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ABSTRACT: Raman spectra of single-wall carbon nanotubes (SWNTs) exhibit a
unique radial breathing mode (RBM) band (∼100−300 cm−1) and a G− peak (∼1570
cm−1), along with a D band (∼1350 cm−1). We show that the typical Raman signals for
SWNTs are the signature of their helical structure determined using density functional
theory simulation and structural analysis for hydrogenated and dehydrogenated SWNT
samples. We demonstrate that the G− mode at ∼1570 cm−1 is unique to opened tubular
graphene structures of ∼2 nm diameter. We also demonstrate that the D mode of
∼1350 cm−1 is originated from edge defects of opened SWNTs, revealing strong
eigenvectors, which is absent in concentric tubes. We also report a radial−tangential
mode (RTM) for concentric and opened SWNTs, which appears following RBM. We
also interpret the low-energy Raman signal, reported as an RBM band, to be
convolution of “localized RBM” (∼170 cm−1) and RTM (∼190 cm−1) for helical
SWNTs. We also show that the analysis of the Raman spectra of SWNTs is consistent with general understanding on Raman
analysis of carbon materials.

■ INTRODUCTION

Raman spectroscopy provides ultimate information to manifest
structures of matter1−3 because phonon behaviors of the atoms
are sensitive to atomic-level changes. Radial breathing mode
(RBM) of single-walled carbon nanotubes (SWNTs) has been
understood to be originated from synchronous radial vibration
of carbon atoms (i.e., contraction and expansion) in
perpendicular to the tube’s axis.1,2,4,5 It is a general
understanding that each peak comprising the RBM band
indicates diameters of SWNTs.1−14 The availability of the
RBM band to measure diameters has been extended to
evaluate the electronic properties, i.e., metallic or semi-
conducting, with the chiral theory of carbon nanotubes
(CNTs),15 where the diameters of CNTs are correlated with
chirality. However, the low-energy Raman signals have been
reported from graphene structures16−18 as well as thin
nanographite comprising a few layers of graphene.19 Lee et
al. have shown that low-energy Raman signals of graphene
structures (interpreted as RBM) are due to the radial mode
(RM) formed by end curvatures of graphene of ∼2.2 nm
diameter.20 The RM model, where eigenvectors head for the
center of the curvature of graphene structures, covers the RBM
hypothesis of SWNTs. This indicates that the low-energy

Raman signals are not unique to SWNTs and thus cannot be
evidence for the tubular graphene structures.
The appearance of a D band, which is associated with

defects of crystalline sp2 carbon structures,21,22 has not been
clearly addressed for SWNTs. Sophisticated Raman study on
the D mode in graphene structures shows that it does not
appear at the center of graphene, but from the edges.21 The
results suggest that the D mode is originated from the edge
defects of graphene, which is consistent with the general
understanding on Raman analysis for graphite.22 Well-crystal-
lized SWNTs should not reveal the D band because the edge
area is negligible due to their atomic thickness and higher
aspect ratio (>1000), if the one-dimensional matter is a
concentric tube. The origin of a G− peak, which is indeed
unique to SWNTs, is also not established yet,1−9 although the
signal has been understood to be related to the curvature (i.e.,
diameter) of tube and thus contains information about
electronic properties of SWNTs with respect to chiral theory
like RBM. The G− peak typically appears at ∼1570 cm−1 as red
shift and is unseparated from the G+ peak at ∼1590 cm−1,
although it is diverse in shape.23 With the scientific
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uncertainties for D and G− signals, there is substantial
contradiction on SWNTs. Diameters of SWNTs (0.5−1.5
nm for 120−370 cm−1) measured from the low-energy Raman
signals1,3−9 are too small compared to those (1.4−2.5 nm)
directly observed by a high-resolution transmission electron
microscope (HRTEM).24−28

Lee et al. reported that SWNTs adopting a graphene helix
resulted from spiral growth of a zigzag graphene nanoribbon
(Figure S1, Supporting Information).27 The prevailing nodal
morphology in HRTEM24−30 and scanning tunneling micros-
copy31,32 images provides morphological evidence for the
helical structure model of SWNTs (Figures S1−S3, Supporting
Information). In this paper, we reveal Raman spectra for
SWNTs with simulations for concentric and opened SWNT
structures and a complementary analysis including HRTEM
observation, IR spectroscopy, and measurement for hydro-
genated samples. The typical RBM and D bands as well as the
G− peak are evidence for the helical structure of SWNTs.

■ EXPERIMENTAL SECTION
We studied commercial (arc-discharge) SWNTs (Hanwha
Chemical, South Korea) (Figure S4, Supporting Information).
Purified and unpurified SWNT samples were used for the
hydrogenation experiment and HRTEM observation, respec-
tively. Purified SWNTs appear as bundles, whereas unpurified
samples reveal some SWNTs existing individually. For
HRTEM observation, unpurified SWNTs were sonicated
under a high ultrasonic power density of 20 W/mL for 2 h.
The samples were observed with two HRTEM apparatus: (i)
an aberration-corrected energy-filtered TEM (200 kV,
Libra200 HT Mc Cs TEM; Carl Zeiss) and (ii) a conventional
HRTEM (JEOL JEM-2100F). The latter was used for the
electron beam irradiation experiment. For the electron beam
irradiation experiment during HRTEM observation, the
current density was kept between 49 and 137 pA/cm2.
Irradiation (49 pA/cm2) was applied to the isolated tubules
(where a side is free) to minimize the vibration of the samples.
Dehydrogenation for purified SWNTs was performed in a
vacuum furnace, kept at 600 °C under high vacuum (10−5

Torr) for 30 min. The dehydrogenated SWNTs, prepared on a
molybdenum substrate, were exposed to the direct current
(DC) H-plasma in a chemical vapor deposition chamber for 10
min for hydrogenation. Gas pressure was kept at 50 Torr
where a high-density DC plasma (gas temperature is ∼3000
°C) is generated.33 The substrate was kept at a temperature of
600 °C, and a H2 gas flow of 200 sccm was maintained. To
confirm reversibility, we performed a cycle of hydrogenation
and dehydrogenation showing the absence and reappearance of
the RM band. We also analyzed SWNTs before and after
hydrogenation with IR (Thermo Scientific NICOLET iS10)
and Raman (Renishaw inVia Raman microscope) techniques.
The excitation energy of the Raman laser was 532 nm (a spot
size of 1−2 μm), and its power density was 1.6 mW/μm2. The
Raman RM peak was deconvoluted by the Origin program
(OriginPro 8.6).
We carried out simulations from an armchair (15,15)

SWNT (∼2.0 nm in diameter) and opened tube structures
modified from armchair SWNTs using density functional
theory (DFT) as implemented in the Quantum ESPRESSO
simulation package.34 Comparative electronic structure calcu-
lations were carried out on a helical structure, modified from
the armchair (6,6) tube (∼0.82 nm), with and without
hydrogenation. Generalized gradient approximation was used

for exchange−correlation energy of electrons and ultrasoft
pseudopotentials to represent the interaction between ionic
cores and valence electrons.35,36 Kohn−Sham wave functions
were represented with a plane wave basis with an energy cutoff
of 40 Ry and charge density cutoff of 240 Ry.37 Integration
over a Brillouin zone (BZ) was sampled with a mesh of 1 × 1
× 2 grid.38 Dynamical matrices at the Γ point (q = 0) in BZ
were computed by a perturbative linear response approach
used in DFT.

■ RESULTS AND DISCUSSION
Helical SWNT reveals traces of a graphene helix, i.e., locally
discontinuous wall lattices,24,25 as depicted in Figure 1. The

helical traces of the SWNT samples are evident in HRTEM
observation (Figure S4, Supporting Information). The helical
features are also evident when the samples are irradiated by
electron beam using a conventional HRTEM (working at 200
kV) (Figure S5, Supporting Information). The traces of
graphene helices become more prominent when cross-linked
SWNTs are exposed to electron beam (137 pA/cm2) for 6
min. The experiment explains electron beam bending of
coherently scrolled SWNTs28 as well as mobile defects during
in situ HRTEM observation with electron beam irradiation for
SWNTs (Figure S6, Supporting Information)39 (dual helical
traces revealed from both bottom and top graphene walls can
be seen as mobile defects). The diameters of the tubules are
measured to be ∼1.8 nm in this study, which are in the range
of diameters of SWNTs, 1.5−2.5 nm, reported by HRTEM
observation in the literature.24−28

Figure 2 shows Raman spectra obtained from SWNT
samples analyzed in this study. The dehydrogenated sample
reveals a clear low-energy band between ∼120 and ∼200 cm−1

(comprising a strong peak at 168 cm−1 and a shoulder peak at
186 cm−1), a D band at ∼1350 cm−1, and a strong G band at
1530−1630 cm−1. The low-energy band is also observable

Figure 1. Schematic explaining helical structures of a SWNT. (a−c)
Schematic explaining helical and lateral growth of a SWNT. Blue lines
indicate closest-packed zigzag lines driving the helical and lateral
growth. (d, e) Schematic showing four typical cross sections
(coherent, opened, closed, and mixed) for helical SWNT (d),
which are modeled from Meyer et al.’s HRTEM image (reproduced
with permission from The Royal Microscopical Society, ref 25) (e)
where helical features (arrows) are evident. (f) Simulated structure
model of a hydrogenated helical SWNT. Carbon and hydrogen atoms
are shown in yellow and blue, respectively. Arrows in (f) indicate the
disconnected sections.
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from Raman spectra of purified and pre-dehydrogenated
samples. The G− peak1−12 unique to SWNTs is evident at
1570 cm−1, split from the strongest G+ peak at 1590 cm−1.
With hydrogenation, the low-energy band disappears but other
signals remain unaltered, except for shift of the G+ peak to
1581 cm−1 (G) (Figure S7, Supporting Information). Only the
dehydrogenated sample reveals the unique G− peak at 1570
cm−1, whereas the other samples reveal a weak signal near 1621
cm−1 (Figure 2b), assigned to G+2. Strong sp3 C−H stretching
signals at about 2850, 2920, and 2955 cm−1 are evident in the
IR spectrum of hydrogenated SWNTs40−42 (Figure S8,
Supporting Information). The IR sp3 C−H stretching signals
disappear with dehydrogenation.
Raman-active modes for concentric and opened SWNTs are

shown in Figure 3. Concentric SWNT of a diameter of 2 nm
reveals RBM at 170 cm−1, which is the perfect resonant
condition dominated by pure radial eigenvectors. For opened
SWNTs, localized RBM (l-RBM), where a part of the
eigenvectors is decentered (Figure 3b−d), is evident. Both
structures reveal a unique “radial−tangential mode (RTM)”,
which is the combination of radial and tangential eigenvectors
(Figure 3a−d). RTM appears in order following RBM (l-
RBM) (Figure S9, Supporting Information) and reveals
localized RMs (l-RMs) of 2n, where n is the number of
nodes. Each RTM is dominated by “localized RM (l-RM)”
(solid arrows in Figure 3), where a set of eigenvectors head for
decentered points similar to that of l-RBM. Clear l-RMs are
evident at the high mode of ∼400 cm−1 from the steep-end
curvatures in helix-B and helix-C (solid arrows in Figure 3c,d
series), although l-RM becomes gradually weaker with the
increase of mode.
The dramatic variation of Raman signals with hydrogenation

and dehydrogenation40−42 (unanswered with the conventional
concentric tubular structure) can be explained by the helical

structure model (Figure S1, Supporting Information). With the
simulation data (Figure 3) and the value of RM calculated
from the vector diagram (Table 1), we assign the strong low-

energy peak at ∼168 cm−1 and the shoulder peak at ∼186
cm−1 of the dehydrogenated sample to l-RBM and 1st RTM of
a helical SWNT, respectively. We attribute the disappearance
of the low-energy band from hydrogenated samples to van der
Waals zipping of the graphene helix via sp3 C−H bonds
formed on the both helical edges (Figure 1f) during
hydrogenation. Due to helical and subsequent lateral growth,
a SWNT produces diverse local edges (Figure 1d) of which the
unrolled width becomes the diameter (Figure S1, Supporting
Information). With the physical zipping, the edges of a
dehydrogenated graphene helix unify and rearrange (like
coalescence of bubbles with a smallest agitation), producing a
bumpy and asymmetric structure that may lack the l-RBM and
RTM resonance conditions. This explains the weak signals

Figure 2. Raman spectra for hydrogenated and dehydrogenated
SWNT samples. (a) Raman spectra where D and G bands are evident.
Radial−tangential mode (RTM) is placed between RBM (localized
RBM, l-RBM) and G. The dotted line indicates the position of G for
graphite (i.e., 1581 cm−1). (b, c) Expanded Raman spectra in the low-
energy range and in the range of 1530−1630 cm−1, where G−3, G−,
and G+2 peaks are interpreted to be unique to helical SWNTs.

Figure 3. Simulated Raman-active modes for concentric and opened
SWNTs and vector diagrams. (a−d) RBM, RTMs, and G for a
concentric SWNT (a) and opened SWNTs (b−d). Diameter of the
concentric tube, helix-A, and helix-B is ∼2 nm, whereas that of helix-C
is ∼1.4 nm. Black numbers indicate the number of l-RMs. “T”
indicates tangential eigenvectors. Each RTM is composed of radial
and tangential eigenvectors and is featured by l-RMs. (e, f) Vector
diagrams elucidating the relationship between G and RBM (l-RBM)
with respect to the angle (θ) formed by two dislocated atoms (see
Table 1). The diameter and curvature of the graphene structures are
indicated by d and c (1/d), respectively. Red numbers indicate
frequencies for each mode.

Table 1. Calculated l-RBM and G Frequenciesa

diameter θ (deg.) l-RBM (cm−1) G (cm−1)

2.0 nm (helix-B) ∼6 ∼166 ∼1581
1.4 nm (helix-C) ∼7 ∼194 ∼1578

aThe data show that the curvature of tubular graphene (related with
θ) can be estimated from Raman G and l-RBM signals, similar to the
case of RBM hypothesis based on the concentric tube structure. l-
RBM = G0 sin θ and G = G0 cos θ, where G0 is 1590 cm−1 for G+

measured.
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between 100 and ∼170 cm−1 in the Raman spectrum of the
hydrogenated sample (arrows in Figure 2b). Further
simulation also shows enlargement in the diameter of an
even coherently scrolled helical structure by ∼10% with
hydrogenation (Figure S10, Supporting Information), support-
ing the red shift of the RM signals. Dehydrogenation can make
graphene helices release (unzipping) from pinning up by sp3

C−H bonds and recover original curvatures, explaining the
reappearance of the low-energy band (Figure S7, Supporting
Information) as well as the G− peak that splits from G+.
Strong eigenvectors at both edges of graphene are evident

from the D modes shown in Figure 4b,c. The data indicate the
origin of the D band for SWNTs to be edges of graphene, and
this is consistent with the general formation mechanism for the
D band that has been established from graphene or
graphite.21,22 The natural instability of the edge of atomic-
thick graphene helices may not reveal a unique Raman signal,
explaining the broad band ranging 1300−1400 cm−1 for
SWNTs. On the other hand, simulation data for G modes
demonstrate that the G− peak at ∼1570 cm−1 (G+ at ∼1590
cm−1) is a signature of the helical structure of SWNTs because
it is absent for the tubular structure (Figure 4 and Table 2). All
G peaks between 1530 and 1630 cm−1 are ∼1550, ∼1560,
∼1570, ∼1581, ∼1590, ∼1600, ∼1610, and ∼1621 cm−1,
which are assigned to G−3, G−2, G−, G, G+, and G+2 modes,
respectively, where ∼1550 (G−3), ∼1570 (G−), and ∼1621
cm−1 (G+2) peaks are unique to the helical structure. The
results elucidate the unanswered origin of G− signals to be the

uneven helical curvature (see Figure 1). With the data of D,
this analysis provides strong evidence for the helical structure
of SWNTs.
The red shift of G modes is supported by the conventional

mechanism for the Raman shift with stress43 in condensed
matter where the presence of dislocation and vacancy causes
tensile stress, letting peaks shift to the left. The helical
graphene structure can be considered as a graphene tube with a
helical dislocation; thus, the atoms in an edge zone can be
under tensile stress. The appearance of a unified G peak at
1581 cm−1 for hydrogenated SWNTs (which is between 1570
and 1590 cm−1) corresponds to that of unstressed graphene or
graphite.3,21,22 The data indicate that the hydrogenated and
enlarged helical structure is free from compressive stress, which
may be applied to the samples during dehydrogenation. With
simulation data, we assign the peak at ∼1560 cm−1 to the G−2

peak, which generally appears from SWNTs.1,2,5,9,14 Appear-
ance of the red-shifted G peaks (including the G−2 peak) can
also be explained by the vector diagram (Figure 3e,f).
Some reports explained that sp3 C−H bonds can be formed

on the wall of SWNTs.42 However, this may be impossible
because the potential energy for the formation of sp3 C−H
bonds on the surface of graphene is very high, up to 1.0−3.3
eV.44 With the helical structure of SWNTs, it is reasonable that
the sp3 C−H bonds are formed at the edges of graphene
helices (Figure 1f). The edges provide ideal sites for sp2 and
sp3 chemical bonds because the bonding can decrease the
surface energy of the SWNTs. The atoms on the hydrogenated

Figure 4. Simulated Raman-active D, G−2, G−, and G+ modes for concentric and opened SWNTs. (a−c) Modes for concentric (a) and opened (b,
c) SWNTs. Insets in (b, c) reveal strong eigenvectors evolved from edges of D modes. Red numbers indicate frequencies for each mode. (d) Origin
of each mode.

Table 2. Measured and Simulated Raman Frequencies of l-RBM (RBM), RTM (1st RTM), D, and G Bands for Different
SWNT Structuresa

unit: cm−1

l-RBM 1st RTM D G−3 G−2 G− G G+ G+2

measured 168 186 ∼1350 ∼1550 ∼1560 ∼1570 ∼1581 ∼1590 ∼1621
helix-A 163 193 1351 1550 1562 1575 1593 1621
helix-B 169 194 1384 1549 1560 1574 1593 1620
tube 170 212 1561 1592
graphiteb 1350 1580

aThe data for the opened tube structure are identical to those measured from SWNT samples but are clearly different from those for the concentric
tube structure. bData for graphite were quoted from ref 13.

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.9b02174
J. Phys. Chem. C 2019, 123, 14003−14009

14006

http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b02174/suppl_file/jp9b02174_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b02174/suppl_file/jp9b02174_si_001.pdf
http://dx.doi.org/10.1021/acs.jpcc.9b02174


edges are constrained,45 which explains the evolution of a weak
G+2 peak at ∼1621 cm−1 (Figure 2a,c). The peak is also
evident from purified and pre-dehydrogenated samples (Figure
S7, Supporting Information). This is reasonable because C−H
bonds are formed during synthesis of SWNTs and thus exist in
the samples unless the dehydrogenation treatment is carried
out.
Our Raman analysis based on the helical structure explains

the diverse low-energy Raman signals for SWNTs in the
literature. Edges of the graphene helix are naturally unstable,
and thus, SWNTs are prone to energy (as confirmed by the
electron beam irradiation experiment), and Raman signals can
be affected by the synthesis technique, laser excitation
lines,4,9,11−13 laser power,46 and environmental factors46 such
as bundled or isolated (suspended47,48 or deposited16,49 on a
substrate). For example, the enlargement of HiPco SWNTs
estimated from the low-energy signals after 1800 °C heat
treatment reported by Yudasaka et al.50 can be explained with
our helical structure model. After stepwise heating up to 1800
°C, the edge structure of helical SWNTs may rearrange,
resulting in regular changes in Raman signals. Practically,
enlargement of concentric tubes after heat treatment is
nonphysical, and this is left unanswered. Also, the simulation
data for highly deformed helical structures (helix-B and helix-C
in Figure 3) reveal striking l-RM eigenvectors even at higher
frequencies up to 472 cm−1 due to localized steep curvatures of
the edge of a graphene helix. Indeed, our model explains the
underestimated diameters of SWNTs (0.5−1.5 nm),1−15

measured from the low-energy Raman signals, i.e., l-RBM
and l-RM, suggesting that our helical geometry may be a
universal structure of SWNTs. Also, the appearance of the G
peak at 1581 cm−1 for hydrogenated SWNTs, which is
identical to that of graphene materials (1580−1582
cm−1)3,17,18,43 meaning free from stress, provides general
evidence for our Raman analysis of SWNTs based on the
helical structure. The diverse structures reported24−32,39

provide natural evidence for our helix model for SWNTs,
where each sample as well as every part of the sample is
different in structure.
Simulation of the electronic density of states (DOS) shows

that a zigzag graphene helix is metallic in nature and becomes a
semiconductor with a finite band gap of ∼1.45 eV with
hydrogenation (Figure 5). The dangling bond at the edge
carbon atom gets passivated with a hydrogen atom and shares
the electrons. Thus, the 2p orbitals of carbon atoms get pushed
away from the Fermi level, opening a gap. Also, we expect that
distortion of metallic graphene may produce band gap51 due to
the helical and lateral growth. These explain diverse electronic

properties including semiconducting with different band gaps
in the literature.32

In summary, the typical Raman signals of SWNTs are of
helical graphene, where the appearance of the G− peak and D
band becomes its evidence. Our l-RBM and RTM models
explain the diverse low-energy Raman signals as well as the
underestimated diameters of SWNTs for the last 20 years
(0.5−1.3 nm calculated from RBM signals compared to 1.4−
2.5 nm measured from HRTEM observation). The results
provide a way of engineering one-dimensional materials and
understanding the nature of other graphene materials via
Raman analysis.
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