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arbon nanotubes (CNTs) consist of
C rolled graphene cylinders of nan-

ometer size in diameter. Since a hex-
agonal sp? hybridized carbon layer exhibits
a high mechanical strength, CNTs reveal
excellent mechanical and electrical proper-
ties as well as flexibility. From these char-
acteristics, CNTs are being considered as a
multifunctional filler in the fabrication of
composites and alternative transparent
conductive films, able to replace indium
tin oxide (ITO) in electronic displays.' When
dealing with single-walled carbon nano-
tubes (SWNTs), their electrical properties
are strongly dependent on the way the
graphene sheet s rolled up to form a carbon
cylinder. In theory, one-third of the SWNTs
are metallic (including semimetallic) and
the other two-thirds of SWNTs are semi-
conducting.? Recently, the chirality-depen-
dent electrical transport properties of semi-
conducting and metallic SWNT films that
were prepared using density gradient ultra-
centrifugation were well studied.® However,
there are only limited studies available on
the electric conductivity of multiwalled car-
bon nanotube (MWNT) films, since MWNTs
possess many structural and morphological
parameters such as length, diameter, num-
ber of the layers, and chiralities. In this study,
we have selected double-walled carbon
nanotubes (DWNTs) as the simplest model
system for studying MWNT properties.*
Geometrically, DWNTSs consist of two coaxial
SWNTs. Thus, the versatile outer tube chem-
istry and the protected electrical and struc-
tural properties of the inner tubes®~” make
DWNTs potentially useful in the fabrication
of field effect transistors®~ ' stable field
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ABSTRACT A fundamental understanding of the electrical properties of carbon nanotubes is
vital when fabricating high-performance polymeric composites as well as transparent conductive
films. Herein, the chirality-dependent transport mechanisms in peapod- and chemical vapor
deposition-grown double-walled carbon nanotubes (DWNTs) films are discussed by identifying
the chiralities of the inner and the outer tubes using fast Fourier transform image processing, as well
as optical studies (e.g., Raman, UV, and photoluminescence spectroscopies). The observed
conduction mechanisms are strongly dependent on the total fraction of the metallic inner and
outer tubes within the DWNT samples. Furthermore, the contribution of the inner tubes to the
electronic transport properties of DWNT films is confirmed by photochemically deactivating the outer
tubes in both types of DWNT samples.
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mechanism - chirality - fast Fourier transform

emitters,'’ electrode materials for storing
lithium ions,'® supporting materials for
catalysts,'® fillers in polymer composites,
and biomarkers in the biomedical area.'*'?
In addition, sorted DWNTs with metallic outer
tubes were demonstrated to be suited for use
in transparent conductive film applications,'®
where electrical conductance, optical trans-
parency, and mechanical strength are needed
simultaneously because DWNTs are more
resistant than SWNTs to the hydrodynamic
shear forces generated by ultrasonication
processes.'” To date, DWNTs have been pro-
duced by several methods, such as arc

discharge,'® #* chemical vapor deposition *Address correspondence to

(CVD),2 % and coalescence of peapods
(Csor C70 and ferrocene encapsulated inside
SWNTs).26 3" Peapods with the structure of
SWNTs encapsulating C¢o molecules are one
example of a hybridized carbon nanomaterial.
Since the first observation of the peapod mor-
phology became available,?® some groups
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reported the coalescence of fullerenes inside SWNTs,
and the subsequent formation of DWNTs under elec-
tron beam irradiation®” or by thermal treatment in
vacuum.>® The photoluminescence (PL) signals from
the semiconducting inner tubes of peapod-grown
DWNTs were observed from DWNT samples that were
prepared by thermally treating peapods above 1700 °C
in argon using a graphite furnace.3* However, even
with the availability of high-purity DWNTs, there is still
no systematic study on the electrical properties of pure
and crystalline DWNT networks or films.

The purpose of this study is to understand the
chirality-dependent conduction mechanisms of DWNT
films using two different types of materials (i.e., CVD-
DWNTs** and peapod-DWNTs*?). To identify the chir-
ality distributions of the inner and the outer tubes of
the peapod- and CVD-DWNTs, we have used a fast
Fourier transform (FFT) image processing method
based on atomic resolution TEM images, and we then
compared the results obtained from their two-dimen-
sional PL maps. Experimentally, we have confirmed the
strong chirality-dependence of the conduction me-
chanisms and the contribution of the inner tubes to
the bulk electronic transport in DWNT films, by deac-
tivating the sidewall of the outermost tubes with
covalently anchored functional groups using a photo-
chemical treatment.

RESULTS AND DISCUSSION

To prepare DWNT film, CVD- and peapod-DWNT
samples (15 mg) were dispersed in ethanol (100 mL)
using ultrasonication (Kubota UP50H) for 30 min with-
out any surfactant. By filtering a stable suspension of
DWNTs (polytetrafluoroethylene filter, 1 um) and drying
it for 24 h in vacuum, we have prepared a thin but round
DWNT film by peeling off the film from the filter (Figure
1a).3 Easy fabrication of such a strong, flexible DWNT
film comes from the strong physical entanglement of
the long bundled DWNTs (Figure 1b). In addition, we
have carried out a detailed TEM observation in order to
examine the geometry and the crystallinity of SWNTSs,
peapods, CVD- and peapod-DWNTs used in this study.
The long and crystalline SWNT with a diameter of 1.3 nm
exhibits a hexagonal Moiré pattern (Figure 1c). SWNTs
containing fullerenes (or peapods) come in bundles
(Figure 1b), in which the fullerenes are encapsulated
periodically in a 1D linear chain within the hollow core of
the SWNT (Figure 1d). Subsequently, by thermally treat-
ing these peapods at 1700 °C in flowing argon using a
graphite furnace, the growth of the inner tube from the
coalescence of fullerenes and the formation of coaxial
tubes were verified (Figure 1e) without any substantial
change in the bundle structure. The reason for selecting
1700 °C is based on our previous study,*? which showed
that the photoluminescent signal was not observed
in peapod-DWNTs that were thermally treated below
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1600 °C, whereas a higher thermal treatment above
1700 °C resulted in bright PL and a strong absorption
peak coming from the highly crystalline semiconducting
inner tubes of peapod-DWNTs. However, incomplete
filling of the newly formed inner tube was observed
by TEM images (see short inner tubes in Supporting
Information, Figure S2) due to the incomplete filling
of fullerenes inside the tubes prior to the thermal
treatment. An atomic TEM image of a CVD-DWNT also
exhibits two coaxial tubes (Figure 1f). However, we
were not able to find any significant difference between
the TEM images of peapod- and CVD-DWNTs (compare
Figure 1 panels e and f).

Since UV absorption constitutes a powerful tool to
measure the metallicity and diameter distribution of
SWNTs, homogeneously dispersed DWNT solutions
were analyzed using an optical absorption spectro-
meter (Figure 2a).3**° The high-purity SWNT (diameter =
1.3—1.4 nm) suspension exhibits intense and sharp
absorption peaks in the 900 and 1300 nm region
coming from the second-order semiconducting transi-
tion (S,,), and a relatively weak absorption peak in the
500 and 800 nm range coming from the first-order
metallic transition (M;,). However, the peapod-grown
DWNT suspension shows distinctive features in the
absorption spectrum. Specifically, the intensity of the
M;; and S,, transitions of the outer tubes are largely
depressed, whereas the newly appearing strong ab-
sorption peak around 1010 nm in the peapod-grown
DWNT suspension is coming from the S;; transition of
the semiconducting inner tubes. In contrast, the cata-
lytically grown DWNT suspension has several strong
absorption peaks in the range of 900—1300 nm.3® For
the DWNT suspensions, the absorption peaks in the
region between 900 and 1300 nm are the result from
the overlap of the S,, transition of the outer tube and
the Sq; transition for the inner tube. Theoretically, the
intensity of the absorption peaks depends on the
density of states of carbon nanotubes at the Fermi
level, which is inversely proportional to the tube
diameter. Therefore, the absorption peaks from the
large diameter semiconducting outer tubes (>1 nm)
are expected to be predominantly overlapped by the
strong absorption peaks coming from the small-dia-
meter (<1 nm) semiconducting inner tubes. This as-
sumption is verified by the fact that the absorption
spectra do not change before and after the photoche-
mical treatment (Figure 2a). Our previous study
revealed that the vacuum ultraviolet irradiation of
Hipco-based SWNTs for 30 min introduced covalently
anchored functional groups on the sidewalls of the
nanotubes, resulting in the breakdown of the van Hove
singularities (or the disappearance of the absorption
peaks).?” The above results indicate that both samples
have a different diameter distribution as well as differ-
ences in metallicity, but the overlapped absorption
peaks from the small-diameter inner tubes and the
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Figure 1. (a) A photograph of round (diameter = 3.4 cm) and black DWNT-derived bucky paper; (b) the low resolution TEM
image exhibits intermingled bundles of DWNTs; (c) high resolution TEM images of the SWNT (hosting material), (d) SWNT
encapsulating fullerenes periodically (also called peapods); (e) peapod-DWNT and (f) CVD-DWNTs. Note that peapod-DWNTs
are prepared by thermally treating peapods at 1700 °C in an argon atmosphere using a graphite furnace, whereas CVD-
DWNTs indicate the catalytically grown DWNTs. There is no any difference in the atomic resolution TEM images between the

two kinds of DWNTs (e, f).

large-diameter outer tubes in the DWNTs, make it
difficult for us to quantify the metallicity (or the
chirality) of both types of tubes.

Thus, by carrying out a modified FFT image proces-
sing procedure,®®~*" we have identified the chirality of
the inner and the outer tubes from the TEM images of
the peapod- and CVD- DWNTs, as described in the
Experimental Section and Supporting Information, Fig-
ure S1. TEM images of the DWNTSs were fractioned into
squares containing 2048 pixels (or 1024 pixels) per
side. First, we used a Hamming window to eliminate
the effect of the edges of square images. To achieve
high resolution analysis, the spatial frequency analysis
is carried out using a FFT on the enlarged image of the
background. A chiral-type SWNT (chiral angle: 0° < 6 <
30°) exhibits 12 spots (two 6 pairs on the front and the
back), whereas only six spots are observed for arm-
chair- and zigzag-type SWNTs. Thus, a DWNT exhibits
18 spots. Then, by separating the spots in three
hexagons, we were able to obtain red-paired hexagons
and a green single hexagon. As a result of the area-
selected inverse FFT (IFFT), we obtained red-hexagons
and green hexagons, corresponding to the inner tube
and the outer tube, respectively. Eventually, we were
also able to obtain the diameter and chiral angle of the
inner and the outer tubes from the TEM images of the
peapod- and CVD-DWNTs, and their corresponding FFT
patterns, respectively (Figure 2b,c, Tables S1 and S2).
We observed here smaller inner and outer diameters.
We noted narrower chirality distributions for both the
inner and the outer tubes as well as a smaller interlayer
distance from the peapod-DWNTs as compared to
that of the CVD-DWNTs. Such kinds of trends are
strongly supported by measuring the two-dimensional
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photoluminescence maps of the peapod- and CVD-
DWNT suspensions (Figure 2d,f). Each bright peak in
the PL map corresponds to a specific (n,m) inner tube
excited to the second excitonic transition S,,, and
emitting a photon corresponding to its first excitonic
transition S;;. It is very important to note that the PL
map was confined to the small-sized tubes below
1.0 nm due to the limited ability of the detector used
in these studies. However, we found that the chirality
distributions of the small-sized tubes from the PL maps
coming from both types of DWNTSs are quite consistent
with the data obtained from FFT image processing. In
addition, the observed interlayer spacing for peapod-
DWNTs with (6,5) inner tubes is consistent with the
results obtained from the resonant Raman studies on
isolated DWNTs.*? According to the detailed chirality
analysis, the metallic content of the inner and outer
tubes for peapod-DWNTs was found to be 15% and
25%, whereas the corresponding values for the inner
and the outer tubes of the CVD-DWNTs corresponded
to 35% and 20%. The low metallic content in the inner
tubes of the peapod-DWNTs could be explained by
their special growth conditions, such as their high-
temperature thermal treatment;>? the fullerenes within
the hollow core of SWNTs were coalesced to form
corrugated tubes below 1700 °C, and these corrugated
tubes were converted into energetically stable semi-
conducting and more crystalline tubes upon higher
thermal treatments above 1700 °C.

Finally, we have examined the relationship between
the metallicity of the inner and the outer tubes with
measurement of the electric transport properties of
peapod- and CVD-DWNT films. As shown in Figure 3,
all nanotube films exhibit a semiconducting behavior.
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Figure 2. Metallicity evaluations of SWNTSs, peapods- and CVD-DWNTSs: (a) UV—vis absorption spectra of SWNTs, peapods-
and CVD-grown DWNTs, and ultraviolet-treated CVD-grown DWNTs, (b, c) the chirality distribution of the inner and outer
tubes of the peapod-DWNTs and the CVD-DWNTs are obtained via fast Fourier transform (FFT) image processing, and (d, f)
two-dimensional photoluminescence maps of the peapods- and CVD-DWNT suspensions. Regarding the peapods-DWNTs
that are synthesized by thermally treating peapods at 1700 °C in argon, the preferential growth of semiconducting (6,5) inner
tubes was verified by a strong and sharp absorption peak at around 1010 nm (panel a), a bright photoluminescence signal
(panel d) and the direct observation of 25% (6,5) tubes via a FFT imaging processing procedure (panel b).

By using the resistance ratio (p/pgr), we are able to dis-
regard the influence of the film thickness, density, and
contact resistance. The lowest resistivity was found for
films obtained from CVD-DWNTs. The resistivity was
lower in CVD-DWNTs than in SWNT and peapod-DWNT
films. We attribute this result to the total content of
metallic tubes that the CVD-DWNT sample contains. No
significant difference in the electrical resistivities of
SWNT films and the peapod-DWNT films indicates the
predominant role of the outer tubes in the transport.
Thus, in order to understand (or study) the more
obscure role of the inner tubes in the electrical trans-
port, all samples were irradiated with ultraviolet radia-
tion under vacuum for 30 min. The effectiveness of this
photochemical reaction was confirmed by Raman
spectroscopy (using a 633-nm laser line) on the SWNT
film before and after vacuum-ultraviolet (VUV) treat-
ment (Figure 4). The largely depressed radial breathing
mode (RBM) around 160 cm ™', the largely intensified
D-band, and the disappearance of a Breit—Wigner—
Fano profile coming from the metallic tubes, indicate
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Figure 3. Temperature dependence of the normalized re-
sistance of the SWNT, peapod-, and CVD-DWNT films before
and after vacuum ultraviolet (VUV) treatment. The effec-
tiveness of VUV treatment is verified by the largely in-
creased resistance of all nanotube films.

the presence of covalently anchored functional groups
on the sidewall of SWNTSs,*” thus resulting in a breakdown
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Figure 4. (a) Low- and (b) high-frequency Raman spectra of the SWNTs, peapod-, and CVD-DWNTs before and after vacuum

ultraviolet treatment, using a 633 nm laser line.

of the sharpness of their van Hove singularities. From the
low frequency Raman spectra of DWNT samples, we are
able to assign two possible configurations (i.e., domi-
nantly S@S and partially M@S). We could see a largely
depressed radial breathing mode intensity of the outer
tubes in VUV-treated DWNT samples. In addition, you can
see a subtle change in the Raman frequency of the G
band in the VUV-treated peapod-grown DWNT sample. In
other words, the loss of the resonance condition for
outer tubes can be the reason for the large depression
of the G band and the RBM intensities. Thus, the strong
G band as well as the absence of a D band in the VUV-
treated DWNT samples is coming from the semicon-
ducting inner tubes, because they are effectively pro-
tected from the oxidative chemical attack. Therefore,
the large increase in the electric resistance of all VUV-
treated nanotube films supports the effectiveness of
the photochemical treatment. The covalent introduc-
tion of functional groups on the tube sidewalls leads to
the disruption of the conjugated 7 bonding. If the
electron transport of bulk CNTs depends only on their
topological structure (i.e., the number of layers and bulk
structure), CVD- and peapod-DWNT films would show
the same transport properties. However, we observed a
large difference in the electric conductivity of peapod-
and CVD-DWNT films. Among the many studies carried
out on the electron transport in carbon nanotubes in the
form of pellets and sheets,”*~** the conduction mechan-
isms of SWNT networks have been well studied in terms
of the fraction of their semiconducting (or metallic)
nanotubes.? This study reported that the electron trans-
port of the metallic SWNT film follows two-dimensional
weak localization (2D-WL) theory, and with increasing
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content of semiconducting SWNTs, the conduction me-
chanisms are changed from 2D-WL, 3D-variable range
hopping (VRH),*® 2D-VRH*® to 1D-VRH, consecutively.*’
1D-VRH is sometimes called Coulomb-gap VRH. The
resistivity p in VRH follows the following eq 1.

1/d+1
p(T) = py exp{(?) } (1)

Here, dis the dimension of hopping, d = 1 for 1D-VRH
(Efros—Shklovskii type) and d = 2 and 3 for 2D- and 3D-
VRH (Mott type). Ty is a characteristic temperature used
in the VRH model. In our study, we used the dimension
(d) as the indicator of the transport mechanism. The
lines in Figure 3 are well fitted with VRH theory (see
Figure S3). For VUV-treated nanotube films, we found
the electrical resistivity to be in the order CVD-DWNTs
< peapod-DWNTs < SWNTs. Even though peapod-
DWNTs and SWNTs have almost a similar resistivity
before the VUV treatment, the low resistivity observed
in VUV-treated peapod-DWNT films when compared to
SWNT films should be explained by the presence of the
inner nanotube in DWNTs. This result provides strong
experimental evidence showing that the inner nano-
tubes in DWNT films surely contribute to the observed
electron transport behavior. Finally, the conduction
mechanisms in SWNT, peapod- and CVD-DWNT films
before and after VUV treatment are compared and
summarized in Figure 5 as a function of the total
content of their semiconducting nanotubes. The rela-
tive amount of the semiconducting tubes (the inner
and outer tubes) is 55% for CVD-DWNTs, 40% for
peapod-DWNTs, and 25% for SWNTs. Furthermore,
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Figure 5. Variations of the conduction mechanisms in SWNT and DWNT films as a function of the relative content of the
semiconducting inner and outer tubes (d value in VRH indicates conduction mechanisms, WL is weak localization, VRH is
variable range hopping, ES-VRH indicates Coulomb gap VRH by the Efros & Shklovskii type).

assuming that all metallic outer nanotubes are mod-
ified by a VUV treatment, the content of semiconducting
nanotubes in CVD-DWNTs, peapod-DWNTs and SWNTs
is assumed to be 35%, 15%, and 0%, respectively. We
found that the transport mechanisms are strongly de-
pendent on the relative amount of metallic nanotubes
contained in SWNT, peapod-, and CVD-DWNT films.

CONCLUSIONS

Herein, we have investigated the chirality-depen-
dent conduction mechanisms in CVD- and peapod-
DWNT films through identification of the chirality of
the inner and the outer tubes using a FFT image
processing method. The chirality distributions of the
inner tubes in both types of DWNTSs are closely con-
sistent with the results from the PL maps of their
corresponding DWNT suspensions. The low metallic

EXPERIMENTAL SECTION

Synthesis of Catalytically and Peapod-Grown DWNTs. The high-
purity and crystalline CVD-grown DWNTs were prepared as
follows:*> As-grown DWNTs were synthesized using a condi-
tioning catalyst (Mo/Al,O3) at one end of the furnace, and a
nanotube catalyst (Fe/MgO) in the middle part of the furnace.
Subsequently, a methane and argon (1:1) mixture was fed into
the reactor typically for 10 min at 875 °C. A purification process
was applied to the as-grown products. First, an oxidation
process (500 °C, 20 min) was carried out to reduce of the
amount of chemically active SWNTSs. Second a hydrochloric acid
(18%, 100 °C, 10 h) treatment was carried out in order to remove
magnesium oxide and iron catalysts, followed by air oxidation at
500 °C for 10 min in order to remove carbonaceous impurities.
The detailed procedure of preparing peapod-grown DWNTs is
as follows:>? Highly purified arc-produced SWNTs (Hanwha
Company, Korea) were used without further treatment. The
SWNTs exhibit a diameter of about 1.3—1.4 nm and are used as
the hosting fullerene material. After vaporizing fullerenes in a
vacuum-sealed glass ampule containing SWNTs at 600 °C for
24 h, the reactants were washed twice in order to remove the
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content (ca. 15%) of the inner tubes of peapod-DWNTs,
as compared with that of CVD-DWNTs (ca. 30%), is
attributed to the fact that the inner tubes are grown
from corrugated tubes via high temperature thermal
treatment. The strong dependence of the transport
mechanisms on the relative content of their metallic (or
semiconducting) constituent nanotubes as well as the
contribution of their inner nanotubes to electron trans-
port in this work was confirmed by measuring the
electrical conductivities of SWNTs, CVD-, and peapod-
DWNTs before and after VUV treatment. The present
work will be used as a model system for understanding
the conduction mechanisms of MWNTs, and, further-
more, these findings will support the presently avail-
able theoretical background for the fabrication of high-
performance transparent conductive films and filler
material to be used in polymer composites.

residual fullerenes attached to the sidewall of the bundled
SWNTs. Subsequently, the black paper-like peapods were dried
under vacuum at 100 °C for 24 h. Finally, by subjecting the
sample prepared via a high-temperature thermal treatment at
1700 °Cin an argon atmosphere using a graphite furnace, high-
purity peapod-derived DWNTs were obtained.

Photochemical Treatment. To clarify the contribution of the
inner tube (or to disregard the influence of the outer tubes),
DWNT films were subjected to a gas-phase photochemical treat-
ment. A photochemical reaction was carried out by irradiating the
prepared nanotube film with ultraviolet light from a xenon
excimer lamp (UER172-200, Ushio Inc)) (4 = 172 nm) in air. The
output power of the mercury lamp used in our study is 450 W. The
power of the irradiated light was confined to 10 W/cm? by fixing
the distance between the UV lamp and the sample at 30 mm.

Image Processing Procedure for Identifying the Chirality of the
Inner and the Outer Tubes. Atomic resolution transmission electron
microscopy (HR-TEM) images were obtained using double CS
corrector (CEOS GmbH) equipped JEM-2100F (80 kV, JEOL,
Japan). Then we selected a clean area of 5 nm square with no
apparent tilt or focus difference of the nanotube and performed
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the fast Fourier transform (FFT) to obtain the power spectrum
of the selected area (Figure S1). The power spectrum nearly
corresponds to the electron diffraction (ED) of the nanotube
and therefore contains similar information, such as the angle of
the hexagonal network arrangements of each layer (chiral
angle), interlayer spacings, inclination (tilt) of the tube's long-
itudinal axis to the electron beam, and the diameter of each
layer of the tube. Although the power spectrum contains rich
information, it is hard to intuitively understand and reconstruct
the image of each layer forming the nanotube. To obtain
separate images of each layer, we need the information on
the hexagonal network arrangement and the diameter. Obtain-
ing the information on the hexagonal network arrangement is
simple, because we only need to select six (10) spots rotationally
separated by 60 degrees (yellow and green hexagons). The
equatorial line is specified in order to obtain the composite
information on the interlayer spacing and diameter of each
layer. Therefore, it is cumbersome to obtain the information on
the diameter of each tube from the equatorial line. To make
things complicated, there are some variations of the interlayer
spacings between the layers, and therefore the (002) spot
becomes rather diffused. The easiest way to obtain the informa-
tion on the tube diameter is to use the layer line that appears
along the (10) spots (dotted lines). Since the layer line that
originates from a certain (10) spot contains information on the
diameter of the tube that made the particular (10) spot appear,
the inverse FFT (IFFT) will recover the information on the
diameter of that particular tube. The present method is con-
venient because we can simply make a mask that only includes
the layer line and its corresponding (10) spots of the FFT image,
and then perform the IFFT to reconstruct the hexagonal net-
work image of each layer for the DWNTs.

Structural Characterizations. Raman spectra using a 633 nm-laser
line were measured using a T64000 spectrometer (HORIBA Jobin
Yvon Co.). To carry out optical studies for both DWNT samples, the
nanotube sample was individually dispersed in heavy water with
sodium dodecylbenzene sulfonate (0.5 wt %) under sonication for
1 h at 4 °C and subsequent ultracentrifugation (Optima Max-XP,
Beckman Coulter, 322,100 g). The supernatants were carefully
collected and used for subsequent optical studies with PL
(Shimadzu, NIR-PL system) and an optical absorption spectro-
meter (Shimadzu, SolidSpec-3700). The measurement of the
electrical conductivity of the DWNT films was carried out with a
four probe method using a physical property measurement
system (PPMS, Quantum Design Co.). The sample was cut into
approximately 8 mm x 1T mm rectangles and the distance between
the inner two leads is approximately 2 mm. We used a copper wire
(diameter = 30 um) as a lead and silver paste for contact between
the copper wire and the surface of the DWNT film.
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