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Visualizing Ribbon-to-Ribbon Heterogeneity of Chemically
Unzipped Wide Graphene Nanoribbons by Silver
Nanowire-Based Tip-Enhanced Raman Scattering
Microscopy

Tomoko Inose, Shuichi Toyouchi,* Shinnosuke Hara, Shoji Sugioka, Peter Walke,
Rikuto Oyabu, Beatrice Fortuni, Wannes Peeters, Yuki Usami, Kenji Hirai, Steven De
Feyter, Hiroshi Uji-i, Yasuhiko Fujita,* and Hirofumi Tanaka*

Graphene nanoribbons (GNRs), a quasi-one-dimensional form of graphene,
have gained tremendous attention due to their potential for next-generation
nanoelectronic devices. The chemical unzipping of carbon nanotubes is one of
the attractive fabrication methods to obtain single-layered GNRs (sGNRs)
with simple and large-scale production. The authors recently found that
unzipping from double-walled carbon nanotubes (DWNTs), rather than single-
or multi-walled, results in high-yield production of crystalline sGNRs.
However, details of the resultant GNR structure, as well as the reaction
mechanism, are not fully understood due to the necessity of nanoscale
spectroscopy. In this regard, silver nanowire-based tip-enhanced Raman
spectroscopy (TERS) is applied for single GNR analysis and investigated
ribbon-to-ribbon heterogeneity in terms of defect density and edge structure
generated through the unzipping process. The authors found that sGNRs
originated from the inner walls of DWNTs showed lower defect densities than
those from the outer walls. Furthermore, TERS spectra of sGNRs exhibit a
large variety in graphitic Raman parameters, indicating a large variation in
edge structures. This work at the single GNR level reveals, for the first
time, ribbon-to-ribbon heterogeneity that can never be observed by
diffraction-limited techniques and provides deeper insights into unzipped
GNR structure as well as the DWNT unzipping reaction mechanism.
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1. Introduction

Graphene nanoribbons (GNRs), a quasi-
one-dimensional form of graphene, have at-
tracted great attention for both fundamen-
tal research and nanoelectronic device ap-
plications due to the chemical tunability of
their band structure.[1–7] GNRs have been
produced in a number of methods rang-
ing from top-down[8–14] to bottom-up.[15,16]

Bottom-up fabrication allows for the precise
design of GNRs based on chemical reac-
tion procedures, resulting in uniform, high-
quality nanoribbons. Bottom-up GNRs with
nanometer-wide ribbons are appropriate
for semiconductor device applications. It
also enables the fabrication of nanoribbons
with desired functionality by nitrogen atom
doping[17] and edge structure control.[18]

Chemical unzipping carbon nanotube
(CNT) is another well-studied process
in GNR synthesis. The chemical unzip-
ping method produces a reasonably easy
GNR synthesis procedure that is ideal for
large-scale synthesis.[10–14,19] Typically, the
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unzipping process yields GNRs with widths more than 10 nm,
with semimetallic properties and the potential for use in
nanowiring electronic devices. Unzipped GNRs can be chem-
ically functionalized to add semiconductive characteristics.[20]

During chemical unzipping, the quality of the produced GNR is
known to be highly dependent on the reaction protocol and/or
starting CNT types. In typical cases, CNTs are first oxidized
to induce sp3-type defects on the surface, then dispersed in
a solution containing dispersing agent/radical sources, and fi-
nally unzipped by sonication.[21] We have recently found that
the unzipping of double-walled carbon nanotubes (DWNTs),
rather than single- or multi-walled, results in high-yield pro-
duction of crystalline single-layered GNRs (sGNRs) with a rel-
atively short sonication time (e.g., 20 h for SWNTs and 5 h for
DWNTs), in which poly(m-phenylenevinylene-co-2,5-dioctoxy-p-
phenylenevinylene) (PmPV) acts as both an efficient dispersing
agent and radical sources.[20,22,23] Regarding the mechanism of
DWNT unzipping, it is observed from atomic force microscopy
(AFM) that double-layered GNRs (dGNRs) are first generated,
with subsequent sonication leading to the separation of the two
graphene layers to form sGNRs. Complementary evidence of this
can be found from the presence of partially branched intermedi-
ate state GNRs (i.e., y-shaped GNRs) at an early reaction stage
(sonication time ≈1 h). Despite this, the detailed characteriza-
tion of the produced GNRs has yet to be achieved. Raman spec-
troscopy can be a suitable candidate for this as its vibrational spec-
trum provides rich information on the chemical and electronic
structure of nanocarbons.[24–30] However, the low spatial resolu-
tion of Raman spectroscopy (i.e., several hundreds of nanome-
ters) hinders the possibility of the single GNR analysis. Given the
expected heterogeneity, nano-Raman spectroscopy is now highly
required for further understanding of chemical/electronic struc-
ture as well as unzipping reaction mechanisms.

Here, we applied tip-enhanced Raman scattering (TERS) mi-
croscopy for single-unzipped GNR analysis. TERS microscopy is
known as a powerful technique, which combines the high infor-
mation content afforded by optical techniques with the molec-
ular level topographic information provided by scanning probe
microscopy (SPM).[31–35] Our group has recently developed a
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novel atomic-force microscopy-based TERS (AFM-TERS) probe
by functionalizing chemically synthesized silver nanowires to a
standard silicon AFM cantilever.[36–39] High TERS mapping sta-
bility as well as extremely high sensitivity aided by the silver
nanowires allows us to map out a sample’s nanoscale proper-
ties, such as defect characterizations on single CNTs below 10 nm
resolution.[36–39]

In this paper, we attempt to characterize ribbon-to-ribbon het-
erogeneity of DWNT unzipped GNRs (ribbon width: 10–40 nm)
in terms of defect density and edge structure, focusing on the
early unzipping reaction stage (1 h sonication). We report a large
variety in defect densities that originates from the difference
in radical-attack history between the inner and outer walls of
DWNTs, as confirmed via TERS measurement on an interme-
diate state of GNR (y-shaped GNR). We also consider that un-
zipped GNRs have a large variation in edge structures. This is
based on Raman spectroscopy parameters including the inten-
sity ratio of D-band to G-band and/or G-band peak positions.
This work at the single GNR level, for the first time, reveals a
large ribbon-to-ribbon heterogeneity that can never be observed
by diffraction-limited resolution methods, providing deeper in-
sight into the structure of unzipped GNRs and the reaction mech-
anism of DWNT unzipping.

2. Results and Discussion

2.1. AFM Characterizations

First, we demonstrate that GNR and DWNT can be distinguished
by AFM topography. Figure 1a–c shows typical AFM height im-
ages of a single-layered GNR (sGNR), a double-layered GNR
(dGNR), and a DWNT, respectively. GNRs were prepared by the
DWNT unzipping method previously reported by our group.[20]

This produces GNRs with a width range of 10–40 nm without
bandgap opening (metallic) or chemical doping. The sample for
TERS measurements was prepared by drop-casting a GNR so-
lution of 1 h sonication time onto an Au(111) substrate (see the
Experimental Section for details). A short sonication time was tar-
geted as the sample contains multiple types of GNRs (i.e., sGNR,
dGNR, etc.) as well as ribbons with intermediate states (y-shaped
GNR).[20] We observed carbon nanostructures with three ranges
of AFM height: 0.7 nm (d), 1.5 nm (e), and higher than 2 nm (f).
As no carbon structure less than 1 nm in height was observed
from the original materials (Figure S1, Supporting Information),
the observed structure of 0.7 nm can be safely assigned to un-
zipped sGNRs. The height histogram in Figure 1g shows that
sGNRs are a major component of the sample used in this ex-
periment. Also, we barely observed GNRs where two sGNRs are
gathered into one ribbon (i.e., bi-layered) with the bi- and single-
layered regions, respectively, showing a height of around 1.5 and
0.7 nm (e.g., Figure S2, Supporting Information). Such structure
type can be assigned to GNRs of an intermediate state during
the unzipping process,[20] which is called y-shaped GNR (yGNR).
Accordingly, the structure of 1.5 nm height can be assigned to
dGNR. The structure of >2 nm has typically a sharper height
profile than GNRs and can be assigned to residual DWNTs (or
DWNT bundles). As stated above, the type of CNT or GNRs in
the sample can be distinct by AFM topography.
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Figure 1. AFM characteristics of carbon nanostructures contained after unzipping process. a–c) Typical AFM height images of single-layer GNR (sGNR,
(a)), double-layer GNR (dGNR, (b)), and double-walled carbon nanotube (DWNT, (c)) dispersed on Au(111) substrate. AFM images were obtained with
silver nanowire TERS probes under tapping-mode AFM feedback. d–f) Corresponding cross-sectional height profiles of sGNR (d), dGNR (e), and DWNT
(f). g) AFM height histogram of carbon nanostructures after 1 h unzipping (n = 200).

2.2. TERS Analysis on Y-Shaped GNRs

Next, we performed a TERS analysis, targeting GNRs, by ap-
plying a method to distinguish sGNR based on AFM height
and nanoribbon width. Here, we mainly attempt to evaluate de-
fect density of two sGNRs originating from the inner and outer
DWNT walls, focusing on yGNRs. Figure 2 shows TERS map-
ping images and averaged spectra on a yGNR. We performed
hyperspectral mapping at 200 × 400 nm areas (with 10 nm
pixel resolution). Peaks around 1330, 1600, and 2650 cm−1 are,

respectively, assigned to D-band (disorder-induced mode with
one phonon lattice vibrational process), G-band (E2g-symmetry
phonon mode of sp2 carbon atoms), and 2D-band (second-
order mode of the D-band with two phonon lattice vibrational
process).[40] Note that a nanometer-wide GNR’s specific bands,
such as radial breathing-like mode or shear-like mode, were not
observed on the TERS spectra due to the larger width of our
GNRs (10-40 nm).[41,42] Maps of D- and G-band peak intensity
as well as D to G ratio (D/G) were generated by third polyno-
mial peak fitting after baseline corrections in each data set. TERS

Small 2024, 20, 2301841 © 2023 The Authors. Small published by Wiley-VCH GmbH2301841 (3 of 10)

 16136829, 2024, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

ll.202301841 by C
ochrane Japan, W

iley O
nline L

ibrary on [25/01/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.small-journal.com


www.advancedsciencenews.com www.small-journal.com

Figure 2. TERS measurements on a single y-shaped GNR (y-GNR: intermediate state of unzipping process) on Au(111) substrate. a–c) TERS-mapping
images of D-band intensity (a), G-band intensity (b), and D/G ratio (c). The maps were obtained by hyperspectral TERS mapping performed under
632.8 nm excitation with the power of ≈40 kW cm−2 (acquisition time: 300 ms per pixel). Mapping area was set to 200 × 400 nm with 10-nm pixel
resolution. Maps were reconstructed from hyperspectral data sets by third polynomial peak–top fitting with linear baseline corrections on each spectrum.
d) Averaged TERS spectra on sGNR1, sGNR2, and dGNR (named as (b)). Averaged area is indicated by red square in (a). Note that spectra at high
frequency region (around 2D-band) were magnified by four times for easier visualization.

spectra in Figure 2d were extracted by averaging the collected
spectra in the red square regions as shown in Figure 2a. Note that
in this paper pixels below G-band intensity of 10 counts (= peak
detection intensity threshold of the current mapping condition)
are colored with black for easier visualization.

The corresponding AFM image of the TERS-mapped region
is shown in Figure S3 (Supporting Information), from which we
observed that sGNR1 (left, width 30 nm) is wider than sGNR2
(right, width 27 nm) and the height of dGNR (≈1.5 nm) is
doubled to sGNRs. This suggests that sGNR1 and sGNR2 are
branched from dGNR and originate from the outer and inner
walls of an original DWNT, respectively. From TERS spectra in
Figure 2d, we observed that the 2D-band of dGNRs consists of
two Lorentzian components, while that of sGNRs showed a sin-
gle component (Figure S4, Supporting Information). Note that

a weak 2D-band of sGNR1 is due to higher defect density rela-
tive to sGNR2 as explained later. Generally, an asymmetric 2D-
band in graphitic materials means that there is an interaction of
the electronic states between graphene sheets.[43] This suggests
that only dGNRs are bi-layer structures, in agreement with the
AFM results. For sGNRs, we observed that the G-band was split
into two peaks. The splitting of the G-band has been reported
to be caused by the excitation of separate phonon modes for vi-
brations parallel (LO phonon mode, G+ band) and perpendicu-
lar (TO phonon mode, G- band) to the longitudinal axis.[41,44,45]

This provides further evidence, in addition to the AFM topogra-
phy data, that the measured structures are sGNRs. The D-band
intensity was largely different between the two sGNRs (Figure 2d)
and the maps in Figure 2a–c show the difference in D-band (D/G
ratio), which is not local, but found across the ribbons. This
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Figure 3. Large area TERS mapping. a) AFM height image of TERS-mapping region (700 × 700 nm). Note that ten carbon nanostructures (named 1–10)
are located in the region and assignments of each carbon are summarized in Table 1. b,c) TERS-mapping images of D/G ratio (b) and G-band position
(c) at the area of (a). TERS measurements were conducted under 632.8 nm excitation at 30 kW cm−2 with 5-nm pixel resolution (acquisition time: 200 ms
per pixel).

average D/G ratio was detected on the two sGNRs derived from
another four yGNRs, with an averaged D/G ratio and ribbon
width shown in Table S1 (Supporting Information). The D-band
is a defect-induced carbon Raman mode activated by sp2 carbon
lattice disorder, and the D/G ratio has been widely utilized to as-
sess chemical/physical defect densities on carbon materials.[46]

In the case of GNRs, however, the D/G ratio may be altered not
only by defect densities on a sp2 plane but also by the types of edge
structures due to GNR’s higher surface area at edges relative to
the sp2 plane compared with graphene. This shows that a simple
comparison of D/G ratios does not result in a direct comparison
of defect densities on GNRs. Nonetheless, we found that the D/G
ratio of sGNRs from the outer DWNT walls is higher than that of
sGNRs from the inner DWNT walls in most cases (i.e., four out
of five yGNRs, Table S1, Supporting Information), and that the
D/G ratio of sGNRs from the outer DWNT walls is high on aver-
age (average D/G ≈1.4). As a result, assuming the randomness of
the edge structure when unzipping, sGNR from the outer DWNT
wall is presumed to be more defective than sGNR from the in-
ner DWNT wall. More evidence can be found in 2D-band inten-
sities. The intensity of the 2D-band is known to decrease with in-
creasing defect density and becomes almost negligible on amor-
phous carbons such as graphene oxide.[40,47] Figure 2 shows that
the 2D intensity of sGNR1 is significantly lower (and almost neg-
ligible) than that of sGNR2. Since 2D-band is still represented
on defect-free zigzag-rich GNRs,[44] we conclude that sGNR1
(= outer wall) is substantially defected compared with sGNR2
(= inner wall). In conclusion, the GNRs unzipped from DWNT
likely show a large difference in defect density depending on the
origin of DWNT walls, that is, inner or outer.

2.3. Large-Scale TERS Mapping

Due to this, a large ribbon-to-ribbon spectral variety can be seen
for unzipped sGNRs. Figure 3 shows large area TERS maps
of the D/G ratio (b) and the G-band peak position (c) and the
corresponding AFM image (a). The mapping area was set to
700 nm × 700 nm and contained ten carbons structures.
Table 1 lists AFM heights and assignments, as well as the aver-

age D/G ratio and G-band peak position for each carbon num-
bered in the AFM image in Figure 3a. The D/G map in Figure 3b
shows a large variation in the D/G ratio between sGNRs. For
example, sGNR “2” and “4” showed a low D/G ratio of around
0.1–0.2, whereas sGNR “5” or “6” showed a D/G ratio higher
than 2. Most GNRs exhibited some D/G heterogeneity along
the ribbons, which may be due to point defects on the origi-
nal DWNT that can be seen in “9” or inhomogeneities of edge
structures along the ribbon. Overall, it appears that, in addition
to the average differences in defect density related to the type
of the DNWT wall (inner or outer), some local defects related
to point defects originally present in the DWNT states, exist on
unzipped sGNRs.

Furthermore, a large variety is also seen in the G-band peak
position. The G-band peak position tends to show a higher fre-
quency shift with increasing D/G ratio (Figure 3c), as reflected in
the D/G to Pos(G) correlation plot in Figure S5 (Supporting Infor-
mation). Similar spectral trends have been reported for defective
graphene[47] and this suggests that the higher frequency shift is
mainly due to the increased density of defects. However, we con-
sider also another contribution to be included in the spectral vari-
ety, i.e., the edge effect. In particular, some GNRs (e.g., sGNR “1”

Table 1. List of AFM heights and assignments as well as average D/G ratio
and G-band position of carbon structures numbered in Figure 3a.

No. Height [nm] Assignment D/G Pos(G)/[cm−1]

1 0.84 sGNR 1.94 1602.2

2 0.67 0.15 1590.3

3 0.83 2.15 1599.0

4 0.78 0.18 1576.8

5 0.91 2.72 1596.9

6 0.59 2.20 1587.2

7 0.64 1.74 1591.6

8 0.79 1.82 1592.9

9 2.34 CNT 1.07 1591.1

10 1.22 dGNR 1.75 1598.3
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Figure 4. Statistical Raman parameter plot analyzed from TERS point spectra obtained from randomly selected 20 carbon structures. TERS point spectra
and extracted Raman parameters are presented in Figure S6 and Table S2 (Supporting Information), respectively. a–c) Plots of D/G ratio (a), D-band
width (b), and G-band position (c) as a function of AFM height. Note that carbons of less than 1 nm height are assigned to sGNRs, and larger than 2 nm
are to DWNTs. d) G-band magnified TERS spectra of CNT 1–2 and sGNR 1–4 indicated in (c).

or “4”) show a G-band peak position that exceeds the typical range
of (nondoped) single-layer graphene, which is ≈1580–1600 cm−1.
Furthermore, there are variations in G-band position despite the
similar D/G value (e.g., sGNR “3” and “6”). These trends cannot
be simply explained by the difference in defect density, and indi-
cate the presence of another structural contribution to the Raman
spectra.

2.4. Heterogeneity on GNR Raman Parameters

To study in more detail the spectral variety observed on GNRs,
TERS point spectra were measured from 20 carbon structures
together with AFM images (Figure S6 and Table S2, Supporting
Information), and the Raman parameters are plotted against the
AFM height in Figure 4a–c. Instead of spectral mapping, point
measurements (acquisition time: 10–30 s) were carried out to
assure a high signal-to-noise ratio. This enables us to evaluate

the peak width and the presence of minor peaks. The D/G ratio
plot in Figure 4a represents the increase of as well as a large va-
riety in the D/G ratio on GNRs, which is analogous to the map-
ping results in Figures 2–3. The D-band width (i.e., full width
at half maximum of D-band, FWHM(D)) plotted in Figure 4b
shows large variations (40–140 cm−1), while for DWNTs the D-
band width is ≈40–60 cm−1. Considering that the D-band width
correlates more directly to samples’ crystallinity, the result sug-
gests that there is a large ribbon-to-ribbon heterogeneity in defect
density—from almost defect free to highly defective—on GNRs,
likely due to the types of original DWNT walls described above
(i.e., inner or outer).

The G-band position plot in Figure 4c shows a large variety on
G-position after unzipping (see also Figure 3c). As already men-
tioned, the typical G-band position of (nondoped) single-layer
graphene is in the range of 1580–1600 cm−1, but in our exper-
iments, some GNRs exceed this frequency range by 10 cm−1 for
both the lower and higher frequency. Although the extraordinal
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Figure 5. TERS measurements on an “irregularly” unzipped GNR. TERS mapping was conducted under the laser power of ≈40 kW cm−2 with an
integration time of 300 ms per pixel. Mapping area was set to 300 × 170 nm with 5-nm pixel resolution. a–d) TERS-mapping images of D-band intensity
(a), G-band intensity (b), 2D-band intensity (c), and D/G ratio (d). e) Averaged TERS spectra of A and B marked with red square in (a). f) Schematic
diagram of GNR structures.

variation of the G-band position may be due to the variations in
strain[48] and/or carrier concentration,[49] we discuss the varia-
tion to be mostly caused by the variety of the GNR edge type
based on the following detail spectrum analysis. TERS spectra
of such “out of range” sGNRs (named sGNR 1–4) are plotted in
Figure 4d. From the spectra, we found that the intensity ratio of
G- and G+ are largely different between sGNR 1–2 and 3–4 and,
interestingly, an additional peak at 1532 cm−1 was observed on
sGNR1 and 2. Referring to recent reports, it has been predicted
that the G-band of GNRs splits into G− and G+ depending on the
edge structures, and G− and G+ are activated only on Zigzag and
Armchair edges, respectively.[45,24,50–51] Also, Hung et al. observed
additional Raman bands at 1450 cm−1 (very weak) and 1530 cm−1

on graphene edges and discussed that those are associated with
the edge phonon states of Armchair and Zigzag (H-terminated)
edges, respectively.[52] According to these reports, GNR’s Raman
spectrum of Zigzag edges and Armchair edges should show a
lower frequency-shifted G-band (G− active) with an edge phonon
peak around 1530 cm−1 and a higher frequency-shifted G-band
(G+ active) with a tiny peak around 1450 cm−1, respectively, where
most of the trends are seen on our sGNR1-2 and sGNR3-4. The
absence of 1450 cm−1 in TERS spectra of sGNR3 and sGNR4
could be due to the peak intensity being below the sensitivity

limit due to the phonon band’s intrinsically low intensity. Note
that the D/G ratio is also known to be vastly different between
Zigzag and Armchair edges, but in our case, the large ribbon-to-
ribbon crystallinity variety made it difficult to discuss by D/G ra-
tio (for this reason, we discussed the edge type by G-band shape).
Therefore, we speculate that sGNR 1–2 and 3–4 have Zigzag-rich
and Armchair-rich edge structures, respectively, and the sGNRs’
large variety of G-band position is not only due to the variety of
crystallinity but also to the large variation in GNR’s edge struc-
tures, most likely due to the randomness of DWNT chirality as
well as the nonchirality-specific unzipping nature.

Further complementary evidence of the edge variety in un-
zipped GNRs can be seen from an “irregularly” unzipped GNR
(see TERS mapping shown in Figure 5). The measured sGNR
exhibited changes in unzipped direction with an angle of about
107 degrees, where the point is assumed to be the connected part
of two unzipping directions (a schematic is shown in Figure 5).
The angle itself does not suggest a perfect zigzag-to-armchair
configuration, but it should have structures with Zigzag-rich to
Armchair-rich for either bottom/top part of the sGNR. An aver-
aged TERS spectrum, extracted at the red square in the D-band
map (marked A), in Figure 5e represents the top part showing a
G-band split (G-active) with negligible D-band. This suggests that
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Figure 6. Schematic illustration of DWNT unzipping process. Initial heat treatment makes point defects on DWNT walls. Subsequent ultrasonic treat-
ment initiates the cleavage of outer DWNT walls from initial defect points created by heat treatment (a). As the progress of the unzipping of the outer
DWNT wall, the inner DWNT wall appears and initial defects are created on some area of the inner DWNT wall, and unzipping of this inner DWNT wall
also begins (b). Defects continue to be created on the outer DWNT wall until the inner DWNT wall is completely unzipped resulting in lower crystallinity
of sGNR originating from the outer DWNT wall (c). The edge structure of the obtained sGNR originating from both outer and inner DWNT are random
(d).

the sGNR has high crystallinity (speculated to be generated from
the inner wall), which allows us to also discuss the edge struc-
tures with the D/G ratio. The G-active nature suggests that the top
part has Zigzag-rich structures, as discussed in Figure 4. While
moving onto the bottom part (extracted from the red square
marked B), we observe that the G− band is red-shifted (G+ ac-
tive) and, interestingly, the D/G ratio is suddenly increased up
to about 3. Since the large D-band is previously reported for an
Armchair-type graphene edges,[45] we speculate that the bottom
part has Armchair-rich configuration.

2.5. Reaction Mechanisms of Chemical Unzipping

By combining the previous research with the current TERS re-
sults, the following reaction mechanism of the DWNT-unzipping
process can be described (Figure 6). Our earlier work has shown
that initial heat treatment causes a particular number of defects
in DWNT and that subsequent ultrasonic treatment in the pres-
ence of PmPV initiates DWNT unzipping.[20] PmPV is required
during the procedure because its phenylenevinylene structure
aids in the production of a hydrogen or radical donor species via
sonication.[22] Given the PmPV’s molecular size, we predicted
that it would predominantly adsorb on the surface (= outside
wall) of DWNTs, and so causes defects preferentially on the outer
walls of DWNTs (Figure 6a). The current TERS studies on inter-
mediate yGNRs successfully produced complementary evidence
of this, with a greater defect density seen on sGNRs from the
outer DWNT wall than those from the inner wall (Figure 6b).
Hence, these data support our hypothesis. As the reaction pro-
gresses, the inner DWNT wall begins to expose in the solution,
and defects are generated via radical attack, possibly with a den-
sity significantly lower than the outer wall, and finally the inner
DWNT wall cleavage occurs. During this stage, the defect density
of GNRs from the outer wall may increase further. As a result,
there is a significant difference in defect density between sGNRs
originating from the outer and inner DWNT walls (Figure 6c).

TERS microscopy has also revealed a wide range of variations in
edge structure. We found that the sGNR edge structure is random
and independent of the original wall types (= inner or outer). As a
result, the unzipped GNRs contain edge structures ranging from
Zigzag, Armchair to Chiral. This implies that the unzip reaction
takes place in a nonchirality-specific manner (Figure 6d). Overall,
our single GNR study using TERS microscopy provided deeper
insights into the unzip reaction pathways that were previously
unable to identify using conventional, averaged measurements.

3. Conclusion

In this contribution, we performed silver nanowire-based TERS
analysis of DWNT-chemically unzipped GNR dispersed on
Au(111). Graphitic Raman parameters were found to be largely
different among GNRs and this suggests that unzipped GNRs
possess ribbon-to-ribbon heterogeneity of graphitic/electronic
structures. TERS measurements of a single y-shaped GNR (i.e.,
an intermediate state of the unzipping process) show that the
large differences in defect density on unzipped GNRs are rep-
resented by the unzipping process, in which the inner wall of
the DWNT is preserved to be nearly defect-free during the radi-
cal/oxidation reaction while the outer wall is highly defective. We
also observed a “unique” spectral trend, which involves a split
and notable shift in the G-band, as well as the appearance of a
tiny peak at 1530 cm−1, which we attribute to the edge phonon
mode. This demonstrates that a variety of edge types, from Arm-
chair to Zigzag, is present on unzipped GNRs. Therefore, we
consider that the observed large variety on GNR Raman spectra
arises from the heterogeneity of GNRs’ defect density and edge
structures, representing the characteristics and the randomness
of the chemical unzipping reaction. Our single-GNR level work
provides a better understanding of the reaction mechanism of
chemical unzipping methods of DWNTs and would open possi-
bilities for developing the next strategic design of chemically un-
zipping processes that leads to a practical large-scale synthesis of
sGNRs with uniform qualities.
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4. Experimental Section
Sample Preparation: Chemically unzipped GNRs from DWNTs were

obtained by the previously reported procedure. Initial defects to start un-
zipping of DWNTs were created by annealing of DWNTs at 500 °C for 3 h.
Then, the calcined DWNTs were unzipped into GNRs by 1 h sonication of
suspension of annealed DWNTs in 1,2-dichloroethane containing poly(m-
phenylenevinylene-co-2,5-dioctoxy-p-ohenylenevinylene) (PmPV). The ob-
tained materials after the sonication were drop casted on Au(111) and
AFM measurement was performed to characterize their topography. For
this measurement, the obtained product was dispersed in dichloroethane
and then drop-casted onto the Au(111) substrate and left it for 30 s, fol-
lowed by washing of the substrate with acetone and ethanol. This opera-
tion was repeated ten times, and a sufficient amount of GNR was placed
on the gold substrate for the measurement. The obtained substrate was
immersed in chloroform for 15 min and then annealed at 350 °C for 90 min
to remove excess amount of PmPV.

Silver Nanowires: Silver nanowires were synthesized following the pre-
vious reported procedure.[53] Briefly, 9.66 mL of EG was refluxed with
116.3 mg of PVP (0.108 m) at 160 °C for 1 h. Then, 80 μL of CuCl2 in
EG (4 mM) was added to this solution for 10 min. After adding 100 μL of
AgNO3 EG solution (0.12 m), the color of the solution turned from trans-
parent to green. After 10 min, 4.9 mL of AgNO3 EG solution (0.12 m) was
added drop-wise with an injection rate of 100 μL min−1. After adding all
AgNO3 solution, the reaction mixture was further refluxed at 160 °C for
1 h. Ethylene glycol (EG) solution containing 0.4% of water was used as
a solvent through the reaction. Then, the mixture solution was washed
with isopropanol by centrifuging the solution three times at 1200 rpm for
10 min to remove excess amount of PVP and EG. Finally, the precipitated
AgNWs were dispersed in isopropanol.

TERS Measurements: TERS measurements were performed on an
OmegaScope (Formerly AIST-NT, now Horiba) with a home-made opti-
cal platform. Laser light from a He–Ne laser (632.8 nm) was reflected by
a dichroic mirror (Chroma, Z633RDC) and then focused onto the sam-
ple/tip by an objective (MITUTOYO, BD plan Apo 100x, N.A. 0.7). Raman
scattering was collected using the same objective and directed to a CCD
camera (Andor, Newton 920) equipped on a Raman spectrograph (Horiba
JY, iHR-320) through the dichroic mirror, a pinhole, and a long pass fil-
ter (Chroma, HQ645LP). Polarization of incident light was set to maxi-
mize the TERS contrast/resolution (often parallel to the nanowire long
axis). A stage was designed in house to hold the SPM unit at an angle
of ≈60° (side-illumination) to the optical axis. Laser alignment to the tip
apex was often done by recording Rayleigh scattering maps as the objective
was scanned in the XY/XZ plane under a fixed tip position. Unless other-
wise stated, TERS imaging was performed in a hybridized contact-mode
(Spec-Top), in which TERS acquisition took place in contact-mode and the
movement between pixels in tapping-mode. Measurements were carried
out under ambient conditions and at room temperature. All SPM/Raman
measurements were processed using Gwyddion/IGOR Pro software.
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