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Multiwalled carbon nanotubes in the form of tubular graphitic conessTGCd are grown at high yield.
Structure analysis reveals that chirality of the multiple walls in a TGC are nearly identical to each other and
preferentially zigzag. The formation of such TGCs is explained by two separate processes along radial and
axial directions, respectively. The root-based radial growth is via a layer-by-layer mode that controls the
chirality of tubes. The axial growth extends the tubules with nearly identical chiral angles. Total energy
calculations indicate that the inner tube with near zigzag chirality is favored to template the growth of
monochiral multiwalled structures, in good agreement with experiments.
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Carbon nanotubes1 sCNTsd have attracted intense interest
because they are potential building blocks for nanoelectron-
ics. It is well known that the chirality of CNTs is an impor-
tant parameter to the physical properties of these
materials.2–7 However, the chirality of CNTs produced by
any method appears random thus far. Even for an individual
multiwalled CNT, the chiralities of all the layers tend to be
different and random.8,9

In a recent work, we reported a type of multiwalled CNT
structure called tubular graphite cones10 sTGCsd. TGCs are
similar in structure to multiwalled CNTs, but exhibit cone-
shaped structures due to varying lengths of the multiple lay-
ers. In this paper, we show that the chiralities of the multiple
layers are nearly identical, achieving monochiral multiwalled
CNTs. The growth mechanism of the TGC structures is stud-
ied, with an emphasis on determination and understanding of
the chirality of the TGCs. Based on systematic high-
resolution transmission electron microscopysHRTEMd and
electron diffractionsEDd studies, we confirmed that most of
the TGCs show the same chirality of preferably the zigzag
type. The formation process of the TGC structures can be
explained as two separate processes proceeding along the
axial and radial directions, respectively. The radial growth is
driven by the interlayer interaction. A layer-by-layer forma-
tion model in the radial direction has been developed, which
accounts for the development of identical chirality for all of
the graphite sheets in a TGC. In this model, we demonstrate
that the initial nucleation of the seed graphene tubule plays a
key role in the control of certain chiralities. The axial growth
extends the as-formed graphitic stacking sequence. Extensive
total energy calculations were performed within this model.
The theoretical results are in good agreement with the ex-
perimental observations.

Aligned TGCs were grown on iron tips using the micro-
wave plasma-assisted chemical vapor depositionsMPCVDd
method. The mixture of CH4 and N2 was used as the reactive
gas. The actual temperature is about 870–900 °C for the
iron tips measured by an infrared thermometer. During
growth, plasma near the iron tips discharges due to their
sharp geometric shapes there and leads to the formation of
petal-like graphite. Just below the discharged area, the TGCs

grow out.10 All TGCs have a length of tens of nanometers
exhibit-faceted and cone-shaped surfaces. The tips of the
TGCs are of nanometer scale, and the roots are of nanometer
or micrometer scale, which can be controlled by the growth
time. The Raman spectra of an isolated TGC indicate the
high crystal quality.11 The microstructure of the TGCs was
found to be similar to that of CNTs in terms of their cylin-
drical graphite sheets and hollow nanometer-scale interiors.
In contrast with the CNTs’ structure, in which the graphite
sheets are all equal in length, the cylindrical sheets of a TGC
are gradually shorter, from inner to outer, and they terminate
along the TGC’s surface, forming a conical surfacefsee Fig.
1sadg. The cone tips, which are made of several layers of
graphite sheets, are usually not as perfectly crystallized as
those of CNTs.

The obtained TGCs were characterized by HRTEM and
ED. In this study, the incident electron beam direction for
both cases is nearly normal to the cone axis. An ED pattern
from individual TGC contains at least three types of reflex-
ions: a row of 00l sl =evend reflexions, graphitelikehk0 re-
flexions, andh0l sl =oddd reflexionsssee Figs. 1 and 2d. The
00l diffraction spots are distributed along the normal direc-
tion to the cone axis and sharply defined, while thehk0 dif-
fraction spots are located at the vertices of hexagons in-
scribed in circles with radiighk0 and streaked along the same
direction in the sense away from the axis. This streaking
phenomenon is attributed to the progressive narrowing, in
that direction, of the apparent lattice spacing. Thehk0 dif-
fraction spots are believed to be associated with the “front”
and “back” halves of cylindrical graphite sheets within a
TGC in the tangent planes, perpendicular to the beam direc-
tion. The appearance ofh0l diffraction spots in the diffrac-
tion pattern is obviously an artifact of the graphitic stacking
of wall layers. The front and back hemicylindrical parts of a
graphite sheet project on the plane perpendicular to the beam
direction in two networks, which are rotated from each other
by twice of the chiral angleu. As a consequence, the diffrac-
tion patterns produced by them are rotated by the same angle
2u, so that the chiral angles of the graphite sheets can be
obtained by measuring the half of the angular separations
between these pairs of first-order hexagons.12–15
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The chirality of the TGCs was studied over a large num-
ber of samples based on their ED patterns. For most samples,
only few susually one or twod specific kinds of chiralities are
observed from individual cones even if they consist of over
hundreds of wall layersfFig. 1sbdg. A fraction of samples
with other chiralitiesfFig. 1scdg were also observed, but they
are rare. Most interestingly, we found that the chiral angle of
all graphite sheets in the obtained TGCs is close to 0° and
most of them have an identical zigzag chirality, i.e., the chi-
ral angle of 0°, for their inner graphite sheets. Figures
2sbd–2sdd show an example of the typical ED patterns of a
single cone taken from different regions from tip to root,
which unambiguously show the identical zigzag chirality.
These patterns exhibit essentially the same features despite
the different density of diffraction spots, and reveal that the
identical zigzag chirality feature is not a local phenomenon.
The measured average interlayer spacingd002 from the ED
patterns is 0.335–0.338 nm. The constantd100=0.213 nm
was used as a calibration standard, based on the fact that the
C-C bond lengths are the same for both this tubular structure
and bulk graphite.16

The HRTEM lattice image of the cones with zigzag-type
monochirality exhibits some unusual features compared to
that of the multiwalled CNTs. First, two-dimensional lattice
fringes can be clearly resolved in the cone wall areafFig.
2sedg. The fringes parallel to the cone axis are obviously the
graphite s0002d lattice fringes, while the 0.2 nm lattice

fringes can be assigned to thes101̄1d lattice fringes indicated
by the fast Fourier transformssFFTsd of the HRTEM image
finset of Fig. 2sedg. Second, the hexagonal pattern appears in
the cone’s central region at the same timefFig. 2sfdg. This

pattern also overlaps some of the innermost wall layers, es-
pecially when the diameter of the outer layers is large. The
FFTs in Fig. 2sfd show that the hexagonal patterns originate
from the reflexions ofh101̄0j planes. The overlapping of the
two FFT images is in good agreement with the ED patterns
shown in Fig. 2sbd–2sdd.

It is interesting to note that all TGCs keep their cone-
shaped structure with nearly the same apex angle no matter
where the growth is terminated. Thus the TGC growth can be
reasonably decomposed into axial and radial directions, re-
spectively, as the schematic in Fig. 3. Although the axial and
radial growth process has been discussed previously for
vapor-grown carbon nanofiberssie., in Ref. 17d, here we
present a different growth process and resulting CNT struc-
ture. The root-based radial growth is a process of continuous
nucleation of new tubular layers outside the inner layers. A
layer-by-layer growth model can describe this continuous
formation of additional tubular sheets along the radial direc-
tion. In this model, the interaction between neighboring lay-
ers is important, with the result that all of the graphite layers
of a single cone have a monochirality, i.e., the seed tube’s
chirality. Simultaneously, the axial growth elongates the
formed tubular graphite sheets along the axial direction and
keeps the as-formed sticking sequence. It was found that the
iron substrate plays an important role in the axial growth as
nothing was observed when we changed to a tungsten tip
covered by thin iron layers under the same conditions.9 The

FIG. 1. sad The HRTEM image of a TGC tip. The diameter of its
hollow interior is about 2 nm and the graphite layer steps on its
surface can be easily seen. The inset shows the scanning electron
micoscope image of a typical TGC.sbd andscd are the ED patterns
taken from two different individual TGCs.sbd shows that the over-
all graphite sheets of a TGC have roughly the same chiralities with
a chiral angle of about 2.2°, andscd shows that the chiral angles of
overall graphite sheets of another TGC are in the region of 0° to 6°.

FIG. 2. The ED and HRTEM results of a TGC with identical
zigzag chirality.sad shows a low magnification TEM image of the
TGC; sbd, scd, and sdd are three ED patterns taken from different
regions from its tip to rootfmarked bysbd, scd, andsdd, respectively
in sadg; sed andsfd are HRTEM lattice fringe images recorded from
the wall and the center areas of the TGC, and their corresponding
FFT images are shown in the insets ofsed and sfd, respectively.
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conical shape of the TGCs was controlled by the axial
growth ratesRad and the radial growth ratesRrd. HereRa is
much larger thanRr. The tip size of the TGCs varies from
several nanometers to tens of nanometers. This indicates that
the initial nucleation may be assisted by a dynamic formation
and restructuring of monoatomic step edges at the catalyst
surface.18

The total energy of the TGC structures has been
calculated by using a molecular statics method19,20 to under-
stand the experimental observations of the nearly identical
chirality. For simplicity, a double-walled tube is considered
as a model, and the inner tube acts as a seed. For asn,md
tube snùmd,21 its radius is given by R=sÎ3ac−c/
2pdÎn2+m2+nm, whereac−c s1.42 Åd is the length of the
CuC bond. For a given seed tube, there are many possible
outer tubes with different indexes ofsn,md. According to the
experimental results, we set the outer tubes’ radius to satisfy
the condition Rseed+3.23 ÅøRouterøRseed+3.53 Å. The
chirality-dependent KuC potential20 is used to describe the
interlayer interaction. Four zigzags26,0d, s50,0d, s100,0d, and
s200,0d tubes with radii of 10.2, 19.6, 39.1, and 78.3 Å are
selected as the seed tubes for examples. To simulate the
layer-by-layer growth, the total energies of all possible tubu-
lar configurations forming on the outside of the three seeds
are calculated. Figure 4sad shows the variations of the mini-
mum interlayer potential energy for the different outer tubes
whenm/n ranges from 0 to 1. It is interesting to note that the
interlayer energies are always lowest when both outer and
inner tubes are zigzag typesm/n=0d. The energy gapssin
kcal/mol/atomd between the lowest minimum interlayer en-
ergy and the next one are larger than 0.03423 for all samples.
The significant energy difference indicates that the outer tu-
bular graphite sheets prefer to have the same chirality when
the inner tube is a zigzag tube. However, it does not happen
when the seed tubes have a large chiral angle, for example of
armchair type, based on our calculations. These results reveal
that the identical chiralities are preferred if the seed tubes
have small chiral angles and the interlayer interaction is the
main driving force in radial growth.

Furthermore, we have studied the diameter effects for
zigzag-type seed tubes froms26,0d to s400,0d with radii in
the range of 1–16 nm. The minimum interaction energy de-
creases drastically with the increase of the tube radiusfsee

Fig. 4sbdg. A sharp decrease of the intertube energy occurs in
the region of smaller tubes. When the seed tube radius goes
larger, for example larger than 10 nm, the interlayer interac-
tion energy of the system approaches a constant.

In conclusion, multiwalled carbon nanotube cones are
grown at high yield and the chiralities of the multiple walls
in a cone are nearly identical to each other and preferentially
zigzag. Monochiral multiwalled nanotubes are synthesized.
It was found that the formation of the cone structure is con-
trolled by radial and axial growth. Root-based radial growth
determines the chirality, while axial growth extends the or-
dered stacking of graphite sheets. A layer-by-layer growth
model has been proposed in the radial direction, which re-
veals why all graphite sheets in a TGC have nearly identical
chirality when the seed tubes have small chiral angles. We
show that the initial nucleation of the seed graphene tube is
very important in controlling certain chiralities. The good
agreement between theory and experiment suggests that the
present model and understanding could be useful in the prac-
tice of controlling chirality in the synthesis of CNTs.

FIG. 3. A schematic of the formation process for a TGC struc-
ture. The axial growth elongates the as-formed graphite sheet
lengths, while the root-based layer-by-layer radial growth increases
the tube thickness.

FIG. 4. sad For different seed tubes ofs26, 0d, s50, 0d, s100, 0d
ands200, 0d, the minimum interlayer interaction energy varies with
n/m, where integersn and m denote the orientation of the outer
tubes.sbd The minimum interlayer interaction energy of a zigzag
outer tube varies with the radius of a zigzag seed tube.
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