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ABSTRACT We report an in situ Raman spectroscopic and microscopic investigation of the electro-

chemical unzipping of single-walled carbon nanotubes (SWNTs). Observations of the radial breathing modes
(RBMs) using Raman spectral mapping reveal that metallic SWNTs are opened up rapidly followed by
gradual unzipping of semiconducting SWNTs. Consideration of the resonant Raman scattering theory
suggests that two metallic SWNTs with chiralities (10, 4) and (12, 0) get unzipped ﬁrst at a lower electrode
potential (0.36 V) followed by the gradual unzipping of another two metallic tubes, (9, 3) and (10, 1), at a
relatively higher potential (1.16 V). The semiconducting SWNTs with chiralities (11, 7) and (12, 5), however, get
open up gradually at (1.66 V. A rapid decrease followed by a subsequent gradual decrease in the
metallicity of the SWNT ensemble as revealed from a remarkable variation of the peak width of the G band complies well with the variations of RBM. Cyclic
voltammetry also gives direct evidence for unzipping in terms of improved capacitance after oxidation followed by more important removal of oxygen
functionalities during the reduction step, as reﬂected in subtle changes of the morphology conﬁrming the formation of graphene nanoribbons. The density
functional-based tight binding calculations show additional dependence of chirality and diameter of nanotubes on the epoxide binding energies, which is in
agreement with the Raman spectroscopic results and suggests a possible mechanism of unzipping determined by combined eﬀects of the structural
characteristics of SWNTs and applied ﬁeld.
KEYWORDS: graphene . single-walled carbon nanotubes . electrochemistry . Raman spectral mapping .
density functional-based tight binding calculations

C

arbon has been exciting to scientists
for centuries and still continues to
fascinate the scientiﬁc community in
the form of nanometer-sized allotropes such
as bucky balls1 and nanotubes2 and, more
recently, in the form of the ideal atomic
layer, graphene.3 Numerous chemical variants of these have also been explored. Both
single-walled carbon nanotubes (SWNTs)
and graphene possess unique properties
with diverse applications in electronics46
and quantum computing7 and, above all,
possess the ability to unravel many fundamental questions related to ballisticthermal and -electronic transport.813 SWNTs
require high purity and accurate characterization
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in terms of chiralities and length and diameter distribution for them to be used in
most of the speciﬁc applications. A similar
scenario exists in the case of graphene as
well, being vulnerable to drastic changes in
the band structure with increasing number
of layers,14 changes in the edge states,15 etc.
It has been understood both theoretically
and experimentally that graphene ribbons
can have a band gap that could be tuned by
varying its width16,17 and geometry.18 Nanoribbons are considered important because
of the emerging local magnetism with very
speciﬁc edge states.19 There are also attempts to use these nanoibbons in electronics by visualizing them as active channel
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RESULTS AND DISCUSSION
We report an in situ Raman spectroscopic and
microscopic investigation (see Methods and Materials
for a detailed description) of the electrochemical unzipping of SWNTs to form graphene ribbons. It was
desirable to have a diﬀerent electrochemical setup that
enables this process to be observable in real time. An
electrochemical cell was constructed by making a
discontinuity on a conducting indium tin oxide (ITO)coated glass plate to have both electrodes (working
and counter) laterally mounted on the same surface in
order to suit Raman measurements. The constraint due
to the microscopic setup (limited working distance of
the objective used) did not allow us to have a cell
thicker than 0.24 mm. SWNT dispersion (Methods and
Materials) in N,N-dimethyl formamide (DMF) was deposited on the working electrode, which was kept
under the microscope. A particular portion of the
JOHN ET AL.
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materials in ﬁeld eﬀect transistors.20,21 Hence, it is
desirable to have a precise method without any overoxidation to convert speciﬁc SWNTs to graphene
nanoribbons and thereby create graphenic materials
of desired properties. This concept was also aided by
the ability to separate SWNTs according to their
metallicity22 and diameter,23 which eventually helps
in getting graphene ribbons of speciﬁc width and edge
structure. In this context, recently, Dhanraj et al. devised an electrochemical route to convert multiwalled
nanotubes into multilayered graphene nanoribbons
(GNRs).24 In brief, nanoribbons of a few layers of
graphene have been prepared from carbon nanotubes
(CNT) by a two-step electrochemical approach consisting of oxidation of CNTs at controlled potential, followed by reduction to form GNRs having smooth
edges and fewer defects, as evidenced by multiple
characterization techniques, including Raman spectroscopy, atomic force microscopy, and transmission
electron microscopy (TEM). However, neither the role
of electric ﬁeld nor the mechanism of opening and the
sequence of events between CNT breaking (oxidative
cleavage of the CC bond) and GNR formation has
been probed. Answers to questions such as, is the
unzipping fundamentally diﬀerent for metallic and
semiconducting CNTs, where does the curvature
break, and what is the reason for selecting a mixture
of semiconducting and metallic CNTs, have not been
explored, although both single and multiwalled
CNTs have been shown to generate GNRs with controlled widths and fewer defects. An in situ spectroscopic investigation of various stages of the above
sequential processes can possibly reveal the mechanism of unzipping of nanotubes and selective
breaking, if any. This will also be important to understand the mechanism of unzipping of SWNTs to GNRs
by other methods such as laser cutting and chemical
unzipping.25,26

Figure 1. Schematic of the experimental setup used for the
in situ Raman spectroscopic investigation of the unzipping
of SWNTs with orthogonal laser illumination and spectral
collection in the backscattering geometry, inside the electrochemical cell. Various parts of the electrochemical cell
and essential parts of the Raman spectrometer are labeled.
The connections to the electrodes from the dc source are
given using a 0.1 mm thick Pt wire.

nanotube sample, say a bundle which contains many
SWNTs, was selected and continually imaged using
Raman spectral features keeping the same region
(20 μm  20 μm) by varying the potentiostatic conditions. A schematic of the experimental setup used for
the study is given in Figure 1 (details are given in the
Materials and Methods).
An average micro-Raman spectrum from the dropcasted SWNT on the working electrode shows all the
expected features such as the radial breathing
modes (RBMs) appearing in the spectral window
of 180280 cm1, a not so prominent D band
(1345 cm1), a G band (1593 cm1), and a 2D band
(2660 cm1). A high-resolution RBM spectrum collected for the same sample using a grating of 1800
grooves/mm shows three distinct features at 196
(designated here on as RBM I), 240 (RBM II), and 276
(RBM III) cm1. RBMs II and III indicate the presence of a
number of metallic nanotubes (mSWNT), and RBM I is
due to a couple of semiconducting tubes (sSWNT) with
diﬀerent chiralities. By considering the resonance
(532 nm laser, 2.33 eV) condition of our measurement,
the bundling of SWNTs, the peak positions, and the
peak width of ωRBM, a more reasonable assignment of
the chiralities can be suggested as follows: 196 cm1
[(11, 7) or (12, 5), interband transition E33 = 2.37 or
2.35 eV, diameter d = 1.25 or 1.2 nm, semiconducting],
240 cm1 [(10, 4) or (12, 0), E11 = 2.24 or 2.23 eV, d = 0.98
or 0.94 nm, metallic], 276 cm1 [(9, 3) or (10, 1),
E11 = 2.43 or 2.41 eV, d = 0.85 or 0.83 nm, metallic].2729
While the data from one set of SWNT bundles is
presented here, data from other bundles are presented
in the Supporting Information. Each data set has also
been checked for reproducibility.
Spatially resolved Raman spectra (see Materials and
Methods) were collected in the spectral window of
03900 cm1 for various electrochemical conditions
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(labeled in Figure 2). Figure 2 shows the evolution of
the average spectral features of the SWNT sample
upon various cycles of electrochemical processes. A
decrease in peak width of the G band was observed as
time evolves and with increased potentials, which is
indicative of reduction in the metallicity of the SWNT
bundle. There was also an increase in the D band
intensity, suggesting increased defects (see Figures 4
and 5 and the subsequent text for detailed discussion).
The spectral position of the 2D band remains unchanged with a slight decrease in the peak width,
suggesting the single-layer nature of the formed graphene ribbon with uncoupled ribbons. The inset of
Figure 2 gives the evolution of the three RBMs of the
average spectrum collected from the SWNT bundle,
say RBM I (196 cm1), RBM II (240 cm1), and RBM III
(276 cm1), which are labeled in the graph as I, II, and III,
respectively. It is evident that immediately after the
application of 0.36 V (red trace) to the working electrode, the intensity of feature II, corresponding to
SWNTs with chiralities (10,4) and (12, 0), gradually
disappears along with a considerable decrease in the
intensity of feature III.
This remarkable change in RBM II suggests rapid
unzipping at a relatively lower anodic potential. The
subsequent steps show a gradual decrease in the
intensity of RBM III, although the intensity of feature I
was almost constant. However, after 7 h of application
JOHN ET AL.

VOL. 8

’

NO. 1

’

234–242

’

ARTICLE

Figure 2. Raman spectra of gradual unzipping of SWNTs.
Inset displays the averaged RBM spectra from the sample
for various conditions. The black trace is that of the parent
material. The red trace (immediately after the application
of 0.36 V) shows near-complete disappearance of the
second RBM. The third RBM disappears with various
conditions, as one can see from the decrease in intensity
of the peak around 276 cm1. Various conditions are
labeled by diﬀerent color. A considerable decrease in
the width of the G band is observed, suggesting the
reduction in metallicity along with an increase in the D
band, which implies increased defects formed during
unzipping. The variations in the 2D band at 2660 cm1
band have been discussed elsewhere in the text. Featureless regions of the spectra are used to place the insets.

of 1.66 V to the working electrode, the intensity of RBM
III (mSWNT) almost disappears (wine red colored trace),
while the intensity of RBM I (another type of sSWNT)
disappears only after the application of 1.66 V. The
electrochemical potentials have been calibrated by
carrying out separate experiments under identical
conditions of the two-electrode in situ electrochemical
cells in a three-electrode setup using a mercury/
mercurous sulfate reference electrode. The hump still
existing at the position of RBM II at the higher
potentials is due to the fact that the spectra given
in Figure 2 are averages of all the spectra collected
throughout the region of the SWNT bundle. Upon
examination of smaller areas, we see that there is a
complete disappearance of this band immediately
after the application of 0.36 V (Figure S1). We believe
that there are inhomogeneities in the potential
across a large area, and unzipping proceeds only
slowly in such regions, explaining this overall spectral behavior.
Images corresponding to diﬀerent phonon modes in
SWNTs were ﬁltered from the spectral map, and they
reveal similar morphology, conﬁrming the presence of
high-quality SWNTs. A comparison of the images obtained from speciﬁc vibrational features for various
electrochemical oxidizing conditions further conﬁrms
the sequential unzipping of diﬀerent kinds of SWNTs
to form graphene ribbons. Figure 3 compares the
morphological features ﬁltered using RBM I (178
206 cm1), RBM II (228256 cm1), and RBM III
(264288 cm1) for potentials of 0 V (open circuit with
no external bias), 0. 36 V (immediately after the
application), and 1.16 and 1.66 V, applied to the working electrode for 7 h each. Three columns contain
images ﬁltered using RBM features of three pairs of
SWNTs. The ﬁrst column (RBM I) is the image due to
sSWNTs (11, 7) or (12, 5), and the second (RBM II) and
third (RBM III) columns correspond to mSWNTs (10, 4)
or (12, 0) and (9, 3) or (10, 1), respectively. The spectral
window for each set of RBMs is given at the top of each
column. Each row corresponds to various potentiostatic conditions (as labeled at the left of each column)
showing a diﬀerent extent of oxidation of various
types of nanotubes. The corresponding images after
intermittent reducing potentials (by the application
of 0.36, 1.16, and 1.66 V for 7 h) are shown in
Figure S2 (Supporting Information).
The ﬁrst row (Figure 3ac) shows the presence of
the three RBMs prior to the application of potential (i.e.,
open circuit with no external bias denoted by 0 V) to
the electrodes of the cell. The second row shows the
presence of RBM I (d) and RBM III (f) in the imaged
structure with a disappearance of the image ﬁltered
using RBM II (e) immediately after the application of
0.36 V to the working electrode. This is indicative of the
rapid unzipping of two of the mSWNTs, (10, 4) and
(12, 0). Figure 3 h and i show the absence of RBMs II
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and III, suggesting the unzipping of another two
types of mSWNTs, (9, 3) and (10, 1), after the application of 1.16 V for a period of 7 h. Figure S1
(Supporting Information) shows the disappearance
of RBM I, suggesting the opening of sSWNTs (11, 7)
and (12, 5) with the disappearance of the 196 cm1
peak after the application of 1.66 V for a period
of 7 h.
Although speciﬁc morphological features due to the
three RBMs disappear sequentially with the application
of the electric ﬁeld, other morphological features
ﬁltered using D, G, and 2D remain more or less
invariant. This is especially signiﬁcant for unraveling
JOHN ET AL.
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Figure 3. Evolution of the RBM region during electrochemical unzipping. Three columns contain images ﬁltered
using the RBMs of three diﬀerent types of SWNTs. RBM I is
due to sSWNTs (ﬁltering windows is 178206 cm1),
whereas RBMs II and III are from mSWNTs (228256 and
264288 cm1, respectively). Each row corresponds to
various stages of unzipping (corresponding to diﬀerent
oxidizing potentials as labeled at the left of each column)
for the disappearance of various types of nanotubes. Raman
images ac show the presence of the three types of SWNTs
prior to the application of potential (open circuit, i.e., zero
applied bias) to the electrodes of the cell. The second row
shows the presence of RBM I (d) and RBM III (f) in the
imaged structure with a disappearance of the image due
to RBM II (e) immediately after the application of 0.36 V to
the working electrode; images h and i show the absence
of RBM II and III (mSWNTs), respectively, after the application of 1.16 V for a period of 7 h to the working electrode.
Image j shows clear reduction in the intensity of RBM I
throughout the bundle, along with the absence of RBM II
(k) and III (l) after the application of 1.66 V to the working
electrode for a period of 7 h. The color scaling varies
slightly in each of the ﬁgures as the absolute intensities
may not be the same in all the images. While the scale bar
is 4 μm for images in the ﬁrst two rows (af), it is 3 μm for
the last two rows (gl).

the sequence of events associated with defect generation and lose of curvature. Figure 4 shows the
Raman images ﬁltered from 1320 to 1380 cm1
(D band), 15651615 cm1 (G), and 26202700 cm1
(2D) before (a, b, and c) and after (d, e, and f) electrochemical processing. It is self-evident that the image
ﬁltered from G and 2D remains intact, whereas the
features due to the D band are enhanced during
the process, indicating additional defects formed
upon unzipping (shown in Figure 4d). These preserved features arising from the planar sp2-hybridized hexagonal carbon lattice along with the
disappearance of RBMs suggest the unzipping of
SWNTs to form GNRs. The images ﬁltered using
D, G, and 2D bands for the intermediate steps
(immediately after the application of 0.36, 0.36,
0.36, 1.16, 1.16, and 1.66 V applied continuously
for 7 h) are shown in Figures S3, S4, and S5. Additional measurements have been conducted on
diﬀerent bundles to conﬁrm this phenomenon
(Figures S6, S7, and S8). Formation of graphene
ribbons was conﬁrmed by TEM (Figures S9 and 10).
The relative intensity of RBM III with respect to that of
RBM I (blue scatter) plotted in Figure 5a clearly shows a
reduction at various steps (electrochemical conditions),
numbered from 1 to 7 (same order as in Figure 2). We
have excluded the eighth step (i.e., 1.66 V applied to
the working electrode) as in most cases the RBMs I and
III are not present or are negligible to take a ratio.
A considerable increase in the intensity of the D
(1345 cm1) band is observed with each step. The
ID/IG ratio has increased (Figure 2) from 0.039 (for open
circuit) to 0.246 (after the application of 1.66 V
for 7 h), suggesting the unzipping of SWNTs along
with the addition of some undesirable defects.
We have tried to analyze the G band and a broad
shoulder present at its lower wavenumber region by
deconvoluting the region from 1520 to 1610 cm1 with
two adjacent Lorentzian peaks (see a representative ﬁt
in Figure S11). The peak in the spectral range of 1520 to
1580 cm1 (labeled as G* here on) accounts for the
metallicity of the bundle, whose position and width
vary with the electrochemical conditions. The peak
width of the G (1596 cm1) band decreased from
23 cm1 for the pristine SWNT to 18 cm1 for the
seventh step with a small increase to 19 cm1 for the
last step, i.e., application of 1.66 V for 7 h. This
variation in the peak width of the G band is also
displayed in Figure 5a (wine color scatter), against
various steps. The data plotted are the average of the
information from four sets of in situ Raman spectroscopic data. The standard deviation is given as the error
bar. The G* band shows a large decrease in its area and
width along with a shift of the center maximum of the
Lorentzian peak (details are given in Table S1 and
Figure S12). This along with the variation in the RBM
intensity ratio (blue scatter) explicitly conﬁrms reduction
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Figure 4. Transformation of SWNTs to graphene ribbons. The ﬁrst row (a, b, and c) presents the images of the SWNT prior to
the electrochemical unzipping, ﬁltered using D (13201380 cm1), G (15651615 cm1), and 2D (26202700 cm1) bands,
respectively (scale bar is 4 μm). The second row (e, f, and g) shows the images of the unzipped SWNTs ﬁltered using D, G, and
2D bands. The presence of the G and 2D bands suggests that the sp2-hybridized carbon structure is intact with an increase in
the defect density (scale bar is 3 μm).

Figure 5. (a) Variation in the intensity ratios of the third RBM to that of the ﬁrst RBM (blue) and variation of the peak width of
the G band (wine color) for various steps (electrochemical conditions labeled in Figure 2 in the same order). Each point is the
mean of the ratios from all four sets of in situ Raman data considered in the article. Their standard deviation is given as the
error bar. (b) Cyclic voltammograms of pristine SWNT mixture, SWNT oxide, and graphene nanoribbons in the potential
window from 0.7 to 0.7 V vs MMS in 0.5 M H2SO4 (same as used for the in situ Raman measurements) using a glassy carbon
electrode at 100 mV/s scan rate. Arrows in the ﬁgure indicate the potential where SWNTs are selectively oxidized or reduced.

in metallicity.30 We have also ﬁtted the 2D band with
a Lorentzian to measure the variation accurately. It is
seen that there is a decrease in the intensity of the 2D
band as the transformation progresses. We have also
found from the spectral deconvolution data that
there is a decrease in the width of the 2D band
(Figure S13), which is an indication of the decoupling
of the layers: the separation of individual tubes from
one another upon unzipping in this particular experiment. As the sample under study was a bundle
JOHN ET AL.

(not isolated SWNTs), it is intuitive that the integrity
of the bundle might be aﬀected by the unzipping
process, as evident from Figure S10. However, it is
diﬃcult to know the details of the modiﬁcation
happening to the bundle using the available observations. The variation of the RBM at negative electrode potentials can happen only after the prior
application of a positive potential. This suggests
that the oxidation followed by reduction enhances
unzipping.
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The applied electric ﬁeld initiates the breaking of sp2
carbon bonds, perhaps at the middle (longitudinal)
region of the side wall of the nanotubes, where a few
topological defects can act as the epicenter (Stone
Wales defects). The above argument is supported by
molecular dynamic simulations on MWNTs31 and our
TEM measurements (Figure S10 D). This defect generation continues in the longitudinal direction due to the
ﬁeld gradient, as evidenced by the subtle changes in
the voltammogram (Figure 5b) similar to the changes
seen in in situ Raman features. Broken SWNTs along a
straight line are stretched farther away by the tension
in the curved surface, which could result in the transformation into graphene oxide layers.32 Cyclic voltammograms for the oxidation of SWNTs within the
potential window from 0.7 to 0.7 V (vs mercury/
mercurous sulfate (MMS) reference electrode) show
surface-conﬁned peaks at the beginning with a capacitance value of 50 F/g. However, after 7 h of oxidation
at a potential of 0.7 V, there is a large increase in the
capacitance (83 F/g), partly due to the change in surface area originating from the morphological changes
and the remaining contribution due to the creation of
oxygen-containing moieties.
More signiﬁcantly, the increase in nonfaradaic current with time suggests subtle morphological changes,
including that of the area. By keeping the potential at
0.7 V for 7 h, the oxidation of SWNTs generates an
enormous number of oxygen functionalities (mainly
for semiconducting types). At the end, interestingly the
open-circuit potential also increases by 55 mV, clearly
revealing the formation of many of these groups,
which usually happens because of the creation of
functional groups due to oxidation. Oxidative unzipping, which increases the surface area per SWNT, also
enhances the capacitance, accounting for the increase
in area as well as the formation of functional groups
(especially, oxygen-containing functional groups).
After selective reduction of SWNT oxide at 0.7 V for
7 h, there is a gradual decrease in the capacitance
ascribed to the removal of oxygen functionalities (from
X-ray photoelectron spectra in ref 18) from unzipped
tubes implying faster kinetics compared to that during the oxidation step.33 Peaks at 0.57 and 0.38 V
correspond to oxygen reduction and hydroxide
formation.
In addition to the electric ﬁeld eﬀects as addressed
above, structural characteristics of SWNTs such as
chirality and diameter could also lead to speciﬁed
preferences for the unzipping process, as evidenced
by the in situ Raman spectroscopic measurements. In
order to clarify their inﬂuence and to understand
further the fundamental role of oxygen in unzipping,
we have performed calculations using the spin-polarized
density-functional tight-binding (DFTB) method. On
the basis of geometrical optimization of three sets
of SWNTs with diﬀerent chiralites and diameters,

Figure 6. Optimized conﬁgurations of (4, 4), (5, 2), and (7, 0)
SWNTs with nO (n = 1, 2) by self-consistent charge formalism (SCC-DFTB-D). These chiralities were chosen so that the
nO addition is visually identiﬁable along with clarity in the
direction of oxygen addition. A number of various chiralitites were used for the DFTB-D study of the dependence of
the nO binding energy on the oxygen attachment direction
and diameter of the SWNT.

relative energy changes in forming epoxy groups on
the outer walls were studied. We classify carbon nanotubes by their diameter into three sets; the ﬁrst set
includes chiralities (4, 4), (5, 2), and (7, 0), the second set
(5, 5), (6, 3), and (9, 0), and the last set (6, 6), (7, 4), and
(11, 0). All three sets of SWNTs have lengths between 2
and 3 nm. Both ends of the SWNTs are terminated
chemically by hydrogen atoms.
By forming epoxy groups on graphitic carbon structures, the underlying sp2 carboncarbon bonds will be
elongated; thus SWNTs can be unzipped, or cut, by
oxidation into graphene nanoribbons with speciﬁc
width depending on the structures of SWNTs.34 It is
shown that, by preferential aligning, the total energy of
epoxidized SWNTs could be lowered.35,36 As illustrated
in Figure S14, there are several possible pathways for
cutting by binding oxygen atoms, as described by their
relative orientation to the axis of SWNTs. In the ﬁrst set
of SWNTs for example, there are two cutting directions
for armchair (4, 4) nanotubes, with diﬀerent angles to
the axis, 0 and 30, respectively. For chiral (5, 2)
SWNTs, angles are 16.1, 52.9, and 76.1, and for
zigzag (7,0) SWNTs, the angles are 30 and 60 for
zigzag nanotube (7,0). The other two sets have similar
cutting mechanisms with multiple pathways. All the
structures have been optimized, and the most stable
structures in the ﬁrst set of SWNTs and their oxidized
derivatives are shown in Figure 6. For the armchair and
chiral SWNTs, the ground states of the products are
closed-shell singlet, while for zigzag ones, quintet
states with four unpaired electrons on the nanotube
ends are preferred energetically. The energies of epoxidized structures with one and two oxygen atoms are
listed in Table S2.
According to the BellEvansPolanyi (BEP) principle, the diﬀerence in activation energy between two
reactions of the same family is proportional to the
VOL. 8

’

NO. 1

’

234–242

’

239

2014
www.acsnano.org

ARTICLE
Figure 7. Dependance of oxygen binding on the diameter of SWNT. Variation of the binding energy (Eb) of the SWNTs þ O (n = 1,
blue data) (a) and (n = 2, maroon) (b) with the diameter of SWNTs.

diﬀerence of their enthalpy of reactions. Thus the
binding energies calculated here oﬀer explicit evidence to assess the reaction barrier of SWNT oxidation.37 This is conﬁrmed by direct comparison between
calculated binding energies and reaction barriers using
the climbing nudged energy band (CNEB) method
using the ﬁrst-principles method (details given in the
Supporting Information as text and Figure S15). From
the results we can clearly see that, for SWNTs with the
same chirality, it turns out that SWNTs with smaller
diameters have higher oxygen-binding energies; that
is, one oxygen cutting through epoxidation is energetically more favorable for SWNTs with smaller diameters than those with larger diameters. As an
example, Eb for (7, 0) is 5.1436 eV, while for (9, 0) and
(11, 0), it is 4.3011 and 4.1384 eV, respectively. For all
structures under investigation, we ﬁnd the direction of
epoxidation prefers to be aligned to the nanotube axis.
There is also a distinct dependence of Eb on the
angle of chirality θ (for a nanotube with chiral index
√
(n, m), θ = tan1[ 3m/(m þ 2n)], e.g., θ = 0 and 30 for
zigzag and armchair CNTs, respectively) of an SWNT, as
shown in Figure S16. As the chiral angle of graphene
lattice increases, Eb decreases and the binding of
oxygen atoms through epoxy groups is less preferred.
In order to correlate the DFT calculations with
the in situ Raman spectroscopic observations, we have
performed similar calculations for SWNTs with the
chiralities, the same as in the Raman studies
(Table S3 and Figure S17). The calculations matched well
with our experimental results for certain SWNTs, as the
binding energies of 2O addition for (12, 0), (12, 5), and
(11, 7) with relatively large diameters are 9.65, 9.86, and
9.90 eV, whereas for (9, 3), (10, 1), and (10, 4) the
binding energies are 10.47, 10.14, and 10.20 eV, respectively (Figure 7). The data indicate that, for the ﬁrst
three SWNTs, oxygen addition is more diﬃcult when
compared to the later ones. The energetics of oxygen
addition is a direct measure of the ease of unzipping;
JOHN ET AL.

that is, (9, 3) and (10, 1) can be be unzipped with lesser
energy (low electrode potentials), whereas (12, 5) and
(11, 7) need relatively higher energy to get unzipped.
These structural characteristics, with additional eﬀects
of the applied ﬁeld clariﬁed above (not included in the
calculations), and potentially the interaction between
substrate and SWNTs38 determine the preference of
oxidation and cutting processes of SWNTs.
CONCLUSIONS
Here we report an in situ Raman spectroscopic and
microscopic investigation of the electrochemical unzipping of SWNTs. From careful observation of the
RBMs and by using inputs from resonant Raman
scattering theory, we understand that two types of
metallic SWNTs with chiralities (10, 4) and (12, 0) are
opened up rapidly at 0.36 V followed by a gradual
opening of another two metallic SWNTs with chiralities
(9, 3) and (10, 1) at 1.16 V. This is again followed by the
slow unzipping of another two kinds of semiconducting nanotubes with chiralities (11, 7) and (12, 5) at a
relatively high potential (1.66 V). It has been observed
that smaller size SWNTs are unzipped at relatively low
electrode potentials. A gradual decrease in the metallicity of the SWNT ensemble was conﬁrmed from the
careful observation of the width of the G band. An
increase in the D (defect) band with retention of the 2D
band suggests unzipping of nanotubes forming graphene ribbons. A CV study conﬁrms selective oxidation
of SWNTs at an applied potential of 0.7 V for 7 h.
Oxidative unzipping is evidenced by the improvement
in capacitance. In the next reduction step, SWNT-oxide
becomes graphene, which is clear from the subtle
changes in the voltammograms with a decrease in
the capacitance. On the basis of DFTB calculations, we
show that there is a dependence of the diameter and
chirality of an SWNT on the binding energies of single
and double oxygen atoms as in-line epoxy groups. This
trend is similar to the in situ Raman spectroscopic
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METHODS AND MATERIALS

tight-binding approach that utilizes an optimized minimal
linear combination of atomic orbital (LCAO) Slater-type allvalence basis set and a two-center approximation for Hamiltonian matrix elements. The Coulombic interaction between
partial atomic charges was determined using the self-consistent
charge (SCC) formalism. SlaterKirkwood-type dispersion was
employed for van der Waals and ππ stacking interactions. This
approach has been shown to give a reasonably good prediction
of carbon nanostructures and their functional derivatives.41,42
Conflict of Interest: The authors declare no competing
ﬁnancial interest.

Preparation of the SWNT Sample. The sample of SWNTs from
Carbon Nanotechnologies Inc., which is a mixture of semiconducting and metallic nanotubes, was purified according to the
following protocol. The mixture was heated for 12 h at 250 C in
a furnace. It was further treated with 15 mL of concentrated HCl,
thereby removing the metal catalysts as their chlorides. The
acid-treated sample was then filtered using a membrane
(0.2 μm pore size) filter to obtain bucky paper, which was
neutralized with a 1 M solution of NaHCO3, until the filtrate
showed a pH greater than 7.0. The unreacted acid was removed
followed by washing with copious amounts of water. The
residue collected was dried at 70 C for 6 h and preserved
under vacuum until further use. The dispersion of the purified
SWNT was prepared by taking 1 mg of the sample in 10 mL of
dimethyl formamide (purchased from Qualigens) and sonicating it for 2 h with control over temperature.
Electrochemical Cell for in Situ Raman Measurements. A 50 μL
sample of the SWNT dispersion in DMF was drop casted on
the working electrode of the electrochemical cell. The cell was
designed in such a way that both the electrodes (working and
counter) are on the conducting side of the indium-doped tin
oxide coating (conductivity of 40 Ω cm1, purchased from
Nikon Sheet Glass Ltd.). We made a discontinuity on the
conducting side of the glass slide by removing the conducting
layer by scratching to create the electrodes (inset of Figure 1).
The cell was covered with a coverglass, through which the
process of unzipping can be observed using Raman spectroscopy. Three sides of the cell were sealed with Teflon tape to
make it a cavity with one side open in order to allow the insertion of the electrolyte. The electrolyte (0.5 M H2SO4) was
injected into the cell with the help of a syringe, which was then
distributed into the cell by means of capillary action as a cell
column thickness of around 0.15 mm was used. A coverglasscorrected (¥/0.17) 100 oil immersion objective (NA 1.3) whose
working distance is 0.23 mm was used for spectral measurements. The potential was applied using a dc source in the range
5.0 to þ5.0 V.
Confocal Raman Spectroscopy and Imaging. Confocal Raman measurements were done with a WiTec GmbH, CRM RS300 instrument having a 532 nm Nd:YAG laser as the excitation source.
The effective scan range of the spectrometer was 03800 cm1
with a 600 grooves/mm grating, and the dispersed light intensity was measured by a Peltier-cooled charge coupled device
(CCD). Raman imaging was done using the same grating, with
an integration time of 100 ms. The piezoelectric scanner with
maximum scanning area of 100 μm  100 μm enabled the
movement of the electrochemical cell (which is at the focal
plane of the objective) for scanning. Each image contains
200 pixels in 200 lines (40 000 pixels) with each pixel having a
Raman spectrum of a particular spatial position. Single-spot
spectra were also acquired with larger integration times.
For improved resolution and to ascertain peak positions,
1800 grooves/mm grating was used while acquiring single-spot
spectra. The intensities of the desired portion of the spectra,
collected over all of the pixels, were compared by Scan CTRL
Spectroscopy Plus Version 1.32 software, to construct colorcoded images. Also, the image corresponding to various features of graphene, namely, RBM I, RBM II, RBM III, D, G, and 2D,
was filtered from the image using WiTec Project 3.2.
Transmission Electron Microscopy. TEM imaging was performed
using a JEOL 3010 instrument. The accelerating potential used
for imaging the graphene ribbons was 200 kV. The sample was
drop cast on a copper grid and was dried in ambient conditions
prior to the TEM analysis.
Density Functional Theory Calculations. All calculations here are
carried out using the DFTBþ program.39,40 DFTB is an approximate density functional theory method based on the
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observations, suggesting that the mechanism of unzipping is likely to be the formation of epoxides on
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from RBM I, RBM II, RBM III, D band, G band, and 2D band for
all eight electrochemical conditions (steps) are given along with
the average Raman spectra obtained from automated cluster
analysis (which showed similarity to the manually averaged
spectra) by the WiTec Project software. TEM images are also
included to show the unzipped SWNTs. Supporting evidence for
the BellEvansPolanyi principle by additional ﬁrst-principles
calculations is provided, which compares binding energies of
oxygen atoms and the reaction barriers. This material is available free of charge via the Internet at http://pubs.acs.org.
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