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F
rom an applications viewpoint, double-
walled carbon nanotubes (DWCNTs)
have long been idealized as candidates

for use in nanotube-based sensor devices
where it is proposed that the outer wall can
be functionalized, leaving the inner wall
pristine and available for signal transduction.
For example, Wang et al. treated DWCNTs
with concentrated acid mixtures, confirmed
that functionalization was mostly limited
to the outer wall,1 then extended that work
to show that diazonium-modified DWCNTs
retained 33 times more current-carrying ca-
pacity than similarly functionalized SWCNTs
when integrated into thin films.2 Later,
the same group used chemically modified
DWCNT field effect transistors (FETs) for the
detection of amines, observing 6000 times
higher chemical selectivity for amine-con-
taining analytes compared to other small
molecules,3 demonstrating thatDWCNTFETs
can achieve ultrahigh detection sensitivity

(∼1 ppb) with the added advantages of
increased selectivity and reduced occur-
rence of nonspecific binding.
From a fundamental viewpoint, DWCNTs

represent the simplest form of a multi-walled
carbon nanotube (MWCNT), which makes
them ideal candidates for investigating the
effects of the interwall coupling between
component nanotubes, which can produce
some remarkable and unexpected phenom-
ena. For example, Okada and Oshiyama calcu-
lated that due to overlap of the electronic
states of the constituent nanotubes, some
S@S DWCNTs can behave entirely as metals,4

while Moradian et al. calculated that in
some mixed-wall DWCNTs the two walls
can even exchange electronic type.5 Such
predictions have further drawn the atten-
tion of experimentalists to investigate the
properties of DWCNTs through the use of
FETs, notably Liu et al.6 and Bouilly et al.,7

who have provided unique insights into
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ABSTRACT In this work, we demonstrate the application of the gel permeation technique to the

sorting of double-walled carbon nanotubes (DWCNTs) according to their outer wall electronic type.

Our method uses Sephacryl S-200 gel and yields sorted fractions of DWCNTs with impurities removed

and highly enriched in nanotubes with either metallic (M) or semiconducting (S) outer walls. The

prepared fractions are fully characterized using optical absorption spectroscopy, transmission

electron microscopy, and atomic force microscopy, and the entire procedure is monitored in real time

using process Raman analysis. The sorted DWCNTs are then integrated into single nanotube field

effect transistors, allowing detailed electronic measurement of the transconductance properties of

the four unique inner@outer wall combinations of S@S, S@M, M@S, and M@M.
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the transconductance properties of the different
inner@outer wall combinations of DWCNTs. Spectro-
electrochemistry has also been employed by Kalbac
et al. to investigate the effects of charge transfer
between the four DWCNT combinations, where the
required shift in Fermi level to achieve charge transfer
from outer to inner wall was found to increase in the
order of M@M < S@M < M@S < S@S.8

Notwithstanding the aforementioned studies, the
use of DWCNTs has remained relatively limited despite
their clear potential. This is in part due to DWCNTs
suffering many of the same setbacks initially experi-
enced by SWCNTs, in particular, the lack of a method
to synthesize pure, electronically well-defined raw
material. For this reason, several groups are focusing
on the subsequent processing and sorting of DWCNT
raw material. While sorting by inner wall type remains
elusive, the relatively small field of DWCNT sorting
has already seen density gradient ultracentrifugation
(DGU) used in the removal of large and small diameter
SWCNT contaminants9 as well as DWCNT separation by
length10 and outer wall electronic type.11 However, the
use of Sephacryl gel chromatography has remained
notably underutilized in the processing of DWCNTs. In
the case of SWCNTs, the technique has allowed for the
high-throughput separation of metallic from semicon-
ducting species and in some cases can also enrich
zigzag and (n, 0) species.12 The works of Kataura and
co-workers,13,14 Strano and co-workers,15,16 and our
group17,18 have further developed the technique to
afford highly (n,m) pure SWCNT suspensions. In the
field of DWCNT sorting, we recently demonstrated the
use of Sephacryl gel to purify raw DWCNT material by
removing SWCNT contaminants.19 Based on the al-
ready proven success of Sephacryl gel for the separa-
tion of SWCNTs by electronic type, we anticipated that
perhaps such an approachmay also offer an avenue for
the separation of DWCNTs. Although the ultimate goal
remains the preparation of DWCNTs with both defined
outer and inner walls, this current work makes a
significant advance in that direction by providing a
high-throughput method to prepare DWCNTs with
defined outer wall electronic type.
The literature contains several examples of the elec-

tronic separation of large diameter arc-discharge (AD)
SWCNTs by a cosurfactant gel separation.Miyata et al.,20

Wu et al.21 and Zhang et al.22 have all demonstrated the
use of cosurfactant separation for large diameter
SWCNTs using sodium dodecyl sulfate (SDS) and so-
dium cholate (SC), and on the basis of these reports, a
similar cosurfactant approach would intuitively appear
to be applicable to DWCNTs with their relatively large
outer walls. It is this method that we now describe.

RESULTS AND DISCUSSION

Raw DWCNTs suspended with SC were applied to a
gel bed under SDS and washed through with further

SDS solution, and the “flow-through” material was
collected. Time-lapse photography (Figure S1 of the
Supporting Information) shows that separation begins
to occur rapidly with the formation of four bands of
differing concentration and color. Over time, each
band spreads out and is subsequently eluted at a
different time. To follow this process, we monitored
the composition of the eluted liquid using a process
Raman analyzer, or “process Raman”, where the inte-
grated G-band intensity is plotted against time and is
shown in Figure 1a. For comparison, the same process
was repeated for large diameter AD SWCNTs and small
diameter HiPco SWCNTs (see Figures S2 and S3, Sup-
porting Information, for more information). For the
DWCNT material, four bands were eluted at 7, 10, 18,
and 20 min, respectively. The eluted material cor-
responding to each peak in the process Raman data
was then measured using optical absorption spectros-
copy (Figure S4, Supporting Information).
Bands 1 and 2 exhibit very similar optical properties,

with two broad peaks at 695 and 750 nm and a series of
peaks between 1030 and 1215 nm (the spectrum of
band 2 can be seen in Figure 1b). These absorption
regimes correspond toM11 transitions of large diameter
(∼1.3�1.6 nm) metallic (m-) nanotube walls23 and to
the S11 transitions of smaller diameter (∼0.7�0.9 nm)
semiconducting (s-) nanotube walls24 or S22 transitions
of large diameter s-nanotubes, respectively. Consider-
ing that the difference between these two diameter
distributions is ∼0.6�0.8 nm, and knowing that the
interwall spacing varies between0.33 and 0.41nm,25 it is
therefore likely that these peaks correspond to the
inner- and outer-wall pairs of DWCNTs. In the case of
band 1, there is additional broadness between 1030 and
1215 nm suggesting that there are other large-diameter
s-nanotubes present. Furthermore, the large back-
ground and low peak intensity suggest that these
nanotubes have poor optical properties and are most
likely defected. The absorption spectrum of band 2 is,
however, in good agreement with that previously re-
ported by Green and Hersam for metallic outer-wall-
enrichedDWCNTs,11 and it is this fraction that we assign
to be metallic outer walled DWCNTs (m-DWCNTs) and
these are used in further experiments.
The absorption measurement of band 3 (seen in

Figure 1c) is significantly different from that of either
band 1 or band 2. There is a large, broad feature
centered at ∼1050 nm consisting of a multitude of
peaks, with a series of smaller peaks between 400 and
600 nm. These peaks correspond to the S22 transitions
of large diameter nanotubes (∼1.5�1.6 nm), S11 transi-
tions of small diameter nanotubes (∼0.7�1 nm), and
S33 transitions of large diameter semiconducting
nanotubes, respectively. Importantly, there is a clear
absence of peaks in the range of 600�800 nm; the
region where large diameter M11 peaks were observed
for bands 1 and 2. Again, this spectrum is in agreement
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with the literature11 and indicates that the vast majority
of the large diameter nanotubes present are semicon-
ducting in nature. Therefore, band 3 was assigned as
semiconducting outer wall DWCNTs (s-DWCNTs) and
this material was used for subsequent experiments.
Interestingly, the three bands observed in the AD

SWCNT (1.3�1.7 nm) separation occur at approxi-
mately the same time as the first three bands of the
DWCNTmaterial (7, 10, and 16min). Comparison of the
absorptionmeasurements of the threebands (Figure S2,
Supporting Information) with those of the DWCNT
material reveals that the AD SWCNTs undergo
the same separation process, i.e., defected material
followed by metallic and then semiconducting nano-
tubes. However, despite the semiconducting frac-
tion (band 3) exhibiting equally high purity as the
s-DWCNTs, the metallic fraction (band 2) shows a
large S22 feature, indicating the presence of many
s-nanotubes. Thus, the cosurfactant gel separation is
not as effective formetallic large diameter nanotubes as
it is for DWCNTs, despite having the same mean di-
ameter.While they are expected to be the same in terms
of the surface properties, such as surfactant wrapping,
it is important not to discount the presence of an inner
wall, which will introduce an increased stiffness to the
DWCNT and influence its permeation through the gel.
Furthermore, the possibility for interwall coupling
may provide an influence on the overall electronic

properties of the DWCNT and its wrapping by SDS.
These subtle differences may explain the difference
between AD and DWCNT separation.
Lastly, band 4 (Figure S4, Supporting Information)

shows peaks in the range of 1050�1250 nm and less
intense, broader peaks between 600 and 800 nm.
These are indicative of S11 and S22 transitions of small
diameter SWCNTs, respectively, and are in agreement
with our previous work, which also saw the SWCNTs
eluted last from the column, despite the significantly
different surfactant conditions used.19 It can be seen
that band 4 alignswell with the bulk of the HiPco “flow-
through” material eluted at 20 min also. Interestingly,
the HiPco SWCNTs also experience some degree of
electronic sorting, with the first three peaks exhibiting
M11 features (Figure S2, Supporting Information).
Comparing band 2 for all materials; it seems possible

that the m-DWCNT fraction may contain large and
small diameter m-SWCNTs. Likewise for band 3, the
s-DWCNT fractionmay contain large diameter s-SWCNTs
and small diameter m-SWCNTs. However, as the con-
centration of these “contaminant” species is low in the
raw material (<30%), their overall contribution to the
m- and s-DWCNT fractions is likely to be similarly low
and this is supported by TEM analysis, as discussed
later. Additional characterization by Raman spectros-
copy of nanotube films can be found in Figure S5 of the
Supporting Information.

Figure 1. Cosurfactant separation of DWCNTs via gel permeation. (a) Elution profiles of the normalized G-band Ramanmode
intensity for DWCNTs, AD SWCNTs, andHiPco SWCNTs. The dashed lines in theDWCNTelutionprofile highlight bands 2 and 3,
which from the absorption spectra, seen in (b) and (c), correspond to DWCNTs with metallic and semiconducting outer walls.
Regions of Sii and Mii transitions are highlighted in each spectrum.
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While Figure 1a shows well-isolated metallic and
semiconducting bands, the route toward successful
separation was not as straightforward as it at first
appeared it might be. In light of previously reported
diameter- and SDS concentration-dependent adsorp-
tion of small diameter SWCNTs13,18,26 and our previous
work on DWCNTs,19 it was proposed that the prepara-
tion of m-DWCNTs may be as simple as sequentially
reducing the SDS concentration until the flow-through
material consisted only of m-DWCNTs. This approach
was systematically investigated and was ultimately
unsuccessful (see Figure S6 (a), Supporting Informa-
tion). This suggests that SDS on its own does not
exhibit any sensitivity toward electronic character for
DWCNTs. Similarly, a separation in SC alone does not
yield any enrichment by diameter or electronic type, as
seen in our previous work.19

As previous reports in the literature for SWCNT
sorting via gel permeation have demonstrated a high
dependence upon surfactant encapsulation,13,15 it
therefore follows that the separation of DWCNTs is
similar. The interaction between surfactant and nano-
tubes has been extensively investigated and reveals
that different surfactant conformations (random, hemi-
micelle or cylindrical micelle) arise depending on
nanotube diameter and the surfactant concentration
of its environment.27�29 For example, SDS wrapping
of small diameter nanotubes (<1 nm) tends to result
in a highly disordered random configuration at low
SDS concentrations (packing densities of ∼1.0 mole-
cules nm�2)28,30 andmore ordered, cylindricalwrapping
at high SDS concentrations (2.8 molecules nm�2).28

The wrapping of large diameters (>1 nm) is also
disordered at low concentration but forms hemimi-
celles at high SDS concentration.28,30 Furthermore, the
extent of SDS encapsulation is also dependent upon
electronic character with metallic nanotubes having a
higher degree of SDS wrapping than semiconducting
nanotubes, owing to the increased polarizability.31

These different surfactant conformations are respon-
sible for the nanotubes' interaction with the gel envi-
ronment with lower wrapping densities causing a
stronger interaction. Thus, in the low concentration
regime, semiconducting nanotubes (with disordered
surfactant encapsulation layers for both large and
small diameters) are adsorbed to the gel, whilemetallic
nanotubes experience no interaction.13,15,26

Although the correct mechanism of the cosurfactant
separation remains speculative, we now present a
possible mechanism based on the current understand-
ing of SDS encapsulation mentioned above and
reported SDS-based gel separations.13,15,26

Upon initial addition to a gel column under SDS, the
nanotubes are entirely wrapped in SC and experience
limited interaction with the gel. As they traverse
the gel, a surfactant exchange process begins and an
initial separation occurs. This separation is enhanced

by washing with additional SDS, which results in nano-
tubes that are either partially or completely wrapped in
SDS. As metallic nanotubes are known to have a
stronger interaction with SDS compared to semicon-
ducting nanotubes,31 they may become more fully
wrapped. In which case, the metallic nanotubes would
continue to have a limited interaction with the gel as
they traverse the column, as is commonly seen in
SWCNT separations.13,15,26 Consequently, them-DWCNTs
elute first from the gel.
From experiments with the raw material at 0.5 wt %

SDS (see Figure S6 (a), Supporting Information), it is
also clear that even at low SDS concentrations it is not
possible to have a sufficiently low or disordered wrap-
ping of SDS on the s-DWCNTs to facilitate a strong
interaction with the gel. Nonetheless, due to the well-
known electronic sensitivity of SDS,11,13,31,32 it is
expected that the interchange of SC with SDS occurs
more readily on m-DWCNTs compared to s-DWCNTs.
Likewise, the increased curvature of small diameter
SWCNTs is expected to make it more difficult for SC to
be exchanged with SDS. Consequently, as seen in the
elution profile (Figure 1), bands of s-DWCNTs and
SWCNTs form.
While Figure 1 demonstrates separation under opti-

mized conditions (1 wt % SDS: 1 wt% SC), several other
surfactant ratios and concentrations where also em-
ployed. In the case of a low SDS concentration on the
column (0.5wt%) and high relative SC concentration in
solution (1 wt %), it is possible that the SDS concentra-
tion is too low to displace the SC from the nanotube
sidewalls. Alternatively, for a high SDS concentration
on the column (2 wt %) and a low relative SC concen-
tration in solution (1 wt %), the SDS is quickly able to
displace the SC and form stable hemispheres around
the nanotube, limiting the interaction with the gel. In
both cases the raw material remains together as one
band, as seen in Figure S7 (b) and (c) (Supporting
Information). When keeping the surfactant ratio the
same (1:1), but increasing the concentration (2 wt %),
the resolution of separation is also reduced, as seen in
Figure S7 (d) (Supporting Information). This in line with
previous computational work,27,28 as well as experi-
mental work of Kataura and co-workers,13 Strano and
co-workers,15 Blanch et al.,26 and our work,17,18 where
high concentrations of SDS in general reduce the
interaction of nanotubes with the gel.
The proposed mechanism may also explain why

taking enriched DWCNTs from our previous method,19

which were separation from a mixture of SWCNTs and
DWCNTs, is unsuccessful for subsequent separa-
tion according to outer wall electronic character (see
Figure S6 (b) (Supporting Information) formore informa-
tion). In our previouswork, theDWCNTswere suspended
in 2 wt % SDS and added to a gel column under 2 wt %
SDS. Only a very small amount of the overall nanotube
population became adsorbed to the gel, presumably
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only those with a sufficiently low SDS coverage to
facilitate an interaction with the gel. These adsorbed
nanotubes were thenwashed offwith 1wt% SC, which
is exactly the same surfactant and concentration used
for startingmaterial in the current work. Thus, it should
follow that enriched DWCNTs obtained from the pre-
vious method can be further separated by electronic
character using the method described in this work.
However, no electronic separation of this material is
observed. We attribute this to the fact that our pro-
posedmechanism is reliant upon having DWCNTs with
a strong tendency to be wrapped by both SDS and SC
because our separation method is reliant on the inter-
mixing of SC with SDS on the nanotube surface, but
these nanotubes are not those that result from the
previous method. In the previous method the use of a
high SDS concentration yields only those nanotubes
with a weak preference for SDS wrapping. Hence, the
appropriate interchange/intermixing of surfactants
exploited in the current work is simply overwhelmed
by a stronger tendency to be wrapped with SC. Never-
theless, the current method also separates DWCNTs
from SWCNTs (as seen in Figure 1 and Figure S4, Sup-
porting Information), which makes a preliminary
separation of DWCNTs from SWCNTs unnecessary.
To estimate the DWCNT purity as well as the elec-

tronic purity of m-DWCNT and s-DWCNT fractions,
transmission electron microscopy (TEM), absorption
spectroscopy, and atomic force microscopy (AFM)
were employed. TEM histograms of diameter distribu-
tions of DWCNTs and SWCNTs are presented in Figure 2
with representative TEM micrographs for all separated
fractions seen in Figures S8�S11 (Supporting Infor-
mation). For the metallic enriched DWCNTs, it can be
seen that the sample predominantly consists of
DWCNTs with a purity of 90%, with very few SWCNTs
present. This is in agreement with the absorption
spectra, in which small diameter nanotubes in any

significant amount cannot be identified. Furthermore,
the TEM shows an average DWCNT diameter of
∼1.7 nm, in agreement with that obtained previously
for metallic DWCNTs sorted form the same starting
material.11 TEM analysis of the semiconducting en-
riched fraction reveals a similar DWCNT purity of 93%
and an average diameter of ∼1.6 nm. A negligible
number of MWCNTs were observed (<2 in each
sample) and TEM failed to reveal the presence of any
other carbon structures such as nanoribbons. However,
owing to the limitations associated with sample size in
TEM analysis, we are unable to definitely discount the
presence of either.
Despite AFM and TEM being established methods

for nanotube characterization, it should be noted that a
new approach has been recently reported by Komin-
kova et al., which is capable of discerning the ratio of
SWCNTs:DWCNTs, although it requires a spectroelec-
trochemical cell.33 Due to the fact that TEM confirms
that the samples contain predominantly DWCNTs,
reasonable estimates of electronic purity can be ob-
tained from the absorption spectroscopy measure-
ments,11 where the contributions from SWCNTs are
thus assumed to be negligible. By measuring the
absorption profile of nanotube films before and after
treatment with thionyl chloride, which depletes S11
(and some S22) transitions of the outer walls,

9,11,19 peak
areas for metallic and semiconducting outer wall spe-
cies can be calculated. These can then be compared
to those of AD SWCNTs, which have a known composi-
tion of 1:2 metallic/semiconducting (see Figures S12
and S13, Supporting Information, for more infor-
mation). This yields purities of ∼90% and ∼70% for
semiconducting and metallic enriched DWCNTs, re-
spectively, which is comparable to that achieved by
Green and Hersam using DGU (96% and 98%
respectively).11 This compliments the existing litera-
ture on SWCNT sorting, where DGU34�37 and gel-based

Figure 2. TEM analysis of the sorted DWCNTs with (a) metallic and (b) semiconducting outer walls, where diameter
distributions can be seen for DWCNTs, SWCNTs, and MWCNTs. The sample number and resultant DWCNT purity are given
in each case.
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sorting methods12,13,15,18 have consistently proven to
be the preferred techniques to achieve high purity
carbon nanotube solutions.
While TEM and absorption spectroscopy are the

accepted characterization methods for purity of en-
riched DWCNT material,11 we have also included AFM
measurements as it is a common method used to
estimate diameter distributions. AFM samples were
prepared by spin coating of nanotube suspensions
onto silicon oxide surfaces. Representative AFM
images can be seen in Figure S14 (Supporting Infor-
mation) with diameter and length distributions seen in
Figures S15�S17 (Supporting Information). While the
measured average diameters of the m-DWCNT and
s-DWCNT (1.61 ( 0.14 nm and 1.56 ( 0.04 nm,
respectively) are in agreement with TEM there is a
significant discrepancy regarding the number of small
diameter nanotubes, which can only correspond to
SWCNTs. This unexpectedly high proportion of small
diameter nanotubes is also seen here in the case of
large diameter AD SWCNTs. These have a diameter
range of 1.3�1.7 nm, but the AFM shows that 25% of
the AD nanotubes have diameters of 1 nm or less. This
anomalous result raises questions about sample pre-
paration; where the different surfactant wrapping of
small and large diameter nanotubes may give rise to
different degrees of bundling or adhesion during the
spin-coating process. This could potentially generate a
situation in which there is bias toward more of the
small diameter nanotubes being individually present
on the surface than in the real solution. Of course, this
skews the statistical analysis toward smaller diameters
because only those nanotubes that are individually
dispersed on the surface are counted. This highlights
the difficulty associated with correctly assessing the
composition of carbon nanotube suspensions.
While AFM may suffer from problems associated

with sample preparation, TEM and absorption spec-
troscopy also present challenges in characterization.
TEM is the definitive tool for the conclusive identifica-
tion of DWCNTs and provides quantitative character-
ization of the diameter distribution, yet it only samples
a small proportion of the entire nanotube population.
On the other hand, while absorption measurements
probe the entire nanotube population, the interpreta-
tion of the resulting spectra is difficult due to convolu-
tion of the inner and outer wall optical transitions. This
can be somewhat overcome by bleaching the optical
transitions of the outer walls through doping, however
in practice chemical shielding of the inner wall by its
corresponding outer wall is not complete.8 This also
requires nanotubes to be in thin film form, which gives
rise to large scattering backgrounds and red-shifting of
the peak positions.32,38�40 Although comparing M11

and S11 peak areas of sorted DWCNT material to those
of the AD SWCNTs provides the best avenue for
spectroscopic determination of purity at this time, it

does not consider the differing absorption cross sec-
tions of the various nanotube species and is, thus, an
estimate. In an attempt to improve the purity of the
separated m- and s-DWCNT fractions, a subsequent
separation step was also conducted. However, while it
somewhat improved the purity of the s-DWCNT frac-
tion, it made little overall difference to the purity of the
m-DWCNT fraction (Figures S18 and S19, Supporting
Information).
The fabrication of DWCNT FETs allows for a more

thorough investigation of the electronic properties
than can be obtained from a purely spectroscopic
analysis. Previous work has employed top contact
formation viametal deposition onto a substrate-bound
nanotube, with the character of the contacting nano-
tube determined postfabrication.6,7 However, in this
work we use an already established technique for nano-
tube device fabrication�electrophoretic deposition,41�43

which has been demonstrated on multiple occasions to
afford highly aligned single nanotube contacts.44,45

Owing to the greater polarizability of metallic SWCNTs
they are preferentially deposited over their semicon-
ducting counterparts during the electrophoretic de-
position process, which makes it difficult to selectively
deposit semiconducting nanotubes from a mixture of
nanotube types.41 With the addition of a second wall
this becomes practically impossible, and thus high-
purity s-DWCNTs suspensions are required.
DWCNT FETs were manufactured using electron-

beam lithography, metal sputtering, and lift-off,
followed by electrophoretic deposition from either a
m- or s-DWCNT suspension. Both AFM and scanning
electronmicroscopy (SEM)were then used to verify the
presence of only a single nanotube per device as
shown in Figure 3 as well as Figure S20 (Supporting
Information). It should be noted that in order to
definitively determine the inner@outer wall identity
of each DWCNT either Raman or TEM would be
required. However, as in the work of Liu et al.,6 TEM
measurements require a window in the substrate in
order to free-suspend the nanotube and Raman would
require a confocalmicroscopewith a diffraction limited
spot and enough available excitation wavelengths to
excite all combinations of inner and outer wall. As
neither of these approaches were available to us, our
assignment of inner@outer wall is based on previous
literature examples, in which this additional character-
ization was possible.6,7 The first type of behavior seen
for m-DWCNTs is shown in Figure 3a, where an entirely
metallic behavior is seen, with no current modulation
and an increasing current (Is) with increasing source-
drain voltage (Vs). The Is, measured in the on state at
Vs = 1 V, was∼2.3� 10�5 Awith a calculated on/off ratio
of 1.0. Although TEM of the DWCNT is the only way to
conclusively confirm the identity of the inner and outer
walls, as in Liu et al.,6 this would require a specialized
substrate and very long nanotubes. However, when
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compared in conjunctionwith the spectroscopic analysis
to accounts from the literature in which TEM was
performed,6,7 the transconductance measurements are
a strong indicator of the presence of an M@M DWCNT.
The second type of behavior observed for metallic

outer wall DWCNTs is shown in Figure 3b. Similarly to
the M@M case in Figure 3a, a constant source�drain
current is seen with varying gate voltage, with the
exception of a slight modulation around Vg = 0 V. Is in
the “on-state” at Vs = 1 V was measured to be 2.5 �
10�5 A with an on/off ratio close to unity. This behavior
is attributed to a S@MDWCNT and is in agreementwith
Bouilly et al.,7 who also observed no modulation (on
the logarithmic scale) for pristine S@M DWCNTs.
Parts c and d of Figure 3 display the two types of

behavior found for devices fabricated using the
s-DWCNT suspension. Figure 3c shows a very different
behavior compared to that observed in the other three
cases, with an on/off ratio of ∼108 and an Is in the on
state of 3.8 � 10�7 A at Vs = 1 V. This strongly semi-
conducting behavior is assigned to an S@S DWCNT in
agreement with thework of Liu et al.6 and Bouilly et al.7

According to the previously reported literature, the
presence of a significant band gap may result from
either a large interwall spacing, a lack of σ�π rehybri-
dization owing to large diameter inner walls, or curva-
ture differences between the inner and outer walls.4

Without TEM, the (n,m) indices of the inner and outer
walls cannot be known precisely, and hence, any
conclusions about the curvature difference and inner
wall rehybridization could only be speculative. How-
ever, from the TEMandAFMdata, the average interwall
distance for s-DWCNTs was determined to be 0.38 (
0.15 nm and the outer wall diameter of the measured
DWCNT is 1.54 nm. TEM analysis of interwall distance
for all DWCNT fractions can be found in Figure S21
(Supporting Information). Moradian et al.5 modeled
various commensurate DWCNTs (i.e., where the ratio
between the unit cell lengths of the two walls is a
rational number) with the (20,0) outer wall, which has a
diameter of 1.566 nm similar to that observed here.
When an (8,0) nanotube was inserted as the inner wall
(diameter = 0.626 nm), the DWCNT remained semi-
conducting with an interwall distance of 0.47 nm. If the
inner wall is replaced by a (10,0) nanotube (diameter =
0.783 nm), the interwall distance is reduced to
0.3915 nmand theDWCNT becomesmetallic in nature.
Because the average interwall distance measured here
is less than that presented by Moradian et al., but the
nanotube remains semiconducting, it is therefore likely
that the observed semiconducting behavior is due to
the S@S DWCNT being incommensurate.
The last remaining DWCNT combination is M@S,

shown in Figure 3d. A slight current modulation is
observed with an on/off ratio of 1.4 (marginally higher
thanM@Mor S@M) and an on-state current of Is = 5.5�
10�6 A at Vs = 1 V. In this instance, the current is carried
predominately by the innermetallic wall, with the large
semiconducting outer wall being gateable. This beha-
vior differs from that observed by Bouilly et al.,7 who
were unable to differentiate between M@M and M@S
DWCNTs. The authors attributed this to the difficulty in
determining the nature of the outer wall due to the
constant current flowing thought the metallic inner
wall. Of course, that problem is resolved in our work
because the observation of current modulation can be
coupled to the fact that the nanotube was deposited
from a suspension of purified s-DWCNT material,
clearly allowing the behavior to be attributed to an
M@S device. This is also in agreement with the work of
Liu et al.6 who observed clear differences in behavior
between the M@M and M@S DWCNT combinations.

CONCLUSION

In this work, we present a straightforward and
scalable cosurfactant column chromatography tech-
nique to produce DWCNTs with defined outer wall
electronic character. The enriched DWCNTs fractions
were characterized with TEM, AFM, and absorption

Figure 3. Transconductance measurements and corre-
sponding false color SEM images of the four possible types
of DWCNT FET: (a) M@M, (b) S@M, (c) S@S, and (d) M@S.
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spectroscopy, and the time evolution of the sorting
process was measured with process Raman analysis.
Integration of the resultant sorted material into
DWCNT field effect transistors via electrophoretic
deposition has allowed detailed electronic measures
of the nanotube characteristics to be made. In addi-
tion, correlation of the device's transconductance
properties with precise knowledge of the composi-
tion of the starting solutions has allowed for accurate

differentiation between the four unique inner@
outer wall combinations of M@M, S@M, S@S, and
M@S. We anticipate that the high throughput and
relative simplicity of this approach will spur further
interest into the investigation of the complex and
intriguing interwall interactions of DWCNTs, as well as
opening up the potential for exploiting such inter-
actions in advanced sensor devices and other appli-
cations.

EXPERIMENTAL SECTION
The DWCNT raw material (average diameter ∼2 nm) used in

thisworkwas supplied byUnidym (lot no.OE-130807). AD SWCNT
rawmaterial wasobtained fromCarbonSolutions (lot no. AP-387),
and HiPco SWCNT raw material was obtained from NanoIntegris
(lot no. R1-901). Raw nanotube starting material was prepared by
suspending nanotube powder (50 mg) in aqueous SC (1 wt %,
125 mL, Sigma-Aldrich) using a tip sonicator (Weber Ultrasonics,
35 kHz, 500 W in continuous mode, 1 h, ∼ 20% power). During
sonication, the suspension was placed in a water bath (15 �C).
Gel filtration was performed as previously described19 with

only a few changes, using Sephacryl S-200 gel filtrationmedium
(Amersham Biosciences) in a glass column (45 cm in length and
2 cm inner diameter). The column was filled with filtration
medium (90 mL) and compacted slightly by applying pressure
with compressed air to yield the desired gel height (∼20 cm). The
column was prepared for separation by washing with aqueous
SDS (1 wt %, ∼180 mL, Merk KGaA). For the separation, as-
prepared nanotube suspension (∼10 mL) was added to the top
of the column. Once the nanotube material had completely
entered the gel, the columnwas filled with a solution of aqueous
SDS (1 wt %) under applied pressure to ensure a constant flow
rate (∼1 mL min�1). The nanotubes were separated and the
eluent was collected in fractions (∼2 mL) for characterization.
Raman intensity was monitored in real-time with a Raman

RXN Systems analyzer (Kaiser Optical Systems) fitted to the end
of the column with an excitation wavelength of 785 nm.
Spectroscopic characterization of the sorted material was

carried out by absorption spectroscopy. Absorption spectra of
the sorted fractions were recorded on a Varian Cary 500 spec-
trophotometer.
Nanotube suspensions (10 μL) were spin-coated (1 min,

1500 rpm) onto clean silicon oxide surfaces (1 cm2, ABC GmbH)
and then gently rinsed with water. To measure nanotube
lengths and heights, tapping mode AFM images were taken
in ambient conditionswith amultimode head and aNanoScope
III controller (Digital Instruments) using silicon cantilevers
(resonance frequency 250�400 kHz Mikromasch). Topographic
height and phase images were obtained simultaneously with
feedback controls optimized for each sample.
TEM samples were prepared by drop-casting aqueous sus-

pensions of the nanotubes onto lacey carbon coated copper
grids (Quantifoil GmbH) which were then placed in a drybox
(silica gel). Subsequently, samples were washed four times with
water and dried similarly. TEM analysis was performed using an
aberration-corrected FEI Titan 80�300 microscope operated
at 300 kV and equipped with a Gatan US1000 CCD camera for
imaging and electron diffraction. All micrographs were obtained
with a 2K � 2K CCD camera and analyzed using the Digital
Micrographs software package (Version 1.71.38, Gatan Co.).
Boron-doped p-type silicon (0.005�0.001 Ω cm, 325 μm

thickness, CZ, Æ100æ, ABC GmbH) with a thermally grown oxide
(800 nm) was used in the fabrication of FETs for electronic
characterization of the nanotubes. Pd source, drain, and gate
electrodes, all with a Ti adhesion layer, were fabricated by
electron-beam lithography, metal sputtering, and lift off.
To deposit single nanotubes between source and drain con-
tacts, a small volume (∼7 μL) of nanotube suspension (diluted
1000� with water) was placed on top of the substrate and an

RF signal (ωd = 300 kHz, Vpp = 2 V) was applied between the
source and gate electrodes. After a short period (∼1 min) the
substrate was rinsed five times each with water and methanol
before drying with nitrogen, and then the generator was
switched off. Electronic measurements were obtained using
an Agilent 4155C semiconductor parameter analyzer.
Both SEM and AFM were employed to allow selection of only

those devices that consisted of a single nanotube connection. A
Zeiss Gemini with 1.00 kV EHT, 2.1 mm WD, aperture size of
20 μm, and magnification of 50K� was used for SEM imaging.
AFM measurements were acquired using a Bruker Dimension
FastScan AFMwith NanoScope V controller, NanoScope control
software (version 8.15) and ScanAsyst Air cantilevers. The peak-
force tapping imaging mode was used with the scan rate and
set point controlled manually, while the feedback gains and
Z-limit were automatically adjusted to optimize image quality
and the data was analyzed using the NanoScope Analysis
software (version 1.4).
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