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ouble-walled carbon nanotubes

(DWCNTs) are a special case of mul-

tiwalled carbon nanotubes
(MWCNTSs) since they consist of only one
outer tube and one inner tube. DWCNTSs ex-
hibit improved performance for several ap-
plications (e.g., field effect transistors, poly-
mer composites, field emission, and
transparent conductors) compared to
single-walled carbon nanotubes (SWCNTs)
and MWCNTs, thus motivating a detailed
understanding of DWCNT properties.
DWCNTSs can be prepared by a thermal con-
version from fullerene peapods' or directly
by chemical vapor deposition (CVD). The ex-
peapod DWCNTs are of high quality but
this procedure is difficult to scale up. On
the other hand, CVD can be used for more
efficient DWCNT growth. However, current
CVD synthetic protocols fail to produce
pure DWCNTs, which are free from SWCNTs
and MWCNTs, and thus the studies of the
CVD-grown DWCNTSs are complicated by
the presence of the latter two materials.?

Recent progress in density gradient ultra-

centrifugation (DGU) has enabled efficient
sorting of DWCNTSs and their separation from
SWNTs and MWCNTs.? Furthermore, sorted
DWCNTs can be obtained with a relatively
narrow distribution of diameters.® As the di-
ameter of the inner tube is rather strictly de-
fined by the outer diameter, sorting of
DWCNTs leads to well-defined samples also
from the viewpoint of the inner tubes. In
these high purity DWCNT samples, Raman
spectroscopy allows a relatively straightfor-
ward identification of inner tubes and outer
tubes. The frequency of the Raman radial
breathing mode (wggm) scales with the tube
diameter (d) according to

Wpgy=A/d, + B (1)
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ABSTRACT Double-walled carbon nanotubes sorted by density gradient ultracentrifugation were examined
by Raman spectroscopy and by in situ Raman spectroelectrochemistry. The sorted samples had a narrow
distribution of diameters of both inner and outer tubes, which enabled a comparison of the behavior of inner
metallic tubes and inner semiconducting nanotubes as a function of the applied electrochemical potential. The
metallic inner tubes were efficiently doped even though they were protected from electrolyte ions by the outer
wall, whereas the doping of semiconducting inner tubes was observed only at high magnitudes of the electrode
potential. These results indicate that the doping response of inner tubes is predominantly controlled by inner tube
electronic properties. On the other hand, the effect of electronic structure of the outer tube on the behavior of
inner tube is weak. Furthermore, the efficiency of the charge transfer from outer to inner wall depends on the
doping level. A low doping level corresponds to a high efficiency of the charge-transfer, while a high doping level
shows low charge-transfer efficiency.

KEYWORDS: double-walled carbon nanotubes - electrochemical
gating - spectroelectrochemistry

where A = 2178 cm™"-nmand B = 15.7
cm™! (ref 4). The RBM thus allows direct
evaluation of the diameters of the studied
nanotubes from their Raman spectra and
thus the low frequency and high frequency
RBM bands can be attributed to outer and in-
ner tubes, respectively, in sorted DWCNTs.
However, if the sample contains also
SWCNTSs, it is not as easy to distinguish be-
tween inner tubes and small diameter
SWCNTs solely from Raman spectroscopy of
the as-received samples. Recently, it has been
shown that chemical/electrochemical dop-
ing together with optical and Raman spec-
troscopy can be used to solve this problem.®
It has been shown that doping has a signifi-
cant effect on the intensity of all Raman
modes since charge carriers are introduced
into the carbon nanotubes and thus the elec-
tronic states are filled or depleted. The sim-
plest model assumes that the filling or deple-
tion of the electronic states, which are
involved in the resonance Raman process,
leads to strong bleaching of the Raman sig-
nal, because optical transitions needed for
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Figure 1. Raman spectra of sorted DWCNTs measured using different laser excitation energies: 2.41 (514 nm), 1.58 (785
nm) and 1.16 eV (1064 nm) (from top to bottom). The spectra are offset for clarity, but the intensity scale is the same for all
spectra except for the top spectrum which was zoomed by a factor of 10.

resonance enhancement of Raman spectra are
quenched.%” However, recently, it was demonstrated
that the filling/depletion of any electronic state leads to
strong bleaching of the Raman signal.®° The observation
of this bleaching effect is independent of whether or not
the particular state is involved in the resonance Raman
process.?

In contrast to SWCNTs, the electrochemical doping
of DWCNTs is more complex because the inner tube is
protected from the environment by the outer tube.?
Since the inner tube is not in a direct contact with a
dopant and/or compensating counterions,'® any effect
of the charge must be mediated electronically between
the outer tube and the inner tube. This is usually also
the case of chemical doping of a DWCNT where the
dopant is located outside the DWCNT."'2 This assump-
tion has been confirmed by chemical doping of
DWCNTs'® and also by recent spectroelectrochemical
studies of ex-peapod DWCNTSs.>'3'* However, a detailed
evaluation of the specific role of the electronic proper-
ties of the inner nanotubes (whether they are metallic
or semiconducting) and the efficiency of charge trans-
fer from the outer to the inner wall remains a great
challenge.

Here, we present a Raman and an in situ Raman
spectroelectrochemical study of sorted CVD grown
DWCNTs. The narrow distribution of outer and inner di-
ameters of the sorted DWCNTs allows the identifica-
tion and study of semiconducting and metallic tubes
for both inner and outer tubes, which appear in the Ra-
man spectra. By tuning the laser excitation energy, we
followed separately the effects of charge on semicon-
ducting and metallic inner tubes, respectively. Further-
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more, due to the sample purity, the spectra were not
corrupted by MWCNTs and SWCNTSs, which allowed un-
ambiguous characterization of effects that are solely at-
tributed to DWCNTs.

RESULTS AND DISCUSSION

Figures 1 and 2 show the Raman spectra excited by
three different laser excitation energies for sorted and
unsorted DWCNTs, respectively. The RBM region of the
unsorted DWCNT sample contains multiple bands, sev-
eral which likely correspond to SWCNT impurities. For
sorted DWCNTSs all three spectra are dominated by only
two bands at about 265 and 155 cm ™. These two bands
correspond to the inner and outer tubes, respectively.3
It is evident that the analysis of the sorted sample is
more transparent as a result of its simpler Raman spec-
tra. Furthermore, the intensities of the RBM bands are
about 10 times stronger for the sorted sample than for
the unsorted sample, which enables more detailed
studies of sorted samples in general. The enhance-
ment of the Raman signal of sorted DWCNT can be ra-
tionalized by the improvement of the purity of the
sample during the sorting process. We note that the
samples are deposited on a substrate, so the rebun-
dling of the tubes is very likely; hence, the enhance-
ment of the Raman signal cannot be attributed solely
to isolated tubes.”

The Raman spectra excited by different laser excita-
tion energies (Figure 1) exhibit different intensities of
the RBM bands. The reason for this effect might be the
different electronic transitions which are involved in the
resonance effect. (For inner tubes E;;™, E,5°, and E;;°
transitions are in resonance with 2.41, 1.57,and 1.16
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Figure 2. Raman spectra of unsorted DWCNTs measured using different laser excitation energies: 2.41 (514 nm), 1.58 (785
nm) and 1.16 eV (1064 nm) (from top to bottom). The spectra are offset for clarity, but the intensity scale is the same for all
spectra except for the top spectrum which was zoomed by a factor of 10.

eV laser energies, respectively. For outer tubes the Ess®,
E;s™, and E,,° transitions are in resonance with 2.41,
1.57,and 1.16 eV laser energies, respectively.)

The RBM bands of inner tubes of our sorted DWCNTs
do not exhibit a fine structure. The fine structure of the
RBM bands of inner tubes was typically observed for ex-
peapod DWCNTSs and also for CVD-grown DWCNTSs hav-
ing thin diameter inner tubes.' Different positions of
the RBM bands are attributed to different pressures that
inner tubes experience in different outer tubes.'® How-
ever, for larger diameter inner tubes in DWCNT pre-
pared by CVD growth process, the broader RBM bands
of inner tubes were obtained,'” and fine structure was
not observed. This is also the case of the sorted sample
studied here. Furthermore, in sorted samples the range
of outer tube diameters is limited. This can also reduce
the number of the RBM bands associated with one in-
ner tube in different outer tubes.

The tangential displacement (TG) mode of both the
sorted and unsorted DWCNT samples is observed in
the region of 1450—1630 cm™". The TG band consists
generally of six Raman-active lines: 2A,4 + 2E4 + 2E,.
The number of Raman-active bands is reduced to three
for zigzag and armchair tubes. The E; and E; modes
have a much weaker Raman intensity than the totally
symmetric A; modes.'® Thus, only two main compo-
nents of the TG mode are usually observed. This is con-
sistent with our experimental observation for the sorted
sample. Two components of the TG mode (the G* and
the G lines) are found at around 1580—1590 and
1550—1570 cm ™', respectively, depending on the laser
excitation energy. In the unsorted sample, the two
peak-structure is not obvious, probably due to the con-
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tribution of tubes with many different diameters.” Nev-
ertheless, the diameter dependence of the TG mode fre-
quency is not strong enough to clearly distinguish
between contributions from inner tubes and outer
tubes even in sorted DWCNT samples. This also compli-
cates the study of the line shape of the TG band of un-
doped DWCNTs. Later in this study, however, we will
show that the contribution of inner and outer tubes to
the TG mode can be distinguished in electrochemically
charged DWCNT samples, hence the understanding of
the line shape of the TG mode can be significantly
improved.

Figure 3 shows the optical absorbance of solutions
of unsorted DWCNTSs specified by the manufacturer
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Figure 3. Normalized optical absorbance of solutions of unsorted DWCNTs
specified by the manufacturer (Unidym, Inc.) to consist of 60% DWCNTs
and sorted DWCNTSs produced using density gradient ultracentrifugation

(DGU).
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Figure 4. In-situ Raman spectroelectrochemical data on sorted DWCNTs in the electrode potential range from —1.5to 1.5V
vs Ag/Ag* (bottom to top). The spectra are excited by 1.58 eV (785 nm) laser radiation. The electrochemical potential is la-
beled on each curve. The spectra are offset for clarity, but the intensity scale is the same for all spectra in the particular

window.

(Unidym, Inc.) to consist of 60% DWCNTs and sorted
DWCNTs (>98%) produced using density gradient ul-
tracentrifugation (DGU).? The optical spectrum of the
unsorted DWCNTSs contains many weak peaks for wave-
lengths ca. 1000—1300 nm whose assignment is un-
clear. They are associated with SWCNTs and DWCNTs
but the spectrum is dominated by a broad absorbance
background, which indicates carbonaceous impurities
and possibly very large diameter carbon nanotubes. In
contrast, separation of the raw unsorted DWCNT ma-
terial by density gradient ultracentrifugation causes the
emergence of numerous strong absorbance peaks at-
tributable to carbon nanotubes and a significant de-
crease in the carbonaceous impurity background. These
changes in the optical absorbance of the DWCNTs be-
fore and after sorting highlight the improvements in
sample purity afforded by DGU and the limitations of
earlier studies that have relied solely on as-received,
CVD-grown DWCNTs.

Figure 4 shows in situ Raman spectroelectrochemi-
cal data on the sorted DWCNTs. The spectra are ob-
tained from the sample deposited on a substrate, so
the rebundling of the tubes is very likely. In our previ-
ous studies on SWCNTSs,812% we observed only weak in-
fluence of the bundling on spectroelectrochemical be-
havior of carbon nanotubes. A typical difference was
slight broadening of the Raman intensity/potential pro-
file. This is probably caused by the extension of the
resonance window and/or inhomogeneous charge dis-
tribution between tubes with different location within a
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bundle. Nevertheless, these effects are relatively weak
and they do not significantly affect the results of our
study here.

The spectra on Figure 4 were excited using a 1.58
eV laser excitation energy. According to eq 1, the RBM
of the outer tubes (158 cm™") corresponds to a diameter
of about 1.53 nm, while the diameter of inner tubes
with the RBM at 265 cm ™" is about 0.87 nm. The differ-
ence of the diameters is 0.66 nm, which matches the ex-
pected double of the graphite-like spacing. Consider-
ing the diameters of inner and outer tubes and the
Kataura plot,?' the semiconducting inner tubes and me-
tallic outer tubes are in resonance with the 1.58 eV la-
ser excitation energy.?! The electrochemical charging
leads to the bleaching of the intensity of the Raman sig-
nal as can be seen in Figure 4. A more detailed analy-
sis of the RBM region shows that there is an obvious dif-
ference in the intensity bleaching of the RBM bands of
the inner and outer tubes, respectively. The RBM band
assigned to the metallic outer tubes is quickly bleached
and at a potential of about * 1.2 V almost completely
vanishes. In contrast, for the Raman intensity of the RBM
band assigned to semiconducting inner tubes, the re-
sponse to the electrode potential is very weak. A large
offset in bleaching of about 0.9 V is also found in the lat-
ter case. (The intensity of the Raman bands is typically
not changed up to a potential of about = 0.9 V, and
then it is strongly bleached.) Furthermore, the RBM
band at the maximum applied electrode potential
(£1.5 V) still possesses about '/3 of the intensity of the
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Figure 5. In-situ Raman spectroelectrochemical data on sorted DWCNTs in the electrode potential range from —1.5to 1.5V
vs Ag/Ag* (bottom to top). The spectra are excited by 1.16 eV (1064 nm) laser radiation. The electrochemical potential is la-
beled on each curve. The spectra are offset for clarity, but the intensity scale is the same for all spectra in the particular

window.

signal at 0 V. The intensity bleaching of the RBM of
outer metallic tubes agrees with recent results obtained
on SWCNTs.2 It has been demonstrated that the filling
of any electronic states of carbon nanotubes causes a
significant bleaching of the Raman intensity probably
due to broadening of the Raman resonance profile.? For
metallic tubes, the filling/depletion of the electronic
states is expected already when the Fermi level, E, is
slightly deviated from Ex = 0 V. Hence, the bleaching
of the Raman modes of metallic tubes is triggered by a
very small change in the electrode potential. In contrast,
for semiconducting tubes (even in SWCNTSs), the
bleaching of the signal starts to be significant only if
the Fermi level reaches the first Van Hove singularity.
Therefore, an offset in the bleaching of the Raman
modes is observed.®

The semiconducting inner tubes are expected to be
in resonance with the 1.58 eV laser excitation energy
(Figure 4). Therefore, an offset in the bleaching of the
RBM can be expected. Furthermore, the inner tubes can
be charged only indirectly through the outer tube. It
has been suggested previously that the charge applied
on DWCNTs is not evenly distributed between the in-
ner and outer tube."” Much more charge is located on
the outer tubes. In other words, outer tubes are more
strongly affected by the doping than the inner tubes.
This effect allows the inner tubes in DWCNTSs to be dis-
tinguished from narrow SWCNTs having their RBMs at
similar frequencies.> A combination of the uneven
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charge distribution between inner and outer tubes to-
gether with the semiconducting character of the inner
tubes results in a large offset in the doping-driven
bleaching of the RBM in the Raman spectra (Figure 4).
The diameter dependence of the TG mode fre-
quency is very weak, so it is difficult to distinguish the
TG bands of inner and outer tubes of the DWCNTSs in
their undoped state. Nevertheless, a different response
of inner and outer tubes to doping results in the distinct
behavior of inner and outer tubes and therefore the de-
velopment of the TG mode line shape may be qualita-
tively understood. We suggest that the metallic outer
tubes are represented by a broad TG band centered at
about 1550 cm™'. When the magnitude of electrode
charge is increased, the band is narrowed and upshifted
resulting in a new feature at about 1600 cm ™', which
emerges at a potential of = 0.9 V. On the other hand,
we suggest that the predominantly semiconducting in-
ner tubes contribute to the TG band at 1585 cm ™. In-
deed, the electrochemical charging does not affect this
band significantly due to the large offset in the re-
sponse of the inner semiconducting tubes to the elec-
trode potential as discussed for the RBM band (vide in-
fra). A small contribution of G* of the outer metallic
tubes to the band at 1585 cm™' may cause a slight
bleaching of this band at potentials below +0.9 V.
Figure 5 shows in situ Raman spectroelectrochemi-
cal data on sorted DWCNTSs excited using a 1.16 eV
(1064 nm) laser excitation energy. The RBM frequen-
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Figure 6. In-situ Raman spectroelectrochemical data on sorted DWCNTs in the electrode potential range from —1.5to 1.5V
vs Ag/Ag* (bottom to top). The spectra are excited by 2.41 eV (514 nm) laser radiation. The black arrows point to the inner
tube G~ band, which appears at an electrode potential of 0.6 V. The electrochemical potential is labeled on each curve. The
spectra are offset for clarity, but the intensity scale is the same for all spectra in the particular window.

cies of the outer and inner tubes are 157 and 265 cm ™',
respectively. As follows from the Kataura plot,?' this ex-
citation energy is in resonance with the corresponding
optical transitions in semiconducting inner tubes and
semiconducting outer tubes. The bleaching behavior of
the RBM band of outer tubes mimics the typical behav-
ior of the RBM band of the semiconducting SWCNT.2
There is an offset in the intensity bleaching (about 0.3
V) and then the RBM attenuates when the magnitude of
the electrode potential is increased. The starting inten-
sity of the RBM band is relatively small and thus the sig-
nal disappears already at a potential of about 0.9 V.
The RBM signal of the semiconducting inner tubes ex-
hibits a similar offset in the bleaching behavior (about
0.9 V) as in the case of the 1.58 eV laser excitation (Fig-
ure 3). A similar bleaching behavior is expected since for
both 1.58 and 1.16 eV laser excitation energies the
semiconducting inner tubes are in resonance.

The TG mode of DWCNTs in the undoped state (0
V) consists of the main band at about 1585 cm ™" and a
subtle shoulder at about 1590 cm ™' for the 1.16 eV laser
excitation energy. The TG mode is suggested to be
dominated by the signal of inner tubes; hence, the main
feature at 1585 cm ™ is assigned to semiconducting in-
ner tubes while the shoulder at 1590 cm™' is assigned
to semiconducting outer tubes. The frequency of the TG
mode of semiconducting inner tubes is consistent with
the assignment of this band to narrow semiconduct-
ing tubes. Furthermore, as the magnitude of the elec-
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trode potential is increased, the shoulder at 1590 cm™!
vanishes. On the other hand, the main feature at 1585
cm™ ! remains almost intact for potentials below 1.2V,
which confirms the suggested assignment to the inner
semiconducting tubes.

Figure 6 shows in situ Raman spectroelectrochemi-
cal data on sorted DWCNTSs obtained using the 2.41 eV
laser excitation energy. The frequencies of the RBM
bands of inner and outer tubes are about 266 and 156
cm™, respectively. Hence, according to the Kataura
plot,?! semiconducting outer tubes and metallic inner
tubes are in the resonance for the Raman spectra in Fig-
ure 6.

The Raman intensities of the RBM bands of both
outer and inner tubes are bleached with increasing
magnitude of the electrode potential as expected. Com-
pared to Figure 4, where semiconducting inner tubes
are shown, the intensity bleaching behavior of the RBM
bands of the inner and outer tubes is much more simi-
lar. As mentioned above, for semiconducting tubes, a
significant change of the lrgy is found only after the
electrode potential exceeds the magnitude of +0.3 V.
For metallic inner tubes, a small deviation of the Fermi
level from Er = 0 causes a bleaching of the Raman sig-
nal and thus their intensity is bleached relatively rapidly,
despite the fact that these inner tubes are shielded by
the outer tubes. Obviously, the offset in the bleaching
of the RBM band intensity, which is observed for semi-
conducting tubes but not for metallic tubes, plays an
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important role even for inner tubes in DWCNTSs. Hence,
the RBM band intensity of the metallic inner tubes ex-
hibits faster bleaching as compared to that for semicon-
ducting inner tubes (cf. Figure 4 and Figure 6). This ob-
servation is consistent with earlier studies of chemical
doping of DWCNTs,'222

For the 2.41 eV laser excitation energy, the TG mode
part of the spectra is of particular interest since metal-
lic inner tubes are in resonance with this particular la-
ser excitation energy. Even in this study, it is difficult to
distinguish the G~ of the inner tubes in the neutral
state. However, when the electrode potential is moved
from 0 to =0.6 V, the signal from metallic inner tubes
can be distinguished. The G~ band of inner metallic
tubes narrows and shifts to higher frequencies as the
magnitude of the electrode potential increases to =1.5
V. This behavior is typical for metallic tubes and re-
cently it has been explained by the Kohn anomaly ef-
fect.” The Kohn anomaly can be probed by chemical or
electrochemical doping. The electrochemical doping
fills the states close to the Dirac point and thus the Kohn
anomaly effect vanishes, which causes narrowing and
upshifting of the G~ band of metallic tubes.?*?*

To our knowledge, this is the first time that the
broadened G~ band has been clearly observed for in-
ner metallic tubes. This experimental result is important
since it validates the Kohn anomaly effect in inner me-
tallic tubes. Note that the Kohn anomaly effect appears
to be strong for inner metallic tubes. The G~ band can
be traced already at potentials of 0.3 V. At these po-
tentials, the G~ is centered at about 1500 cm™". Theo-
retical calculations predict a downshift of the LO mode
of metallic tubes to 1500 cm ™! for tubes with a diameter
of about 0.8 nm.?® According to eq 1, the diameter of
the inner metallic tubes is about 0.87 nm, thus our ex-
perimental results are consistent with the latter theo-
retical predictions.

It is also important to note that the signal of the inner
metallic tubes is changed before the Fermi level reaches
the Van Hove singularity employed in the Raman reso-
nance effect. The laser excitation energy is in resonance
with the E;;M transition of inner metallic tubes which is
about 2.4 eV. Therefore, shifts of the Fermi level smaller
than 1.2 eV do not lead to the filling/depleting of the
Van Hove singularities which are in resonance with the la-
ser excitation energy (2.41 eV). In other words, the poten-
tial window where no change of the intensity is ob-
served should be at least 2.4 V. Note that the change of
potential by 1V leads to a change of the Fermi level by
less than 1 eV. (The typical shift of the Fermi level under
our experimental conditions is between 0.5—0.75 eV.?) If
we include the latter effect and also unequal charge dis-
tribution between the inner and outer tubes, this poten-
tial window would be even broader. Furthermore, in the
case of inner tubes, the effects of charge are suggested to
be mediated solely by the outer tube.’® Hence, our result
confirms that the bleaching of the Raman signal is related
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to charge injection to electronic states of the carbon nan-
otube and not to other extrinsic effects such as redistribu-
tion of the electrolyte ions surrounding the nanotube.

The behavior of the G~ band during electrochemi-
cal charging also seems to be uniform; that is, there is
no splitting of the G~ bands. This behavior is important
since it indicates that the effect of the electronic struc-
ture of the outer tube on the bleaching behavior of the
inner tube is weak. A model nanotube sample having
all possible chiralities consists of %/3 semiconducting
tubes and /3 metallic tubes. A similar distribution may
be expected for the outer tubes of DWCNTSs. The inner
metallic tubes, which are in resonance with the 2.41 eV
laser excitation energy, may be accommodated inside
the DWCNT with either a semiconducting or metallic
outer shell. Hence, assuming a strong influence of the
metallic/semiconducting character of the outer tube on
the charging behavior of inner tubes, we would expect
a different behavior for DWCNTSs having metallic outer
or semiconducting outer tubes, respectively. This would
manifest itself, for example, as a different magnitude
of the upshift of the G~ mode for semiconducting and
metallic tubes since the shift of this band is very sensi-
tive to the charging. However, the shift of the band is
uniform. Therefore, we conclude that the role of the
electronic structure of the outer tube on inner tube
charging is probably relatively weak.

It is clear that the inner tubes are less affected by
electrochemical charging than the outer tubes. This ef-
fect is again evident in Figure 7. The plot summarizes
the behavior of gy for the inner and outer tubes shown
in Figures 4 and 6. In addition, the bleaching behavior
of SWCNTSs (HiPco) with the RBM at about 265 cm ™' is
shown for comparison. All curves in Figure 7 are nor-
malized to the /gy at 0 V for the particular tube and la-
ser excitation energy. In every case, the signal of the
outer tubes (both metallic and semiconducting) is
bleached faster than that for the inner tubes. This also
confirms the assignment of the RBM bands to inner and
outer tubes. Furthermore, the dramatic difference in
the behavior of inner semiconducting and metallic
tubes is clearly demonstrated in Figure 7.

For many applications, it is crucial to know how the
charge applied on the nanotube wall is transferred to
the encapsulated species. Nevertheless, quantitative
studies of the charge transfer from the outer tube to
the inner tube remain a challenge. As has been shown
previously, the bleaching behavior of the Raman signal
of SWCNTs depends on E; — Ejuser, Where Ej is the elec-
tronic transition which is employed in the resonance ef-
fect.? Thus, for a given laser excitation energy (Eizser), @
different bleaching behavior of SWCNTs, which appear
in the spectra (having a different chirality and diameter),
is expected, since each SWCNT has a slightly different
value of E; — Ejuser. Furthermore, a diameter depen-
dence of the bleaching behavior of the Raman signal
has been also reported.?® Hence, a direct comparison of
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the bleaching of the Raman signal of inner and outer
tubes may be misleading.

To evaluate the effect of the charge on the behav-
ior of inner tubes, it is desirable to compare the bleach-
ing of inner tubes with similar SWCNTs. The HiPco
sample is known to contain a broad diameter distribu-
tion of SWCNTs. It also contains SWCNTs with similar
RBM band position as the Raman band of the inner
tubes in the studied DWCNT sample. According to eq
1, the same positions of the RBM bands in the spectra
of SWCNTs and DWCNTSs correspond to similar diam-
eters of these tubes assuming that there is no signifi-
cant effect of the outer tube on the frequency of the
RBM band of inner tube. We note that in case of ex-
peapod DWCNTs samples, it is difficult to evaluate the
diameter of inner tubes, because there are more bands
than expected for the given chiralities within the array
of available diameters.'®

For convenience we also plot the ratio of the inten-
sities of the RBM bands of inner tubes in DWCNT and
corresponding SWCNT as a function of the charge per
one carbon atom (n). (Figure 8, data are taken from Fig-
ure 7.) The transferred charge on the outer tube was cal-
culated from electrode potential (E) assuming an ideal
double layer capacitor model according to the equa-
tion: n = CMC(E/F, where F is Faraday constant, Mc is
atomic weight of carbon, and C = 40 F/g is specific ca-
pacitance.?®

The circles in Figure 8 represent the ratio of normal-
ized intensities of the RBM band (assigning 1 to be the
intensity in pristine form) for metallic inner tubes of
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DWCNT and a small diameter SWCNT from the HiPco
sample (the RBM at about 265 cm™"). The spectra of
both samples were excited by the 2.41 eV laser excita-
tion energy. The triangles correspond to the intensity
ratio for semiconducting inner tubes of DWCNT and
small diameter SWCNTs from the HiPco sample (the
RBM at about 265 cm™ ). Here, the Raman spectra were
excited by the 1.58 eV laser excitation energy.

For metallic tubes, the ratio is increasing, which indi-
cates that the efficiency of the charge transfer is de-
pendent on the actual electrode potential. At an elec-
trode potential of 0.3 V (0.0015e per carbon atom), the
ratio of the intensity of the RBM of the inner tube ver-
sus the intensity of the RBM of the small diameter
SWCNT is about 1.1. Hence, the efficiency of the charge
transfer from the outer tube to inner tube is more than
90%. On the other hand, at a potential of 1.2 V (0.006e
per carbon atom), the ratio of the intensity of the RBM
of the inner tube versus the intensity of the RBM of the
small diameter SWCNT is about 2.5. Therefore, the effi-
ciency of the charge transfer from the outer tube to the
inner tube is less than 50%. In contrast, for semicon-
ducting tubes, the ratio is close to 1 up to relatively
large electrode potentials (0.9 V (0.0045e per carbon
atom) or —1.2 V (0.006e per carbon atom)). This behav-
ior is related to the offset in the bleaching of the Ra-
man intensity of semiconducting tubes. Both narrow
semiconducting SWCNTs and semiconducting inner
tubes do not change the intensity of Raman modes at
low electrode potentials. However, when the electronic
states are filled, the change of the intensity is immedi-
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Figure 8. The ratio of normalized Raman intensities of the RBM of semiconducting inner tubes in DWCNTSs vs the corre-
sponding intensities of SWCNT (HiPco) tubes with the same diameter as a function of the charge per one carbon atom (tri-
angles). The ratio of normalized Raman intensities of metallic inner tubes vs the corresponding intensities of HiPco tubes with
the same diameter as a function of the charge per one carbon atom (circles). The spectra of the semiconducting and metal-
lic tubes were excited by 1.58 (785 nm) and 2.41 eV (514 nm) laser excitation energies, respectively.

ately observed. At potentials of —1.5 V (—0.0075e per
carbon atom) and 1.2 V (0.006e per carbon atom), the
doping efficiency of the inner tubes with respect to the
SWCNTs is about 50%.

We note that the previous results obtained from
chemical doping suggested an efficiency of the charge
transfer to be about 10%."" However, in this case, Ej —
Ei.ser and the effect of nanotube diameter were not con-
sidered. Chemical doping can also lead to high doping
levels where the efficiency of charge transfer from outer
to inner wall is low.

As can be seen from Figures 4, 5 and 6, the behav-
ior of the TG mode is qualitatively consistent with the
behavior of the RBM band. Unfortunately, a detailed
quantitative analysis of this band is very difficult. As dis-
cussed above, the TG mode consists generally of six
Raman-active lines: 2A;g4 + 2E;4 + 2E,q, which are re-
duced to only two main components of the TG mode
(the G* and the G~ lines) in typical Raman spectra. For
samples containing different tubes, these two bands
(the G™ and the G7) in the Raman spectra consist of
contributions from many Raman features each coming
from a particular (n,m) tube. The behavior of the TG
band at different potentials seems to be chirality- and
diameter-dependent which strongly complicates any
trials to fit consistently the TG mode for different poten-
tials. From a technical point of view, this band changes
its shape, position, and intensity, therefore none of
these parameters can be fixed. This results in a large
number of possible fits, which do not have physical
meaning. For DWCNTs, the situation is even more com-
plex because there are inner and outer tubes which
each have a different dependence on electrode poten-
tial as we showed for the RBM band. More theoretical
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studies are obviously needed to provide a solid basis
for evaluating the TG mode data for DWCNTs.

CONCLUSION

In conclusion, the effects of the doping on semicon-
ducting and metallic tubes within sorted CVD-grown
DWCNTs are examined by in situ Raman spectroelectro-
chemistry. Striking differences in the behavior of inner
semiconducting and inner metallic tubes in DWCNTs
have been demonstrated. The role of the tube elec-
tronic type (i.e. semiconducting versus metallic) was
found to be even stronger than the effect of the outer
wall on the inner tube in DWCNTs.

It is shown that metallic inner tubes can be effi-
ciently doped even though they are protected from
the electrolyte ions by the outer wall. The efficiency of
the charge transfer from outer to inner tube is however
dependent on the electrode potential, and it changes
from 90% to less than 50% for potentials from 0.3 to 1.2
V or from —0.3 to —1.2 V. Furthermore, in electrochemi-
cally doped DWCNTs we were able to observe the G~
band of the inner metallic tubes. This band is of particu-
lar importance in studies of doping behavior because
it is strongly affected by a Kohn anomaly, which is also
confirmed by our study.

The behavior of inner semiconducting tubes is also
driven by their electronic structure. In contrast to metal-
lic inner tubes, in the case of the inner semiconducting
tubes a strong offset in the bleaching of Raman bands
was found. However, when the Fermi level was shifted
above the energy of the first Van Hove singularity, the
electronic states were filled and the change of the in-
tensity of the RBM band of inner semiconducting tubes
was immediately observed. At the potential of —1.5
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and +1.2V, the doping efficiency of the inner tubes
with respect to the SWCNTs was about 50%.

Our study also confirms that the dependence of
the RBM on electrode potential may be, indeed, used
to distinguish between inner tubes of DWCNTSs and nar-

EXPERIMENTAL DETAILS

The raw material (DWCNT) was purchased from Unidym,
Inc., and according to the manufacturer’s specification it con-
sisted of 60% DWCNT. The preparation of sorted DWCNTs fol-
lowed the density gradient ultracentrifugation protocol pub-
lished previously.> The electrodes for in situ
spectroelectrochemical studies were fabricated by the evapora-
tion of a sonicated ethanolic slurry of sorted DWCNTSs on Pt elec-
trodes. The film was outgassed at 80 °C in vacuum and then
the electrode was mounted in the Raman spectroelectrochemi-
cal cell. The single-compartment spectroelectrochemical cell was
airtight and was equipped with a glass optical window for spec-
troscopic measurements. The HiPco sample was identical to
that reported in our previous studies.?

The electrochemical cell was assembled in a glovebox (M.
Braun); the glovebox atmosphere was Ar containing <1 ppm of
both O, and H,0. Electrochemical experiments were carried out
using an Autolab PGSTAT (Ecochemie) potentiostat with Pt aux-
iliary and Ag-wire pseudoreference electrodes; the electrolyte so-
lution was 0.2 M LiClIO,4 + acetonitrile (both from Aldrich; the lat-
ter dried by 4 A molecular sieve). The Raman spectra were
excited by a 2.41 eV mixed Ar*/Kr™ laser (Innova 70C series, Co-
herent), 1.58 eV laser (Sacher Lasertechnik), and a 1.16 eV laser
(mpc 6000, Laser Quantum). Spectra were recorded by a Labram
HR spectrometer (Horiba Jobin Yvon) interfaced to an Olympus
microscope (objective 50X). The laser power impinging on the
cell window or on the dry sample was between 1 and 3 mW. The
spectrometer was calibrated by the F;4 mode of Si at 520.2 cm~,
and the resolution of the spectrometer was about 1 cm™". The in-
tensity of the Raman spectra was normalized to the excitation la-
ser energy at the sample. Optical absorbance measurements
were taken on the DWCNTs in solution using a Cary 500 spectro-
photometer (Varian, Inc.). The absorbance of a reference solu-
tion containing matching levels of sodium cholate, iodixanol,
and water was subtracted from the sample absorbance spectra
to ensure that only the optical properties of the DWCNTs were
measured.
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