchange correlation functional, respectively. a, b, c, d, e, and f correspond
to the IS, 5th image, TS, 11th image, 22nd image, and FS along the minimum energy pathway, respectively. Cutouts (b) and (c) show the
barriers from Figure 4a on a larger scale.
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most of them are actually not selective for the diameter and
chirality.39 Furthermore, techniques such as chemical func-
tionalization may also introduce defects and require further
processing to restore the useful electronic properties of
SWCNT. Hence, improved techniques are still needed. More
recently, Smalley’s group has developed a cloning method
to cut up individual nanotubes into short segments that act
as the seeds for regrowing entire tubes.39,40 Herein we
demonstrated that an (8, 8) armchair-type SWCNT can be
formed via the interaction of two 8-ZGNRs with almost no
activation barrier. Contrastingly, the formation of a (10, 0)
zigzag-type SWCNT via the interaction of 10-AGNRs is
predicted to be kinetically limited by the presence of at least
one barrier. In light of exciting recent progress on the
controllable growth of two-dimensional GNRs with various
widths, these results suggest an alternative approach to the
selective synthesis of SWCNTs with specific diameter and
chiarility that may provide an interesting avenue for future
investigations. It should be noted by way of a caveat that
this initial study deals only with pristine grapheme nano-
ribbons, whereas in practice the edges may be partially
oxidized, hydrogenated,41 etc. The impact of such edge
capping or functionality on the suggested scheme for

SWCNT formation will require further exploration in
subsequent studies.

Conclusions. In summary, the interactions of two bare
GNRs with armchair- and zigzag-shaped edges were inves-
tigated by ab initio density functional theory calculations with
LDA and GGA, respectively. Remarkably, two bare 8-ZGNRs
could form a (8, 8) armchair SWCNT without obvious
activation barrier. The activation barrier for the formation
of a (10, 0) single-walled zigzag nanotube from 10-AGNRs
is around 0.23 and 0.61 eV for using the LDA and revised
PBE exchange correlation functional, respectively. Consider-
ing the challenges in separating metallic and semiconducting
SWCNT experimentally, our results suggest a possible
alternative route to selectively synthesize specific types of
nanotubes via GNRs.
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