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ABSTRACT

The detailed analysis of the in situ Raman spectroelectrochemical behavior of single walled carbon nanotube (SWCNT) bundles is presented.
The Raman modes of metallic SWCNTSs exhibit striking changes even before the potential of the first van Hove singularity is achieved. Special
attention has been paid to the development of the tangential (TG) mode broadening, which subsequently vanishes if the potential is shifted
away from V = 0. The tangential mode band has been fitted by four components. During the electrochemical doping, three components of the
tangential mode follow the predictions of a theoretical model for the LO modes of metallic tubes based on the Kohn anomaly. On the other
hand, the behavior of the fourth component is consistent with a model based on electron—plasmon coupling. The TO mode of metallic tubes
has been identified only at a doping level corresponding to 1.0 V or above. Our results also indicate an asymmetry in the behavior of the TG

mode for positive electrode potentials relative to negative ones.

Raman spectroscopy is a frequently used spectroscopic
method to investigate the state of single walled carbon
nanotubes (SWCNTSs) due to the resonant enhancement of
their Raman signal. The main components of the spectra of
SWCNTs are the radial breathing mode (RBM), the tangen-
tial displacement mode (TG), which is also known as the G
band, the disorder-induced mode (D), and the high frequency
two-phonon mode (G").

The tangential displacement mode is observed in the region
of 1450-1630 cm™'. Group theory predicts six Raman-active
lines in the TG mode region for chiral nanotubes: 2A;, +
2E, + 2E,,, which are reduced to three Raman-active bands
for zigzag and armchair tubes. However, the E; and E; modes
have a much weaker Raman intensity than the totally
symmetric A; modes.! Thus only two main components of
the TG band are often considered in the analysis. They are
usually referred to the G™ and G~ lines, which are found at
around 1590 and 1560 cm™!, respectively. For semiconduct-
ing tubes, the G™ line is attributed mainly to the diameter
independent A;"° modes, while the G~ line is assigned to
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the A,T0. However, this interpretation has recently been
revised for metallic SWCNTs due to the presence of a Kohn
anomaly, arising from the electron—phonon interaction in
metallic tubes.”* The Kohn anomaly manifests itself as a
sudden decrease of the phonon energy due to the change in
the screening of the atomic vibrations by the conduction
electrons. In metallic tubes, this can be the case, either for
phonons with ¢ = 0 or ¢ = K, because the Fermi surface
consists of only two points. Hence, the Kohn anomaly is
suggested to have an important consequence for the A"
mode of metallic tubes, and this mode is broadened and
strongly softened to eventually lie below the frequency of
the A,™© mode.>*

In situ Raman spectroelectrochemistry is a well-established
method to study the electronic structure of carbon nano-
structures such as SWCNTs, DWCNTs (double walled
carbon nanotubes), or fullerene peapods.>®!? In contrast to
chemical doping, electrochemistry allows the precise and
well-controlled doping of carbon nanostructures. Recently,
a number of spectroelectrochemical studies of SWCNTs have
appeared in the literature that confirm the importance of
spectroelectrochemistry for the evaluation of the electronic
structure of carbon nanotubes.’"'> Measurements on isolated
individual tubes'*!> seem to be preferable because the
evaluation of the data is not disturbed by the overlapping of
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Figure 1. Raman spectra measured on SWCNT's and excited by 1.83 (top) and 1.92 eV laser energy (a). The spectra in the TG mode region
(b) are fitted by three Voigt functions and one BWF line shape for both excitation energies. The RBM modes (on the left) are fitted by three
and four Voigt functions for 1.83 and 1.92 eV, respectively. The dotted curves correspond to a sum of the fitted components. For clarity,
the original measured spectra are slightly offset from the sum of the fitted components. The intensity scale in the figure is the same for the

spectra excited by the same laser energy.

signals coming from several tubes. On the other hand, the
effects resulting from the bundling of SWCNTs are then not
observed.

In the present work, we inspect the Raman spectra of
metallic tubes in SWCNT bundles during electrochemical
doping. Precise control of the electrochemical charging
enabled us to follow the detailed development of the TG
mode of SWCNT bundles regarding its dependence on the
electrode potential. To follow the effect of electrochemical
charging on the lower component of the TG mode in
SWCNT bundles, we use a thin SWCNT film with a narrow
diameter distribution of the SWCNTSs on a Pt electrode. The
narrow diameter distribution ensures that by using a certain
laser excitation energy, nanotubes with only a few different
(n,m) chiralities are in resonance at the same time. Recently
it was suggested that the broadening in the Raman spectra
of metallic tubes can be fully explained by the Kohn
anomaly.* However, we show here that the Raman spectra
of SWCNT bundles are more complex. In particular, the
development of the lowest frequency G~ component of the
TG mode of metallic tubes in SWCNT bundles during
electrochemical doping does not follow the predictions of
the Kohn anomaly. We present new arguments supporting
the explanation of the broadening of G~ in metallic tubes in
bundles based on the electron—plasmon coupling mechanism.
Therefore, to fully explain the TG mode of metallic tubes
in bundles, both the Kohn anomaly effect and the effects
resulting from bundling, such an electron—plasmon coupling,
must be considered.

Figure 1(a) and Figure 1(b), respectively, show the RBM
and G~ band in Raman spectra of SWCNTSs excited by 1.83

1258

and 1.92 eV laser radiations. The Raman spectra in the RBM
region are fitted using Voigt functions. The positions of the
most intense RBM bands are at about 180 cm™! for 1.83 eV
laser excitation energy and 172 cm™' for 1.92 eV laser
excitation energy. The diameter of SWCNTs can be ap-
proximated by the simple equation wgrgm = A/d; + B where
A =217.8 and B = 15.7.' Hence the RBM mode positions
of the most intense bands correspond to the tube diameters
of 1.32 and 1.26 nm for 1.92 and 1.83 eV laser excitation
energies, respectively.

The Raman spectra of SWCNT bundles in the TG region
were fitted by four lines. The attempts to fit all lines by Voigt
functions failed as it was not possible to achieve a reasonable
agreement between the fitted and experimental data. Finally,
one BWF line and three Voigt functions have been success-
fully used to fit the experimental data.

For 1.83 eV excitation, the three Voigt modes are centered
at 1588, 1562, and 1547 cm™! in the Raman spectra of
SWCNTs in the TG mode region. The BWF line is centered
at 1534 cm™'. Recently, Das et al.'” studied a sample of
SWCNT bundles with a similar diameter distribution using
1.96 eV laser excitation. In this case, the TG mode spectra
were fitted by three Lorentzians (L1-3) at 1540, 1567, and
1590 cm™!, which were, respectively, assigned to the LO
mode of metallic tubes (LL1), a combination of the LO mode
of metallic tubes and the TO mode of semiconducting tubes
(L2), and the combination of the TO mode of metallic tubes
and the LO mode of semiconducting tubes (L3). Interestingly
the authors did not use the BWF line shape. Except for the
additional fourth BWF band at 1534 ¢cm™!, the positions of
the bands found by the authors in ref 17 correspond well to
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Figure 2. In situ Raman spectroelectrochemical data on SWCNTSs in SWCNT bundles in the electrode potential range from 0 to 1.5 V
(from bottom to top). The spectra are excited by 1.83 eV (left panel) and 1.92 eV (right panel) laser radiation. The bold line corresponds
to an electrode potential of 0.5 V. The electrochemical potential change between adjacent curves in the figure is 0.05 V from 0 to 0.7 V
and then 0.1 V in going from 0.7 to 1.5 V. The spectra are offset for clarity, but the intensity scale is the same for all spectra in their
respective windows. The vertical solid lines are a guide to the eye and correspond to the position of the various phonon features at 0 V.

the positions of the bands in our work. The low frequency
band with a BWF line shape is found at both excitation
energies of 1.83 and 1.92 eV (Figure 1). This behavior thus
is not a consequence of any unique behavior of special tubes.
Because the position of the G~ mode in isolated metallic
tubes is usually above 1540 cm™';">'® we attribute the
additional broadening of the G~ band for metallic tubes to a
phonon—plasmon coupling due to the bundling effect. This
assignment is in accord with previous studies.'-19-2!

The detailed experimental in situ Raman spectroelectro-
chemical data on SWCNT bundles for anodic potentials are
shown in Figure 2. The spectra are excited by 1.83 eV (left
panel) and 1.92 eV (right panel) laser energy. Several
attempts were made to fit the spectra in Figure 2 during the
electrochemical doping process. It was, however, found that
the phonon bands change their position, shape, intensity, and
width by electrochemical doping, and therefore all these
parameters were fitted for each potential. This approach
resulted in severe problems with the fitting procedure because
there are several different combinations of fitting parameters
that give a similar fit quality. Therefore, the original spectra
are presented here rather than showing plots of the fitted
parameters.

Figures 2 and 3 show the overall bleaching of the spectra
during electrochemical doping. This is the most obvious
change, and it is attributed to the filling/depleting of the van
Hove singularities. However, there are many other changes
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in these spectra as a function of the applied potential. There
is the narrowing of the G~ component of the TG mode (at
1547 and 1562 cm™' in Figure 2) in going from electrode
potentials of 0 V to 0.5 or —0.5 V. This effect has been
recently attributed to the Kohn anomaly, which is quenched
as the electrochemical potential is increased. The electro-
chemical charging leads to a change of the Fermi level
position and subsequently the electronic states are filled or
depleted with electrons. The depletion of electron charge is
believed to decrease the electron—phonon coupling. Thus the
line broadening associated with electron—phonon coupling
should be suppressed by the application of an electrochemical
potential. Indeed, the broadening of the G~ band assigned
predominately to the LO mode of metallic tubes is reduced
by increasing the electrode potential.

A more detailed analysis of the development of the Raman
spectra in Figure 2 measured in situ during electrochemical
doping points to several other changes. In particular, the
change of the position of the G mode is very interesting.
At the beginning of the electrochemical doping, this band
moves to lower frequencies but subsequently (with the
increase of the electrode potential) it again shifts to higher
frequencies. The maximum downshift in frequency is 3.5
cm™! for the 1.83 eV excitation, and it is achieved at an
electrode potential of 0.55 V. Increasing the potential to 1.5
V leads to a final upshift of 17 cm™' with respect to the
position of the G* at 0 V. The development of this mode is
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Figure 3. In situ Raman spectroelectrochemical data on SWCNTSs in the range from 0 to —1.5 V (from bottom to top). The spectra are
excited by the 1.83 eV (left panel) and 1.92 eV (right panel) laser lines. The bold line corresponds to an electrode potential of —0.5 V. The
electrochemical potential has been changed by 0.05 V for electrode potentials from O to —0.7 and then by 0.1 V to the final potential of
—1.5 V. The spectra are offset for clarity, but the intensity scale is the same for all spectra in their respective windows. The vertical solid
lines are a guide to the eye, and they correspond to the position of bands at an electrode potential of 0 V.

slightly different for the 1.83 and 1.92 eV laser excitation.
The maximum downshift of the frequency for the 1.92 eV
excitation is 2 cm™!, and it is achieved also at an electrode
potential of 0.55 V. The position of the G mode at the
maximum electrode potential (1.5 V) is by 18.5 cm™! higher
than that at O V for the 1.92 eV laser radiation.

The band at around 1560 cm™! does not change its position
at the beginning of the doping, e.g., from 0 to 0.5 V.
However, there is an abrupt upshift of this band at an
electrode potential of 0.55 V. The band is subsequently
further upshifted with an increasing potential until it reaches
the value of 1575 cm™! at 0.9 V. As the electrode potential
increases beyond 0.9 V, this mode seems to maintain its
maximum frequency, but it is difficult to follow the band
position due to a strong monotonic decrease of its intensity.
However, the development of the intensity of this mode is
nonmonotonic. First, there is an increase in intensity (for
potentials from O to 0.5 V), while at 0.5 V, this band reaches
its maximum intensity, for an electrode potential at about
0.5 V and above, the band again bleaches.

The band at around 1547 cm™! is difficult to resolve at
electrode potentials higher than 0.55 V. Nevertheless, it
seems that it moves up in frequency as the electrode potential
increases. The development of the band intensity is non-
monotonic. The maximum intensity of this band is found at
a potential around 0.4 V.

The last band at 1534 cm™! fitted by the BWF line shape
(Figure 1) is difficult to resolve even if no electrode potential
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is applied. Therefore, the development of its position during
electrochemical doping can not be precisely followed.
Nevertheless, the band exhibits a strong decrease in intensity
(starting at about 0.15 V) and it almost completely vanishes
at a potential of 0.5 V.

The effects described above are very similar for both
excitation energies (1.83 and 1.92 eV). As shown by the
radial breathing modes in Figure 1, the tubes with different
diameters are in resonance for the two excitation energies.
Hence, there is no strong chirality or diameter dependence
of the behavior of the TG mode during electrochemical
charging. Furthermore, these data demonstrate the robustness
of the phenomena expected for samples with a slightly
different diameter distribution.

Figure 3 shows the detailed in situ Raman spectroelec-
trochemical data for SWCNT bundles at cathodic potentials.
The spectra are excited by the 1.83 eV (left panel) and 1.92
eV (right panel) laser energy. The development of the spectra
is similar as compared to the spectra in Figure 2 for anodic
doping. However, a more detailed analysis shows several
differences. Probably the most distinct effect is the develop-
ment of the frequency of the Gt mode. There is a much
smaller downshift of the G mode at the beginning of doping.
The maximum downshift is found at a higher electrode
potential than in the case of a positive doping. The maximum
of the G mode upshift at —1.5 V is only 6 cm™! for the
1.83 eV excitation and 7 cm™! for the 1.92 eV laser
excitation, which corresponds to just '/3 of the upshift
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observed at the corresponding anodic potential (1.5 V). One
can argue that the negative doping can be less effective or
that the zero level of the Fermi energy is shifted to negative
potentials. This argument would be supported by a slower
bleaching of the G'* mode during the negative doping
compared to the positive doping procedure. The “slower
bleaching” could explain the asymmetry of the effect for
about 0.1-0.2 V in the potential range. (The observed
behavior in the intensity of the spectrum at an electrode
potential of —1.5 V in Figure 3 matches the corresponding
behavior of the intensity of spectra between potentials of
1.3—1.4 V in Figure 2.) However, the shift of the G™ mode
at a potential of —1.5 V corresponds to the shift at an anodic
electrode potential of +0.8 V. The asymmetry in the potential
scale would then be of 0.7 V, which is far above the expected
value. Furthermore the “potential correction” would just
broaden the kink observed in the development of the
frequency of the G™ mode at 0.5 V in the anodic range but
would not account for the magnitude of this effect. In other
words, the value of the minimum frequency of the G mode
would be the same for both the anodic and cathodic doping.
However, the minimum frequency will only be reached
at higher potentials for negative doping than for positive
doping.

There is also a difference in the behavior of the mode at
1560 cm™! because its upshift for cathodic doping (Figure
3) is less pronounced compared to that for anodic doping in
Figure 2. Furthermore, the band can be followed up to
potentials of —1.5 V. It seems that its frequency reaches a
maximum at a potential around —1.2 V and then the band
again moves to lower frequencies.

The band at 1547 c¢cm™! also exhibits an asymmetric
bleaching, and thus a small upshift can be followed at
electrode potentials above —0.5 V.

Finally the broad BWF band at 1534 cm™! seems to
resemble the behavior during anodic doping; it bleaches at
the same potential, around —0.5 V.

We have shown previously that an extensive doping of
SWCNTs leads to a strong decrease in the intensity of the
Raman signal. It is assumed that the change of the TG mode
intensity is connected to the change of the resonance
condition. The intensity of Stokes resonant Raman scattering
(D) is given by:

= C
W(E, — E;— iy)(E + Ey, — E;— i)

(M

where Ey is laser photon energy, Ej the optical transition
energy, Ey, the phonon energy, and y is the damping
constant. Typical values for RBM are Ej, ~ 0.02 eV and y
~ 0.05 eV. The ¢ term in the numerator includes the
electron—phonon matrix elements.

As mentioned previously, the electrochemical charging of
SWCNTs leads to a shift of the Fermi level. As soon as the
Fermi level reaches the energy of the van Hove singularity,
it changes the filling of the VHS and thus suppresses the
electronic transitions from/to this particular singularity. If
the Raman signal is in resonance with such a singularity, a
strong bleaching of the Raman intensity for that feature is
expected. Now, let us assume that the setting of the potential
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at 0 V roughly corresponds to the position of the Fermi level
in the middle between the singularities. In the present
experiments, the level of the respective van Hove singularity
is around 0.9 eV. (For example, the spectra on the left panel
of Figure 2 are excited by 1.83 eV laser radiation. Therefore,
only those SWCNTs with an energy difference between the
van Hove singularities close to 1.83 eV are in resonance,
and thus their features appear in the Raman spectra.)
Assuming that the change of the electrode potential by 1 V
leads to the Fermi level shift by 1 eV, the energy level of
the particular van Hove singularity should be reached at a
potential of about 0.9 V. In other words, one would expect
a strong change in the Raman signal when the electrode
potential of 0.9 V is reached. Indeed, there is strong bleaching
of the spectra, which is most obvious at around 0.9 V.
Nevertheless, there are already significant changes in the
intensity and shape of the spectra as early as when a potential
of 0.15 V is applied. Thus even small changes in the
electrochemical potential, far below the van Hove singularity,
cause serious changes in the electronic structure of the
metallic SWCNTs. The Raman spectra are consequently
changed. Recently, some changes in the shape and frequency
of the LO mode of individual metallic SWCNTSs have been
interpreted in terms of a Kohn anomaly.* However, our data
here show that the Kohn anomaly does not fully explain the
common assignment of the Raman features of metallic tubes
in the TG mode region of the spectra of SWCNT bundles.
For example, the G* mode for bundled tubes has been
assigned to a combination of the LO mode of the semicon-
ducting SWCNTSs and the TO mode of the metallic tubes.
However, the change of phonon energy of the G™ mode at
1590 cm™! during the electrochemical doping rather re-
sembles the predictions for the shift of the LO mode of
metallic tubes induced by doping* because it downshifts by
a few cm™! at potentials between 0.4 and 0.65 V at first and
then upshifts by nearly 20 cm™! at potentials between 0.7
and 1.5 V (Figure 2). The assignment of this band to the
TO mode of metallic tubes should be excluded because the
position of this mode should not change with a shift of the
Fermi level. Because the behavior of the G™ mode during
the electrochemical doping in our spectra follows the
predictions of the Kohn anomaly theory for the LO mode
and not for the TO mode, we suggest the assignment of this
mode to the LO mode of metallic tubes. The previous
assignment of the G* band to the LO mode of semiconduct-
ing tubes by Das et al.'” is not favorable in our case due to
the following reasons: (1) The semiconducting nanotubes in
our samples (the diameter range between 1.2-1.6 nm) are
not in resonance with laser excitation energies of 1.83 nor
1.92 eV. (2) Avouris et al. recently showed? that the
frequency of the Gt mode of semiconducting tubes increases
monotonically with increasing potential, i.e., no “kink” in
the Gt mode frequency dependence on potential, as is
observed in the present work, is expected. This reference
shows the effect to be valid for both the LO and TO mode
of semiconducting SWCNTs and to favor large diameter
tubes (d &~ 2.4 nm).?2 For smaller diameter tubes, the effects
are weaker. Nevertheless, these effects should still be visible
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Figure 4. Raman spectra measured on SWCNT bundles excited by 1.83 laser energy at an electrode potential of 1.1 V. The spectrum is
fitted by three Voigt functions with a frequency at 1576, 1592, and 1605 cm™!. The dotted curve corresponds to a sum of the fitted components.

for tubes with a diameter of 1.5 nm,?? which is close to the
diameter of tubes used in our study.

The behavior of the other Raman features at 1562 and
1547 cm™! during electrochemical doping excludes their
assignment to the TO mode of metallic tubes. On the other
hand, it does not exclude their assignment to the LO mode
of metallic tubes. The Raman features at 1562 and 1547 cm™!
found in the spectra of SWCNTs are broader (for the 1.83
eV laser radiation, the FWHM for these features is 27 and
30 cm™!, respectively, as seen in the fit in Figure 1) than the
feature at 1590 cm™! (where the FWHM is 18 cm™! for the
1.83 eV laser radiation, Figure 1). The broadening of these
two bands would explain why the shifts of the bands are
not resolved unless their widths are reduced by electrochemi-
cal doping. It was shown recently,'® that the broadening of
the TO mode of metallic tubes is strongly dependent on their
chirality. While the armchair tubes exhibit a very weak
broadening, the zigzag tubes show a very strong broaden-
ing.'® The magnitude of the broadening is also related to
the magnitude of the downshift of the LO mode for a given
metallic tubes. The strongest downshift is observed for the
most broadened bands.'® This is not surprising because a
stronger electron—phonon coupling would lead to a stronger
Kohn anomaly effect, e.g., to a larger frequency downshift.
Thus the tubes with different (n,m) values would have a
different frequency of the LO mode and the multiple LO
modes can be found in the experimental spectra of SWCNT
bundles. In other words, on the basis of the discussion above,
the observed development of all features at 1547, 1562, and
1590 cm™! in the TG mode region with changing electrode
potential favor their assignment to the LO modes of metallic
tubes with different chiralities.

Recent study of metallic tubes has shown that the G~ band
upshifts by almost 50 cm™! if the Fermi level is
shifted from 0 to —0.6 V.3 A simultaneous narrowing of
the G~ band results in an increase in the intensity of the
mode by a factor of 2—3. The effects of electrochemical
doping of SWCNT bundles are in the same direction, but
they are not as strong as in the case of individual tubes. The
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electron—phonon coupling has a different strength for tubes
with different (n,m) values;'®23 however, there is a large
number of nanotubes contributing to the spectra of nanotube
bundles. Therefore, even the extreme behavior of an indi-
vidual SWCNT in the bundle with a particular (n,m) value
does not cause strong changes in the overall shape of the
TG mode in the spectra of SWCNT bundles. Furthermore,
the intertube interactions can be responsible for an additional
weakening of the effects caused by the Kohn anomaly.

The results of this study show that a new band at 1592
cm™! appears in the Raman spectra at electrode potentials
of 1.0 V. The new band is more pronounced in the spectra
excited by 1.83 eV laser radiation (Figure 2 and the fit shown
in Figure 4). This band does not exhibit any change in
frequency with changing potential, which would favor its
assignment to the TO mode for metallic tubes. This assign-
ment would be consistent with the development of a phonon
frequency of the TO and LO modes of the metallic tubes
during charging. In other words, in the Raman spectra of
undoped metallic tubes, the weaker TO mode is not resolved
in the presence of the much stronger LO mode of metallic
tubes. However, in the Raman spectra of doped metallic
tubes, the LO mode is upshifted, while the TO mode does
not change its position, and hence it can be observed in the
spectra as a new band at 1592 cm™ .

The band with the BWF line shape is the feature that
exhibits the fastest monotonic bleaching with changing
electrode potential. There is neither an enhancement of its
intensity nor is there a significant change in its peak
frequency. This contrasts with the behavior of modes at 1547,
1562, and 1590 ¢cm™!. In fact, on the basis of previous
results,'® one would expect even more pronounced changes
of the band with the BWF line shape as a function of
electrode potential than for the other TG mode features.
Because the band at 1534 cm™! has the lowest frequency
and it is the broadest, we would expect to observe the
following behavior for this Raman band: (1) the elec-
tron—phonon coupling should be the strongest, (2) the doping
should result in a remarkable simultaneous narrowing and a
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shift to higher frequencies, (3) the line shape of the band
should be unaffected at a low doping level, and (4) a strong
increase in the intensity of the band at 1534 cm™! during
the electrochemical doping process. Obviously these effects
are contradictory to the experimental observation. Thus our
experimental results indicate a different origin of the BWF
line than the Kohn anomaly. We therefore interpret our
observations as consistent with its previous assignment to a
phonon—plasmon coupling in SWCNT bundles.?’ The fast
bleaching of the latter band with increasing electrode
potential indicates that the phonon—plasmon coupling in
SWCNT bundles is more sensitive to the shift of the Fermi
level than in the broadening of the LO modes of individual
metallic tubes due to an electron—phonon coupling.

In conclusion, we studied the development of the TG mode
of metallic tubes during the electrochemical doping in detail.
It was found that the assignment of the TG mode features is
more complex than that given by the previous description
of the development of the spectra during electrochemical
charging. In particular, the assignment of the G* mode to a
combination of the TO mode of metallic tubes and the LO
mode of semiconducting tubes does not adequately account
for the observed behavior of the G* mode during the
electrochemical charging. As shown here, the Gt mode is
softened in going from a potential of 0 to 0.5 V and is
subsequently hardened in changing the potentials from 0.5
to 1.5 V. This behavior is characteristic for the LO mode of
metallic tubes. The behavior of other modes fitted by the
Voigt function also indicates an assignment of the G* feature
to the LO modes of metallic tubes. The different frequencies
of the LO modes correspond to tubes with a different strength
of electron—phonon coupling. We believe that the TO mode
of metallic tubes is not resolved in the spectra of nondoped
SWCNT bundles. However, it can be found at around 1592
cm™! in the spectra for SWCNT bundles if a potential of
1.0 V or higher is applied. In contrast to the behavior of the
LO modes fitted by Voigt functions, the BWF line exhibits
a monotonic bleaching during electrochemical doping and
thus it is attributed to a phonon—plasmon coupling mecha-
nism in SWCNT bundles.

The BWF line shape can be found also for metallic inner
tubes of DWCNTs in bundles.?* In this case, the inner tubes
do not interact with other neighboring tubes in a bundle but
they interact with the outer tube shell. However, the
evaluation of the effects of the doping is more complex
because the inner tube is shielded by outer tube shell”> and
thus more experimental data are required to get a correct
interpretation of this problem.

A more detailed analysis of the positive and negative
doping of SWCNT bundles shows several differences. There
is a much smaller downshift of the GT mode at the beginning
of negative doping than in the case of positive doping.
Furthermore the maximum of the G mode upshift at —1.5
V corresponds to only !/3 of the upshift observed at an
electrode potential of +1.5 V.

In general, one should not exclude the possibility that these
differences in behavior could be caused by different ions
that are employed in the anodic and cathodic doping for

Nano Lett,, Vol. 8, No. 4, 2008

balancing the charge at the nanotube upon doping. However,
it was shown that only electrolytes with bulky cations, like
ionic liquids, have a significant influence on doping behav-
ior.?® We also assume that in the range of potentials where
the major changes of the G~ component of the TG mode
occur, the compensating ions are located mostly on the
surface of nanotube bundles or inside the interstitial voids
within the nanotube bundles (at higher electrode potentials).?’
Thus the observed effects should not be related to the
insertion of ions inside a hollow space of SWCNTs.
Nevertheless, this is still an open issue and more detailed
studies on SWCNT bundles of different sizes are needed.

The considerable differences during positive and negative
doping can be used for analytical purposes because negative
and positive doping can be distinguished experimentally.
However, the observed effects are probably even more
important for theory. Up to now, most of the studies of
carbon nanotubes assume that the singularities are sym-
metrical with respect to some central energy as it is also
assumed for graphene, from which nanotubes are derived.
The data presented here show that this assumption requires
more careful investigations.

Experimental. Single walled carbon nanotubes (SWCNTs)
were available from our earlier work.?® Briefly, the SWCNTs
were prepared by laser ablation?® using a Ni/Co catalyst and
purified by reflux in 15% H,0O,, which was followed by
washing with HCI to remove residual catalyst.’® The
electrodes for in situ spectroelectrochemical studies were
fabricated by the evaporation of a sonicated ethanolic slurry
of SWCNTs on Pt electrodes. The film was outgassed at 80
°C in vacuum and then mounted in the Raman spectroelec-
trochemical cell. The spectroelectrochemical cell was airtight
and had a single compartment and was equipped with a glass
optical window for spectroscopic measurements.

The cell was assembled in a glovebox (M. Braun); the
glovebox atmosphere was N, containing <1 ppm of both
O, and H,O. Electrochemical experiments were carried out
using PG 300 (HEKA) or 273A (EG&G PAR) potentiostats
with Pt auxiliary and Ag wire pseudoreference electrodes,
the electrolyte solution was 0.2 M LiClO4 + acetonitrile
(both from Aldrich; the latter dried by 4 A molecular sieve).

The Raman spectra were excited by Ar", Kr' lasers
(Innova 300 series, Coherent), and by a Ti-sapphire laser
(899LC, Coherent). Spectra were recorded by a T-64000
spectrometer (Instruments SA) interfaced to an Olympus
BH2 microscope (objective 50x ). The laser power impinging
on the cell window or on the dry sample was between 1 and
5 mW. The spectrometer was calibrated by the F;, mode of
Si at 520.2 cm™ .
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