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ABSTRACT: Chiral structure determination of single-walled
carbon nanotube (SWNT), including its handedness and chiral
index (n,m), has been regarded as an intractable issue for both
fundamental research and practical application. For a given
SWNT, the n and m values can be conveniently deduced if an
arbitrary two of its three crucial structural parameters, that is,
diameter d, chiral angle θ, and electron transition energy Eii,
are obtained. Here, we have demonstrated a novel approach to
derive the (n,m) indices from the θ, d, and Eii of SWNTs.
Handedness and θ were quickly measured based on the
chirality-dependent alignment of SWNTs on graphite surface.
By combining their measured d and Eii, (n,m) indices of SWNTs can be independently and uniquely identiﬁed from the (θ,d) or
(θ,Eii) plots, respectively. This approach oﬀers intense practical merits of high-eﬃciency, low-cost, and simplicity.
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evaluation. Because of the Kataura-plot,22 resonance Raman
spectroscopy (RRS) has already been exploited to provide
plentiful structure and property information of SWNTs,23
however, it strictly requires continuous laser excitations to
match the resonance window of each SWNT. In addition,
photoluminescence excitation (PLE) is partially suitable for
semiconducting SWNTs with small diameters,24,25 and
Rayleigh scattering spectroscopy (RSS)26 is generally limited
by the suspended structures of SWNTs. Furthermore, all
spectroscopic techniques are unavailable to the handedness and
chiral angle characterizations of SWNTs and are also seriously
aﬀected by the surrounding environmental factors of SWNT
samples, such as temperature and dispersant. Thus, a
convenient and accurate approach to fully determine chiral
structures of SWNTs, especially handedness and chiral angle, is
highly desirable.
Graphene, possessing similar conjugated structures to
SWNT, has already been widely used to align SWNTs as an
atomically smooth substrate.27 Additionally, both theoretical
and experimental results conﬁrm that the orientation of aligned
SWNT on graphene sensitively depends on its chirality, owing
to their anisotropic interactions.28 Ortolani L. et al. reported
that the adhesion of SWNTs on graphene surfaces was

ramatic progress in the study of nanomaterials has
beneﬁtted greatly from sequential innovations in
structural characterization methodology, especially in the case
of low-dimensional carbon nanomaterials.1,2 Single-walled
carbon nanotube (SWNT),3 a typical one-dimensional nanomaterial, is promising for many applications,4−10 such as
nanoelectronics, functional composites, and sensor devices. It is
well-known that the superior properties of SWNTs sensitively
depend on their unique chiral structures, including handedness
and chiral index.11 Therefore, chiral structure determination of
SWNTs is absolutely essential to both fundamental research12−15 and practical application.8,16 Although much eﬀort
has been devoted to this daunting issue for two decades, as yet
there is still lack of an eﬃcient and accurate approach to
comprehensively determine SWNT’s chiral structures.
All current characterization techniques for the chiral
structure determination of SWNTs can be principally divided
into two categories: microscopies and spectroscopies. The
microscopic techniques include scanning tunneling microscopy
(STM),17,18 high resolution transmission electron microscopy
(HRTEM), 19,20 and selected-area electron diﬀraction
(SAED).21 Although these microscopic techniques can present
the atomic structures of individual SWNT directly, they are all
performed under rigorous conditions and at prohibitive costs.
The spectroscopic techniques, based on the band structures of
SWNTs, have played a pivotal role in the chirality
determination of SWNT specimens, especially the abundance
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Figure 1. (a) Diagram of rolling graphene sheets into SWNTs with diﬀerent chiral structures. The pink and blue sectors correspond to the right- and
left-handed SWNTs, respectively. ZZ and AC refer to the zigzag and armchair edges of graphene, respectively. (b) Strategy for the chirality
characterization of SWNTs. Using the θ, Eii, and d of each SWNT, the approaches to (n,m) assignment can be divided into four types, including
(θ,d), (d,Eii), (θ,Eii), and (Eii,Ei′i′).

chirality-dependent by HRTEM and SAED.29 Moreover, our
previous work30 has also proven that the alignment of SWNT
on graphene is highly chirality-selective. Herein, we report a
rational approach to comprehensively determine chiral
structures of aligned SWNTs on a graphite surface, using
graphite trench as a critical reference. Detailed formulas were
logically summarized to exactly measure chiral angle and
handedness of SWNT. By further combining the obtained
diameter and transition energy, the chiral index (n,m) of
SWNTs can be uniquely assigned from the (θ,d) plot and
(θ,Eii) plot, respectively. This grand approach is suitable for
rapid, cheap, and accurate characterizations of chiral structures
of SWNTs on a large scale.
To develop a reliable and eﬃcient characterization method,
the inherent relationship between chiral index of SWNT and its
intrinsic structures are crucially important. It is known that an
SWNT could be conceptually described as a seamless cylinder
of a rolled-up graphene sheet, and the rolling vector deﬁned by
(n,m) fully determines its diameter (d), handedness, chiral
angle (θ), and electron transition energy (Eii). For instance, the
(7,2)-R and (2,7)-L (where R and L represent the zigzag rightand left-handednesses, respectively31) SWNTs are enantiomers
with identical d = 0.64 nm and θR + θL = 60° as shown in
Figure 1a. Obviously, all structural characteristics of SWNT are
mathematically correlated with the n and m values, that is, d =
a(n2 + nm + m2 ) 1/2 π (a is the C−C length), θ =
tan−1[((3)1/2m)/(2n + m) and Eii = f(n,m) (i is an integer).
According to these expressions, the chiral index (n,m) can be
logically deduced if any two parameters of d, θ, Eii, or Ei′i′ (i and
i′ are diﬀerent integers, which denote the van Hove transitions)
are known. Following this strategy, approaches to the chirality
assignment of SWNTs can be divided into four types, including
(θ,d), (d,Eii), (θ,Eii), and (Eii,Ei′i′), as shown in Figure 1b. In this
way, STM, HRTEM, and SAED of the microscopic techniques
belong to the (θ,d) type based on the obtained atomic
resolution images. RRS is typical of the (d,Eii) type, owing to
the radial breathing mode (RBM) shift and resonance energy.23
RLE and RSS can simultaneously measure the diﬀerent
transition energies of isolated SWNTs,25,26 which are typed
in (Eii,Ei′i′). Obviously, the methods in the (θ,Eii) type to
determine (n,m) is still missing.
According to the above strategy, the (θ,d) plot, (d,Eii) plot,
(θ,Eii) plot, and (Eii,Ei′i′) plot can be further proposed to simply
identify the chiral indices of SWNTs; of these, the (d,Eii) plot

Figure 2. (a) The (θ,d) plot for chirality identiﬁcation. (b) The (θ,E11)
plot for chirality identiﬁcation. The upward-pointing, downwardpointing, red, and black triangles refer to the left-handed (L), righthanded (R), metallic (M), and semiconducting (S) SWNTs,
respectively. The SWNTs on violet, blue, green, and black/red lines
have the same n, m, (n + m), and (n − m) values, respectively.

and (Eii,Ei′i′) plot have already been extensively used for RRS
and PLE. Figure 2a,b shows the (θ,d) plot and (θ,Eii) plot
(where i = 1, see Figure S1 in Supporting Information),
respectively, which can provide abundant structure and
property information of SWNTs, such as left-handed, righthanded, metallic, and semiconducting SWNTs. Moreover, the
SWNTs on violet, blue, green, and black/red lines possess the
same n, m, (n + m), and (n − m) values, respectively. Thus, the
intersections of the four lines in the (θ,d) plot and (θ,Eii) plot
are (12,7)-R-S and (19,7)-R-M, respectively. Importantly, these
two plots compensate for the disadvantage of Kataura-plot in
that it is not well-suited for SWNTs with large diameters.
Therefore, these useful (θ,d) and (θ,Eii) plots are quite
convenient for quickly identifying (n,m) of SWNTs. The
determination of chiral angles is highly desirable for their
realistic applications.
The chirality-dependent alignment of SWNTs on graphene
surface shows the dominant advantages for their chiral angle
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Table 1. Approaches To Characterize the Handedness and
Chiral Angle of Aligned SWNT on Graphitea

a

The dashed lines indicate the directions of the graphene trenches.

in Figure 3 are aligned along the AC, ZZ, and chiral edges of
graphene due to their own chiralities, respectively. In addition,
the right- and left-handed SWNTs are only distributed in the
red and blue areas, respectively. During the growth process of
SWNT, many regular trenches along graphite ZZ edges can be
frequently formed due to the etching eﬀect of metal catalyst on
a graphite surface,32,33 which can be used for the handedness
and chiral angle characterizations of aligned SWNTs on
graphite.
The handedness of SWNTs on graphene can be easily
determined according to the relative positions of SWNTs and
the zigzag orientated graphene trenches. As shown in Figure 4a,
the right- and left-handed SWNTs are independently
distributed in the 30° sectors (between the ZZ and AC edges
of graphene) indicated by red and blue lines, and the graphene
trenches can be randomly formed along either of the two ZZ
directions. In this way, if a graphene trench appears in the

Figure 3. The anisotropic interactions between graphene and the
aligned SWNTs with diﬀerent chiral structures, including the zigzag
(8,0) and (0,8) (green), armchair (5,5) (black), and chiral (2,7)-L and
(7,2)-R (blue) SWNTs. The right- and left-handed SWNTs are
distributed in the red and blue areas, respectively. The red carbon
chains indicate the zigzag edges of SWNTs.

and handedness characterization.30 The maximum interaction
between a SWNT and graphite can be achieved if their interface
has similar AB-stacking, which has already been fully proven by
STM and HRTEM at an atomic scale.29,30 The schematic in
Figure 3 displays the stable conﬁgurations of graphene and
SWNTs with diﬀerent chiral structures. All SWNTs were
artiﬁcially cut into two parts along their axial directions, and it is
noticeable that all interfacial conﬁgurations are principally
dominated by the lower parts of SWNTs. In this way, the
orientations of zigzag (ZZ), armchair (AC), and chiral SWNTs

Figure 4. (a) Handedness determination of SWNTs. The black, red, green, and blue lines indicate the AC-SWNT, R-SWNT, ZZ-SWNT, and LSWNT, respectively. (b) The distribution of right-handed (red sectors) and left-handed (blue sectors) SWNTs on graphene surface. The arrows in
(a,b) indicate the zigzag edges of graphene. (c) Chiral angle determination of R-SWNT, with (7,2)-R as an example. (d) Chiral angle determination
of L-SWNTs, with (2,7)-L as an example. The additional dotted and dotted-dashed lines indicate the AC and ZZ edges of graphene, respectively.
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Figure 5. (a) Optical image of graphite substrate on SiOx/Si surface. (b) SEM image of two grown SWNTs (indicated by arrows) on the same
graphite surface. (c−f) The handedness and chiral angle characterizations of R-SWNT (c), L-SWNT (d), ZZ-SWNT (e), and AC-SWNT (f). The
solid and dashed arrows indicate the directions of SWNT axes and the graphene trenches, respectively.

Figure 6. Chirality assignment of SWNTs using the (θ,d) plot and (θ,Eii) plot. (a) AFM and SEM image of L-SWNT on a graphite surface. (b)
Raman spectra of the SWNT on a silicon surface in (a). (c) The partial (θ,d) plot for the chirality assignment of SWNT in (a). (d) AFM and SEM
image of R-SWNT on a graphite surface. (e) Stokes and anti-Stokes Raman spectrum of the SWNT on a silicon surface in (d). (f) The partial (θ,E22)
plot for the chirality assignment of SWNT in (d).

The chirality-dependent alignment of SWNTs on graphene
could also be exploited to easily characterize their chiral angle.
The handedness determination of SWNT is a prerequisite for
the chiral angle calculation. It is well-known that the chiral
angles of ZZ-SWNT and AC-SWNT along the AC and ZZ
edges of graphene are 0 and 30°, respectively. To a R-SWNT
distributed in the red area in Figure 4c, such as (7,2)-R, the
chiral angle θ between the chiral vector and the ZZ1 edge of
graphene is equivalent to the angle between its axial direction
and AC2 edge of graphene. If the graphene trench appears
along the ZZ3 (ZZ2) edges, and the formed angle with SWNT
axis is φR (φR′), the chiral angle of R-SWNT is θ = 30° − φR (θ

counter-clockwise (clockwise) direction of SWNT and the
induced angle φ is 0° < φR < 30° (30° < φR′ < 60°), then the
SWNTs are right-handed. On the contrary, if a graphene trench
appears in the clockwise (counter-clockwise) direction of
SWNT, and the induced angle φ is 0° < φL < 30° (30° < φL′ <
60°), then the SWNTs are left-handed. In addition, the angles
between the achiral ZZ-SWNTs and AC-SWNTs, and the
graphene trench are only 30 and 0°, respectively. Because of the
D6h symmetry of graphene, Figure 4a is only one of the six
sectors, marked by R1/L1 to R6/L6, as shown in Figure 4b. As
such, the handedness of SWNT can be easily determined by
estimating its angle with the graphene trench.
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SWNT has already been widely used to speculate its diameter
due to d = c/ωRBM (the constant c is 248.3 nm/cm−1 for asgrown SWNTs on the SiOx/Si surface36). In Figure 6a, the
SWNT on a graphite surface is left-handed with chiral angle θ =
39.9° and diameter d = 1.68 nm by AFM. At 632.8 nm
excitation, the RBM peak of 154.4 cm−1 indicates that the
SWNT is semiconducting with diameter of 1.61 nm. Therefore,
we can easily and uniquely conﬁrm that (39.9°, 1.61 nm)
corresponds to the (8,15)-L-S SWNT from the partial (θ,d)
plot in Figure 6c. In this way, the chiral indices of aligned
SWNTs on graphite can be directly and exactly obtained from
the AFM image.
The (θ,Eii) plot for chiral index assignment demands the
chiral angle and electron transition energy of SWNT.
According to resonant Raman scattering theory, the transition
energy Eii of isolated SWNT can be accurately determined by
the anti-Stokes/Stokes resonant Raman intensity ratio, and the
precision is better than 5 meV.37,38 In Figure 6d, the SWNT on
a graphite surface is right-handed with chiral angle θ = 22.7°
and diameter d = 1.91 nm, so the chiral index is (17,11)-R-M
from (θ,d) plot. At 514.5 nm excitation, the RBM peak of 123.2
nm indicates that the SWNT is metallic, and the intensity ratio
of the anti-Stokes/Stokes Raman shift is 2.66, as shown in
Figure 6e, which means that the transition energy E22 of this
SWNT is 2.415 eV (see Figure S5 in Supporting Information).
Therefore, the chiral index can also be assigned to (17,11)-R-M
from the corresponding (θ,E22) plot in Figure 6f. Importantly,
the obtained chiral indices of SWNT from the (θ,d) plot and
(θ,Eii) plot are identical, which illustrates that these characterization approaches are both accurate and reliable.
The quick and accurate approach through the (θ,d) plot is
advantageous to the chiral structure determination of extensive
SWNTs on a large scale. Table 2 displays several measured
SWNTs with comprehensive chiral structures. By comparing
the experimental and calculated chiral angle, the accuracy of the
measured chiral angle is better than 0.3°, which is precise
enough for handedness determination. In addition, the
diameters obtained by AFM present a greater ﬂuctuation than
that by RBM peaks due to the instable interactions between
SWNTs and AFM tips. Even so, the chiral index of SWNT can
be uniquely identiﬁed from the (θ,d) plot by combining the
measured chiral angle and diameter.
In summary, a novel strategy was put forward to
comprehensively determine the chiral structures of SWNTs,
including handedness, chiral angle, and chiral index, by aligning
the SWNTs on graphite surface with chirality-dependent
orientations. Taking the graphite trenches with ZZ edges as
necessary references, detailed formulas were summarized, and
they are much more suitable to determine the handedness and
chiral angle of grown SWNTs on graphite. Moreover, by
combining the measured diameter and electron transition
energy of SWNTs, the chiral index of SWNTs were rapidly and
accurately identiﬁed from the useful (θ,d) and (θ,Eii) plots,
respectively. This universal strategy provides eﬃcient and
convenient approaches to chiral structure determination on a
large scale, and it represents an important step forward in the
characterization methodology of SWNTs.

Table 2. Possible Chiral Structures (Handedness, Chiral
Angle, and Chiral Index) of Aligned SWNTs on a Graphite
Surface Predicted by the (θ,d) Plot

The * in red and blue colors indicate that the excitation lasers are
632.8 and 514.5 nm, respectively.

a

= φR′ − 30°). Similarly, to a L-SWNT in the blue area in Figure
4d, such as (2,7)-L, the chiral angle θ ranges from 30 to 60°. If
the graphene trench appears along the ZZ3 (ZZ4) edges, and
the formed angle with the SWNT axis is φL (φL′), the chiral
angle of L-SWNT is logically θ = 30° + φL (θ = 90° − φL′).
Moreover, if the angle φ between the SWNT axis and the
graphene trench is larger than 60°, such as φR″ and φL″, they
can be reduced into 0° − 60° by φ = |φ″ − i × 60°| (i is an
integer here) due to the D6h symmetry of graphene lattice. In
this way, the chiral angle of SWNTs can be exactly calculated by
the angle between SWNT and the graphene trench. The
approaches to handedness and chiral angle characterization are
mathematically summarized in Table 1.
Experimentally, the SWNTs were grown following the kiteﬂying mechanism34 (see Figure S2 in Supporting Information).
As shown in the scanning electron microscopy (SEM) image in
Figure 5b, two ultralong SWNTs simultaneously fell onto the
same graphite surface. Graphite trenches were randomly
appeared and exactly along ZZ directions in the STM image
with atomic resolution (see Figure S3 in Supporting
Information). Figure 5c−f demonstrated detailed characterizations of the handednesses and chiral angles of aligned
SWNTs on a graphite surface. The SWNTs in Figure 5c are
grown along two directions with the formed angle of 120°,
which corresponds to the D6h symmetry of graphene. The
linear graphene trench appears in the counter-clockwise
direction of SWNT, and their angle is φ = φ″ − 60° = 74.8°
− 60° = 14.8°; thus, the SWNT is right-handed, with θ = 30° −
φR = 30° − 14.8° = 15.2°. Similarly, the graphene trench in
Figure 5d is in the clockwise direction of SWNT, and their
formed angle is 62.1° (2.1°); therefore, this SWNT is lefthanded, with θ = 30° + φL = 30° + 2.1° = 32.1°. In Figure 5e,f,
the angles between SWNTs and the graphene trenches are only
30.0° and 60.0°; thus, they are ZZ-SWNT with θ = 0°, and ACSWNT with θ = 30°, respectively.
In order to further assign (n,m) indices of as-grown SWNTs,
the determination of diameter is quite crucial to the (θ,d) plot.
Many reports prove that the AFM technique is suitable for the
grown SWNTs with d < 2.2 nm.35 Moreover, the graphite with
an atomically smooth surface is amenable to diameter
measurement with a smaller roughness than Si (see Figure S4
in Supporting Information). Additionally, the RBM peak of
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