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Electronic Structure Characterization of Individual Single-walled
Carbon Nanotube by in situ Electrochemical Surface-enhanced
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We present an electronic structural analysis of an individual single-walled carbon nanotube (SWNT)

employing electrochemical surface-enhanced Raman scattering (SERS). An isolated SWNT was supported on a
well-defined Au nanodimer structure, which possesses a localized surface plasmon resonance (LSPR) field at
the nanogap, and highly intense SERS spectra were measured for the SWNT at the gap region. The absolute
potential of the Fermi level of the isolated SWNT in an ionic liquid was determined from the electrochemical
potential dependence of the SERS intensity showing the dependence on the chirality of SWNT. The electronic
structural change in an isolated SWNT by ozone oxidation treatment was also analyzed. The results indicate
that the electrochemical SERS technique is a powerful tool for detailed analysis of the electronic structure of

isolated SWNTSs.

Introduction

Single-walled carbon nanotubes (SWNTs) have a
dimensional cylindrical graphitic structure and are fascinating
nanomaterials due to their quasi-one-dimensionality.l’2 The
specific structure gives rise to several spiked density of states,
which correspond to the van Hove singularities (VHSs), and
consequently produces a band gap between subbands arising
from the VHSs. In addition, SWNTs exhibit either metallic or
semiconducting character, which is dependent on the chirality
of the SWNT. Several recent studies indicated that geometric
defects and heteroatom doping of a SWNT significantly
electronic, catalytic and chemical

which has further expanded the
3-7

one

enhances the photo,
properties of SWNTs,
potential of SWNTs as advanced nanomaterials.

The absolute potential of the structure-dependent energy
level is one of the fundamental parameters to determine
electron transfer ability, and thus a detailed understanding of
the local electronic structure is required to improve and design
SWNT-based advanced materials. Among the various types of
nano-analysis techniques, scanning probe microscopies have
been widely employed to probe local electronic structures.
Kelvin force microscopy provided information on the local
surface potential of individual SWNTs, which is related to the
local work function.®® Electrochemical scanning tunneling
spectroscopy has been used to determine the local absolute
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potential of the Fermi energy for individual SWNTs at the
nanometer scale.” Although single SWNT measurements have
been successfully demonstrated, the scanning probe
techniques inherently suffer from not only low throughput,
but also difficulties in fixing the probe position for the target.
Resonance Raman scattering (RRS) and photoluminescence
(PL) techniques methodologies for
investigation of the electronic structures of individual SWNTs.
Strong RRS and PL due to the optical transition between VHSs
enables the detection of spectra with high throughput and

are other useful

sensitivity. Several groups have thus determined the absolute
potential of the valence and conduction bands, and the Fermi
levels for individual semiconducting SWNTs by the PL method,
whereby the Fermi level was found to be dependent on the
SWNT diameter.*>*
to the electronic state could be successfully obtained, it was

Although significant information related

not local at the nanometer level but averaged results from
bulk SWNTs dispersed in solution. In addition to the PL method,
the electrochemical
employed to probe the electronic state of individual SWNTs in

Raman scattering method was also

detail.”* Raman spectra of single SWNTs can be analyzed due
to the RRS process. Furthermore, unlike the PL method, RRS
enables Raman spectra of both metallic and semiconducting
SWNTs to be measured, which allows the analysis of both
electronic states of SWNTs. Analysis of the
electrochemical potential dependence of the Raman intensity

individual

enabled the absolute potential of the Fermi level to be
determined for both metallic and semiconducting individual
SWNTs.™ Generally, due to the diffraction limit of light in sub-
micrometer region, the contribution of the local electronic
structure has not yet been clarified using confocal Raman
scattering measurement.
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Surface-enhanced Raman scattering (SERS) is a
phenomenon that significantly enhances Raman scattering due
to the localized surface plasmon resonance (LSPR) field in the
vicinity of metal nanostructures under light illumination. In
particular, a metal nanodimer structure with a nanogap
produces a strong LSPR field at the gap due to coupling of the
LSPR excitation of the metal structures. The intense LSPR field
condensed within the nanometer region enables strong and
highly localized Raman scattering detection of target at the
nanometer level with very high throughput and sensitivity.ls_21
Recently, an isolated SWNT was supported within a Au dimer
gap, and intense SERS spectra for the nano-gap region of the
isolated SWNT could be successfully detected.? In addition,
strong coupling of LSPR with a SWNT was found to cause
selection-rule breakdown in the electronic optical transitions
of the SWNT.?* In spite of the progresses in the use of LSPR for
the characterization, determination of the local electronic
structure in-situ has not yet been carried out.

Herein, we present validation of the electrochemical SERS
technique for analysis of the electronic state of individual
SWNTs. An individual SWNT was supported on a well-defined
Au nanodimer structure with an intense LSPR field, and SERS
spectra were measured for the nanometer region of the
isolated SWNT. The electrochemical dependence of the SERS
spectra demonstrated that the absolute potential of the Fermi
level for an isolated SWNT could be analyzed, and a
relationship between the tube diameter and the Fermi level
was established. The change in the dependence of the
potential on the SERS intensity, induced by ozone oxidation
treatment, was also evaluated.

Experimental

Well-defined Au nanodimer arrays were fabricated using the
angle-resolved nanosphere lithography technique (AR-NSL)™®?*
to obtain an optimum LSPR field. Au nanodimer arrays with a
maximum extinction peak around 800 nm for incident light
parallel to the long axis of the dimer were fabricated over
indium tin oxide (ITO) coated on glass because a He-Ne laser
with a wavelength of 785 nm was used for the excitation of
Raman scattering. SWNT, which was synthesized by alcohol
chemical vapor deposition and provided by Prof. Maruyama,
was used.”® 100 pug of SWNTs was ultrasonicated in 10 mL of
1,2-dichloromethane for 1.5 h, followed by centrifugation for
30 min to remove excess SWNT bundles. The supernatant was
diluted in 10 mL of 1,2-dichloromethane, and the
ultrasonicated solution was dispersed onto the Au nanodimer
array on the ITO substrate. After deposition, rinsing with Milli-
Q water was repeatedly performed to remove excess SWNTs.
This simple dispersion process can support an isolated SWNT
at the Au nanodimer array, as reported previously.u’23 The
incident polarization dependence of the SERS signal intensity
confirms that the SWNTs exhibit SERS in the Au nanogap.zz‘23
Confocal micro Raman spectroscopy was employed under
electrochemical control (Renishaw 2000 spectrometer) with a

785 nm wavelength excitation laser using a 100x objective lens.

N,N,N-trimethyl-N-propylammonium bis-(trifluromethane
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sulfonyl) imide (TMPA-TFSI, Kanto Chemical), which is a
representative ionic liquid, was used as an electrolyte because
it has a wide electrochemical window and is easily dehydrated.
Heat treatment was conducted at 120 °C for 24 h in a vacuum
oven (ca. 10" Pa) to remove water. An Ag/Ag’ electrode in
saturated AgSO5CF; (99.5% Wako) in TMPA-TFSI was used as a

reference electrode. Pt wire was used as a counter electrode.

Results and discussion

Figure 1(a) shows a representative RRS spectrum obtained for
bundled SWNTs deposited on glass. Three dominant Raman
features were observed, which are attributed to the radial
breathing mode (RBM) at low frequency region, and the D
band (ca. 1300 cm"l) and G band (ca. 1590 cm"l) modes. The
RBM frequency arises from coherent bond-stretching in the
radial direction and is inversely proportional to the tube
diameter. The D band is related to defect structures in the
graphene matrix and is an indicator of disorder. The G band is
attributed to the in-plane C-C bond stretching mode of the
graphene lattice structure, and splits into G* and G" modes at
higher and lower Raman frequencies, which originate from
along the tube axis and along the tube circumference axis,
respectively. From the observed RBM frequencies, the
diameter, chirality and electronic character (semiconducting or
metallic) of a SWNT can be identified. Analysis of the
relationship between several observed RBM frequencies and
the excitation laser energy, i.e., a Kataura pIot,ZG‘27 indicated
the coexistence of both semiconducting and metallic SWNTs
with diameters in the range of 0.8—2.0 nm. SERS measurement
was conducted for an isolated SWNT supported on a Au
nanodimer array. Unlike the RRS spectrum, an intense Raman
signal could be clearly observed (Figure 1(b)). Typical RBM
intensities were four or more times stronger than the RRS
spectrum for the isolated SWNT. A single narrow RBM peak at
230 cm™ clearly indicates that the measured SWNT is an
individual SWNT. According to the Kataura pIot,ZG‘27 the
observed SWNT could be easily assigned to an isolated (8,7)
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Fig. 1 (a) RRS spectrum obtained for bundled SWNTs deposited on
glass. (b) SERS spectrum for an isolated (8,7) SWNT with an RBM of
230 cm™ supported on a Au nanodimer structure.
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Fig. 2 RBM SERS spectra under different potentials and plot of the RBM SERS intensity against the potential for (a, b) an isolated semiconducting SWNT
with an RBM of 265 cm™, and (c, d) an isolated metallic SWNT with an RBM of 169 cm™.

semiconducting SWNT with a diameter of 1.03 nm. Using such
a substrate, the electrochemical potential dependence of the
SERS spectra was evaluated for isolated semiconducting and
metallic SWNTSs at the nanometer scale.

Figure 2(a) shows RBM Raman spectra at 265 cm™ for an
isolated (10,2) semiconducting SWNT acquired with different
electrochemical potentials. The peak intensities were clearly
dependent on the potential and had a maximum at a certain
potential with an intensity plateau, as shown by the RBM
intensity versus potential plot (Fig. 2(b)). The same analysis
was also conducted for an isolated metallic SWNT (Fig. 2(c)),
although the RBM frequency was assigned to a (18,0) or (17,2)
metallic SWNT. The RBM intensities followed a similar trend
with respect to the potential, but no intensity plateau was
observed (Fig. 2(d)).

Previous reports on the potential dependence of the RBM
intensity proposed that the observed trend can be attributed
to doping to the conduction band and undoping to the valence
band of the SWNT.**%% The doping and undoping
processes cause a shift of the Fermi level to higher and lower
potentials, respectively. Bleaching of the optical transition
between VHSs occurs as the number of electrons in the density
of state (DOS) changes; therefore, the resonant Raman
intensity decreases. The resultant RBM intensity profile
showed a maximum peak at the potential where the Fermi
level is attained at the mid-gap energy between the first VHSs
of the SWNT due to maximum resonance. Considering that the
electrochemical potential with maximized Raman intensity
corresponds to the absolute potential of the Fermi level of the
SWNT, which is located in the mid-gap between the first VHSs,
the DOSs calculated for both SWNTs reported previously were
superimposed as gray lines in Figs. 2(b) and (d).30 It is clear that
the potential dependence of the RBM intensity for the
semiconducting SWNT (Fig. 2(b)) had a plateau and dropped to
around half of the calculated VHSs in the DOS, while sharp
attenuation of the RBM intensity was observed for the metallic
SWNT (Fig. 2(d)). Such different trends for these SWNTs are in
good agreement with the previous results,13 which indicates
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that the electronic character can be identified from in situ
electrochemical SERS spectra as well as RSS spectra. The
potential maximized Raman intensity E, was evaluated to be
0.0 and -0.1 V vs. Ag/Ag" for the semiconducting and metallic
SWNTs, respectively, and the absolute potentials of the Fermi
level ¢,,s, were estimated based on the following equation:31
@aps (Vs. vacuum) = ¢ (vs. SHE)+ 4.44 V (1)

Here, we assume that observed electrode potential ¢ (vs.
Ag/Ag’) corresponds to that of 0.01 M Ag/Ag’ reference
electrode in acetonitrile with the value of 0.560 V to ¢ (vs.
standard hydrogen electrode (SHE)).32 The ¢ (vs. Ag/AgCl (Sat.
KCl)) = ¢ (vs. SHE) — 0.199 V is also used in Fig. 3 to compare
previously reported values. ¢, is dependent on the diameter
of the SWNT. Figure 3 shows the RBM Raman shift (diameter)
dependence of ¢, for individual SWNTs. The estimated local
@.ps are marked as red solid circles. Previously reported results
are also denoted as black circles obtained by electrochemical
Raman measurements for an isolated SWNT,14 and black
triangles squares represent data obtained with
electrochemical PL methods.*>*? In the region of 140-180 cm‘l,
the RBM frequencies for the metallic SWNT are shown, and
the SWNTs are semiconducting in the range of 200 to 320 cm™.
It should be noted that unlike the PL method, the Raman
scattering method can be wused to analyze both
semiconducting and metallic SWNTs. Figure 3 shows that the
present results have a tendency where ¢,,; decreases as the
SWNT diameter increases, which is similar to the trend
observed by the electrochemical PL method.™ However, @,ps
estimated for the semiconducting SWNT was more positive
than that obtained with RRS (black circles)12 and other PL
methods (black triangles),9 and it showed a more gentle
diameter vs. ¢,,; dependence. The difference in the diameter
Vs. ¢ps dependence obtained in the present observations
could be attributed to highly localized excitation by the LSPR
field at the nanogap of the Au nanodimer for in situ
electrochemical SERS measurement. The previously reported R

and
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Fig. 3 RBM Raman shift (diameter) dependence of ¢, for individual
SWNTs. The estimated ¢,s are marked as red solid circles. Previously
reported results are also denoted as black circles obtained by
electrochemical Raman measurements for an isolated SWNT,* and
black data
electrochemical PL methods.

triangles and squares obtained with

11,12

represent

RS (black circles)14 and PL (black triangles)11 results were based
on measurements of an isolated SWNT under electron density
control using electrodes and chemical species, respectively. In
these experiments, the characteristics of the electronic
structure reflecting averaged information of whole part of
SWNTs in solution could be obtained. In the present system, it
is possible to obtain information on the local electronic
of the SWNT
nanostructure, and thus the intrinsic properties of carbon
atoms in a graphene matrix can be observed as having a
relatively weak diameter dependence on the electrochemical
potential of the electrons in the local density of states (LDOS).
Another previously reported PL result (black squares)12
obtained by ensemble measurements of bundle SWNTs on an

structures in the vicinity of the metal

electrode shows the similarity of the present observation. The
slight chirality dependences observed in both experiments
may reflect the information on the LDOS of doped/undoped
SWNT solvated at the electrified interface. The difference in
the values of the potential at the present SERS measurement
may be related to the characteristics of the solvation of SWNT
in an ionic liquid. Although further analysis is necessary, we
have demonstrated that the absolute potential of the Fermi
level can be determined for both semiconducting and metallic
isolated SWNTs by the in situ electrochemical SERS method.
Finally, to investigate further potential of the
electrochemical SERS technique, a detailed local electronic
structure analysis was also attempted for an isolated SWNT
with defects. Analysis of the local electronic state of a single
active site in an SWNT is strongly desired. In this study, a
defect structure was produced by ozone oxidation treatment
as the active site, and the modulation effect of the defect site
upon the
application of the electrochemical SERS technique. Ozone

local electronic structure was evaluated by
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treatment effectively produces defect structures in SWNTs,*”
3 which activates catalytic properties.g"36 Figure 4(a) shows
SERS spectra for isolated semiconducting SWNTs before
(upper) and after (lower) ozone treatment. Prior to the
treatment, the D band, which is ascribed to the defect
structure, was not clearly evident. However, an increase in the
D band intensity was clearly observed after the ozone
treatment, which indicates defect formation in the SWNT.
Using the defect SWNT, the potential dependence of the RBM
intensity was measured, and the results are shown in Fig. 4(b).
The black open circle and solid circle symbols correspond to
non-treated and ozone-treated semiconducting SWNTs,
respectively. In contrast to the non-treated SWNT (black
circles), the potential trend of the RBM intensity was
asymmetric for the treated SWNT, and was slightly distorted
around the peak at the side of positive potential region (Fig.
4(b): black solid circle symbol). This result strongly suggests a
reduction of the LDOS. According to previous studies, ozone
molecules react with the SWNT surface and produce epoxide
moieties. X-ray photoelectron spectroscopy (XPS) analysis
indicated that the © band near the Fermi level was disrupted
by the oxidation process, and as a result, reduction of the
electronic conductivity was induced.®® In consideration of this
result, we propose that the distorted shape corresponds to a
reduction of the valence of the first VHS of the SWNT, and the
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Fig. 4 (a) SERS spectra for an isolated semiconducting SWNT before
(upper) and after (lower) ozone treatment. (b) Potential dependence
of the RBM intensitv before and after the treatment.
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change in the local electronic structure in the valence © band
can be probed via the electrochemical SERS method.

Conclusions

We presented a study on the electronic structure of individual
SWNT using an in situ electrochemical SERS method. A
relationship between the SWNT diameter and the absolute
potential of the Fermi level was also determined, which
indicates that the present method can provide information on
the local electronic structures of a SWNT in the vicinity of a
metal nanostructure. Changes in the local electronic state of
the SWNT induced by ozone oxidation treatment were also
probed. The change in the LDOS could be attributed to highly
localized reduction of the m band in the VHS. These findings
strongly indicate that the electrochemical SERS technique is a
powerful tool for the investigation of local electronic
structures in SWNTs, and it could serve useful for the design
and developing development of advanced SWNT-based
devices.
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