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We have applied agarose gel electrophoresis (AGE) to single-walled carbon nanotubes
(SWNTs) that have been pre-reacted with metallic-selective ionic radicals and then re-
suspended with sodium cholate (SC) surfactant to obtain highly purified (up to 98%)
semiconducting single-walled carbon nanotubes (s-SWNTs). The proposed combination
method exploits the preferential reactivity with the metallic nanotube of the radicals
generated from an azo naphthalene compound (Direct Blue 71 (I)) to preferentially
increase the surface charge, and therefore the electrophoretic mobilities, of the metallic
nanotube population under the influence of the electric field in AGE. The excellent
separation achieved was verified by UV-vis-NIR and Raman spectroscopy as well as by
the performance of field effect transistors fabricated with semiconducting-enriched
SWNTs. FETs fabricated with I-assisted AGE-separated semiconducting nanotubes
exhibited mobilities of ~3.6 to 11.7 cm? V! s7 and on/off ratios from 102 to 10°.

1. Introduction

Current state-of-the-art single-walled carbon nanotube (SWNT) synthesis
methods invariably produce mixtures of metallic (m-SWNTs) and semiconducting
(s-SWNTs) nanotubes. However, most electronic applications of SWNTSs, such as
in nanoelectronics and thin film transistors, require electronically homogeneous
SWNTs, i.e. either metallic or semiconducting species. The electronic heteroge-
neity of SWNTs is a major obstacle to the widespread use of SWNTs in electronic
applications. If not electronically purified, the parasitic effects of the unwanted
type of SWNT significantly degrade the properties of the devices made with these
nanotubes. Various metallicity-based separation techniques have been proposed
to separate metallic from semiconducting nanotubes, including covalent or non-
covalent selective chemistry, chromatography, and density-gradient ultracentri-
fugation.* However, ultra-high purity (>98%) and high process yield/throughput
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techniques which can achieve highly homogeneous nanotubes at an affordable
cost, which is necessary for industrial scaling and widespread use, as well as
methods for the characterization® of the ultra-high purity nanotubes produced
with such techniques, are still the subject of intense research.

Various covalent and non-covalent chemistries for the metallicity-based
separation of nanotubes have been reported** and they appear to offer
simplicity. Non-covalent chemistries include the selection of metallic nanotubes
by amines®” such as propylamine and isopropylamine; on the other hand, the
selection of semiconducting SWNTSs can be achieved using aromatic molecules®®
and porphyrin.* For selective covalent functionalization, others have reported the
preferential functionalization of metallic nanotubes using diazonium salts,"™**
dichlorocarbene' and nitronium ions;*™*” on the other hand, semiconducting
SWNTs are selectively reacted by hydrogen peroxide'®' and azomethine ylides.>*
The degree of selectivity of these chemistries and their compatibility with the
subsequent solution processing required to achieve high purity separation vary
widely.*** Among the reported chemistries, radicals have been shown to result in
considerable separation and thus have been the focus of a number of studies.”**”
Radicals are known to attack both metallic and semiconducting SWNTs, but they
have been shown to have preferential reactivity with m-SWNTs due to the avail-
ability of electrons near the Fermi level in the metallic nanotubes.>*>%>*

Recently, we reported a novel dual selective naphthalene-based azo dispersing
agent (Direct Blue 71(I)) which decomposes under sonication to produce radicals
that preferentially attack metallic species.” The preferential attack on metallic
nanotubes by the resulting radicals may be combined with other separation
techniques to improve the yield and/or purity. Agarose gel electrophoresis (AGE)
has recently been shown to be a high yielding technique for the metallicity-based
separation of SWNTs; relatively high s-SWNTs purities (85-95%) and process
yields (up to 25%) have been reported.**** The separation effectiveness of AGE
appears to be affected by the surfactants used; sodium dodecyl sulfate (SDS)** and
chondroitin sulfate (CS-A)** are the only surfactants reported to result in
considerable separation with AGE. We hypothesize that the combination of
selective chemistry with AGE may result in further improvements in AGE to
achieve even higher purity nanotubes.

In this paper, we preferentially attack metallic nanotubes with decomposed
ionic I-derived radicals and then subject the reacted mixture to AGE. A func-
tionalization process involving a fairly long sonication time (3 h) and a higher I
concentration than previously reported* is used to achieve the preferential attack
of m-SWNTs by the decomposed I radicals and to prepare the mixture for
subsequent use in AGE. The reaction mixture is then suspended in sodium
cholate (SC) prior to AGE. The proposed method (hereafter referred to as I-AGE)
relies on the combination of the higher reactivity of the radicals generated from
Direct Blue 71(I) with metallic nanotubes, the relatively high charge density of the
generated ionic radicals of I and also the effective debundling ability of SC to
achieve excellent separation using the potentially high yield AGE method.

Selective enrichment of the s-SWNTs is achieved with a simple six step process
(shown in Fig. 1a): (i) dispersion of purified arc-discharge P2-SWNTs with direct
blue 71 (I) with heating and sonication, (ii) storage of the mixture in the dark for
48 h, (iii) filtration to remove any unreacted and excess I, (iv) re-dispersion of the
radical-attacked SWNTs in an aqueous sodium cholate (SC) surfactant solution,
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Fig.1 (a) Schematic representation of the separation procedure in the I-AGE method. (b)
Schematic illustration of the separation mechanism in I-AGE.

(v) centrifugation of the solution to remove nanotube bundles and (vi) agarose gel
electrophoresis of the supernatant to obtain highly enriched semiconducting
SWNTs. Hybrids formed by the reaction of the ionic degradation products of I
with SWNTs have a significantly higher charge density and, consequently,
mobility under an applied electric field than unreacted SWNTs do. The significant
preference of these degraded ionic radicals for metallic SWNTs results in the
preferential charging and mobility of nearly all of the m-SWNTs, leading to the
movement of m-SWNTs towards the bottom gel fraction, with significant amounts
of unreacted s-SWNTs lagging and remaining in the top gel fraction (Fig. 1b).
Sodium cholate (SC) is added to the reacted nanotube mixture to promote the
dispersion of the suspended nanotubes into individuals.

To the best of our knowledge, the present work is the first report of selective
chemistry-assisted gel electrophoresis which achieves higher purity than
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previously proposed AGE techniques using SDS or CS-A. The enrichment was
confirmed by UV-visible-Near Infrared spectroscopy (UV-vis-NIR) and Raman
spectroscopy. The increased ratio of the D peak to the G peak (D/G) indicated by
the Raman spectroscopy of the metallic-enriched eluted SWNTs obtained by AGE,
confirms the functionalization and corroborates that the naphthyl-based radicals
preferentially react with m-SWNTs. The enrichment of the s-SWNTs in the top
fraction of the agarose gel was also confirmed by the high performance of network
field effect transistors (FETs) fabricated using enriched nanotubes.

2. Results

During gel electrophoresis of the I-functionalized SC-dispersed P2 SWNTs
(hereafter denoted “P2/SC-1"), some SWNTs migrated down the agarose gel while
other SWNTs remained immobile in the top part of the gel. The nanotubes
collected from the top gel fraction after AGE (hereafter denoted “P2/SC-I/AGE/
Top”) and the nanotubes obtained from the bottom gel fraction (“P2/SC-I/AGE/
Bottom”) were analyzed using UV-vis-NIR and Raman spectroscopy.

Fig. 2a shows the UV-vis-NIR spectra of the semiconducting- and metallic-
enriched SWNT fractions purified using the I-AGE technique. For P2 SWNTs, the
first van Hove electronic transition of the metallic nanotubes (My;) and the
second van Hove electronic transition of the semiconducting nanotubes (S,,)
occur in the 600-800 nm and 920-1050 nm ranges, respectively.** For P2/SC-1/
AGE/Top, which are semiconducting-enriched SWNTs, the M;; peak was
decreased significantly compared to that of the un-separated pristine P2 samples
(hereafter denoted “P2/Pristine”), confirming the reduced content of the metallic
nanotubes after AGE. The purity of the semiconducting nanotubes obtained from
the top gel fraction (pink curve) was estimated using the areas under the metallic
M;; and semiconducting S,, bands to be about 98%, while that of the pristine P2
samples was estimated to be 78%. The significant reduction in the metallic
content of the P2/SC-I/AGE/Top samples confirms the excellent selectivity of our
combined functionalization cum AGE technique. The more reacted metallic
nanotubes are postulated to move agilely towards the bottom electrode under the
electric field. The bottom fraction (green curve, P2/SC-I/AGE/Bottom) is still
dominated by semiconducting nanotubes, but is enriched (to about 30%) in
metallic nanotube species compared with the input P2 SWNTs. To confirm the
contribution of I functionalization in achieving good separation using AGE, a
control AGE separation was also performed with non-I functionalized P2 SWNTs
dispersed in 2% SC (denoted “P2/SC/AGE/Top”). As seen in Fig. 2a, this sample
has only about 85% semiconducting purity in the top fraction, confirming the
important role that I functionalization plays in achieving high purity semicon-
ducting nanotubes through AGE.

The separation efficiency of the proposed I-AGE technique was also examined
using Raman spectroscopy. The radial breathing modes (RBM) of the two sepa-
rated fractions (“top” and “bottom”) were measured with 633 nm Raman laser
excitation, which excites both the metallic and semiconducting species of P2
SWNTs.3,33,34

Fig. 2b shows the Raman spectra with 633 nm excitation. The pristine P2
shows two major peaks at 155 cm ™" and 170 cm ™' due to the semiconducting
species and one peak at 200 cm™ " due to the metallic species. The metallic peak is
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Fig. 2 (a) UV-vis-NIR spectra of P2/Pristine, P2/SC/AGE and P2/SC-I after gel electro-
phoresis. (b) Raman spectra of P2/Pristine and P2/SC-1 before and after gel electropho-
resis, collected using a 633 nm laser.

plainly present in the P2/Pristine sample (black curve) but is nearly absent from
the P2/SC-I/AGE/Top curve (pink). The metallic peak of the P2/SC-I/AGE/Bottom
samples (green curve) is enhanced relative to the semiconducting peaks. This
corroborates the excellent enrichment of the semiconducting species in the top
gel after I-AGE.
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Fig. 3 Raman spectra (633 nm) of the pristine and separated P2 SWNTSs; inset is the
enlarged view of the D-band evolution of the samples.

The G~ band also confirms the reduction of the metallic nanotube species
from the top fraction. For metallic nanotubes, due to the strong coupling in the
density of states, the G~ feature is broad and asymmetric while the G~ band for
the semiconducting nanotubes exhibits a Lorentzian line shape.*** As seen in
Fig. 2b, the G~ feature of the P2/SC-I/AGE/Top sample (at approximately 1550
1580 cm™ ') is narrowed compared to those of the P2/SC-I/AGE/Bottom and pris-
tine samples, corroborating the decreased metallic content in this fraction.

Raman spectroscopy was also used to verify the preferential covalent reaction
of the I fragments with the metallic nanotubes. The ratio of the D peak to the G
peak (D/G) is related to the extent of nanotube sidewall functionalization.' As
shown in Fig. 3 and Table 1, the D/G ratio was considerably higher for P2/SC-1/
AGE/Bottom SWNTs than for the pristine sample or the P2/SC-I/AGE/Top fraction.
This result confirms the higher extent of functionalization of the SWNTs in the
bottom gel fraction, which is also the m-SWNT-enriched fraction. This corrobo-
rates with our previous finding that I-derived radicals preferentially attack
metallic species, thereby enhancing their mobility under AGE compared with the
less-attacked semiconducting species.

To demonstrate the suitability of the nanotubes separated by this method for
use in electronic devices, the purified semiconducting SWNTs (P2/SC-I/AGE/Top)
were applied in bottom-gated FETs using the dip coating technique (described in
Section 4.4). For comparison purposes, a control sample of FETs (with a similar
nanotube density) was fabricated using a P2/Pristine solution. A total of 20 FETs
were fabricated using each of the above solutions.

Fig. 4a shows the variation of the drain current (I4) with gate voltage (V) at a
drain voltage (V) of 1.5 V, for a representative device fabricated using a P2/SC-I/
AGE/Top solution. This FET shows typical p-type transistor characteristics and a
carrier mobility of 6.7 em® V~! s7'. Fig. 4b shows the variation in the output
characteristic drain current () with the drain voltage (V4), measured at several
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Table 1 The ratio of the disorder mode (D peak) and the tangential mode (G peak) of
pristine and separated P2 SWNTs

Sample D/G ratio

P2/Pristine 0.082 £ 0.021
P2/SC-1 0.149 + 0.009
P2/SC-1/AGE/Top 0.098 £ 0.003
P2/SC-I/AGE/Bottom 0.146 £ 0.005

gate voltages over the range —150 to 150 V. Fig. 4c shows the histogram of the on/
off ratios of the 20 FETs fabricated using purified semiconducting SWNTs as well
as that of 20 FETs made using the un-separated pristine P2 solution (with similar
nanotube densities). The FETs fabricated using the P2/SC-I/AGE/Top solution
exhibit significantly higher on/off ratios (predominantly = 10%) than the FETs
made with the P2/Pristine solution (on/off ratios mostly < 10?). Fig. 4d shows the
trend of the on/off ratio with mobility for the devices fabricated using the purified
semiconducting SWNTs (P2/SC-I/AGE/Top). The FETs fabricated using our
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Fig. 4 (a) Transfer characteristics (Vgs = 1.5 V) of /g5 vs. Vgs for bottom-gated FETSs fabri-
cated using the P2/SC-I/AGE/Top solution. (b) Output characteristics, Iys vs. Vs, measured
at gate voltages of 150 (top) to —150 V (bottom) with 50 V intervals. (c) Histogram of on/off
ratios of 20 devices made with P2/SC-1/AGE/Top SWNTs (blue) and 20 devices made with
pristine SWNTSs (white). (d) The trend of the on/off ratio with device mobility for the devices
fabricated using the P2/SC-1/AGE/Top solution.
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enriched semiconducting SWNTs show promising performance metrics: on/off
ratios ranging from 10> to 10° and mobilities ranging from 3.6 to 11.7 em®V_'s™".
These metrics are significantly higher than those of the devices fabricated using
un-separated nanotubes.

Fig. 5a shows the morphology of the nanotube network as measured by AFM.
The device channel area is observed to be covered by a film-like layer of SWNTs
with an estimated density of ~20 tubes per um”. The length distribution of
nanotubes after I-AGE is shown in Fig. 5b. The average length of nanotubes after
enrichment with I-AGE was estimated to be about 0.5 pum, indicating some
shortening of the nanotubes after enrichment (length of pristine SWNTs = ~1
pm). The shortening of the nanotubes in I-AGE is mainly due to the long soni-
cation duration (3 h) required to prepare samples for I-AGE.

The results of the UV-vis-NIR and Raman spectroscopy, and the performance
of the FETs presented above confirm the excellent separation of the metallic from
the semiconducting nanotubes using our proposed I-AGE technique. The process
yield of our I-AGE technique based on the original nanotube input was measured
to be about 18%, which is significantly higher than the yield of other highly
selective techniques such as I-DGU (<5%).*® The simultaneous high selectivity
with high yield of the proposed technique makes it appealing for industrial scale
production of high purity semiconducting nanotubes.

The promising separation achieved using this I-AGE technique originates from
the unique characteristics of I, including its capability to generate radicals which
preferentially attack unwanted metallic species and its relatively high charge
density.* Due to the relatively high negative charge of I and the preferential
radical reactivity with metallic nanotubes, a significant differential charge density
develops between the reacted nanotubes, which contain most of the metallic
species as well as many of the semiconducting species, and the unreacted
nanotubes, which are almost entirely semiconducting. In the presence of an
applied electric field, non-covalently bound I molecules are likely to be stripped
from the nanotube surfaces so that the s-SWNTs, which are non-covalently
functionalized with undecomposed I molecules, will be relatively immobile. The
significantly higher charge of the reacted nanotubes compared to the unreacted
ones, results in considerable differential electrophoretic mobility between the two
populations under a uniform electric field during AGE. The more mobile
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Fig. 5 (a) Atomic force microscopy (AFM) image of a representative FET fabricated using
the P2/SC-1/AGE/Top solution. (b) Length distribution of the P2/SC-I/AGE/Top SWNTSs.
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negatively charged fraction, which is enriched in metallic species, moves towards
the anode electrode. The less charged fraction, which is highly depleted in
metallic species, remains in the upper portion of the gel. Based on the results
presented here and the results of previous studies using CS-A and SDS,***" we
hypothesize that achieving good separation with AGE requires (i) the use of highly
charged dispersants/functionalization agents to increase the mobility of the
SWNTs under an electric field and (ii) the selectivity of the charged dispersing/
functionalization agents for metallic or semiconducting nanotubes, leading to
the development of differential mobility between the two species. The higher
purity achieved using I rather than CS-A, despite both having relatively similar
charge densities,*”*" indicates that while a high charge density of the dispersing/
functionalization agent is a requirement of separation, the key to achieving
higher purities with AGE is to increase the selectivity of the charged dispersing/
functionalization agents for metallic or semiconducting nanotubes.

Due to its relatively high selectivity, process yield and throughput, the method
developed in this study has great potential for scaling and commercialization.
However, industrial scale up of this method requires further investigation into the
potential effects that increasing the throughput may have on purity and yield of
the semiconducting SWNTs produced. In addition, the commercialization
potential of this method may be increased by shortening the process duration of
the various steps involved including AGE, acid treatment and selective
functionalization.

3. Conclusions

We have shown that sonication of a novel naphthalene-based azo compound prior
to dispersing the mixture with sodium cholate and then subjecting the mix to AGE
can separate most of the metallic nanotubes from the immobile nanotubes,
considerably increasing the semiconducting purity of these SWNTs. The higher s-
SWNT purity achievable using our proposed technique compared to previously
proposed AGE techniques using SDS and CS-A, confirms the effect of the I-radicals
on separation. The high process yield (~18%) and high purity (~98%) achieved
when using our proposed technique, together with its affordability and scal-
ability, render it highly appealing for industrial scaling. Network FET devices
made with the semi-enriched SWNTs show promising performance metrics
(mobility in the range of ~3.6 to 11.7 cm® V™' s~ ' and on/off ratios from 10” to
10°). The efficiency of our proposed I-AGE technique originates mainly from the
preferential reactivity of the radicals of I with metallic nanotubes as well as the
relatively high charge density of these radicals.

4. Experimental section
4.1. Materials

Direct Blue 71 (I), sodium cholate (SC), sodium dodecyl sulphate (SDS), boric acid,
tris hydroxymethyl aminomethane, dimethylformamide (DMF) and nitric acid
were purchased from Sigma-Aldrich (Singapore) and used as received. Purified arc
discharge SWNTSs (P2) were purchased from Carbon Solutions, Inc. (Riverside, CA,
USA). Agarose was purchased from NacalaiTesque (Japan).

This journal is © The Royal Society of Chemistry 2014 Faraday Discuss., 2014, 173, 351-363 | 359
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4.2. Solution preparation and selective functionalization

15 mg of purified arc discharge (P2) nanotubes were mixed with 2 mM of Direct
Blue 71 in 50 ml deionized water. The solution was stirred for 45 min at 60 °C and
was probe-sonicated (SONICS, VCX-130) in an ice bath for 3 h (70% amplitude, 5 s
on, 2 s off). The solution was stored in the dark for 48 h and was subsequently
filtered and then washed with water two to three times to remove any unreacted I.
The reacted SWNT powder was re-dispersed in an aqueous solution containing
2 wt% of sodium cholate and was centrifuged (Sartorius, SIGMA@3K30) at
50 000g for 1 h to settle the SWNT bundles. The supernatant was collected for
further purification using agarose gel electrophoresis.

4.3. Gel electrophoresis

1 wt% agarose was added to 0.2 wt% surfactant in a 2x transport buffer (TB)
solution (pH = 8.5; 48.5 mM boric acid and 50 mM tris hydroxymethyl amino-
methane). The agarose gel solution was then melted in a microwave oven and
used to fill the gel container (0.3 cm x 20 cm X 20 cm plate container) of the gel
electrophoresis apparatus (PROTEAN II XI, Bio Rad Laboratories, Singapore) up to
about 2/3 of its height. Subsequently, 20 ml of the functionalized SWNT solution,
prepared as described in Section 4.2, was mixed with a similar volume (20 ml) of
2 wt% agarose solution and used to fill the remaining 1/3 space of the plate
container, after being melted in a microwave oven. The gel electrophoresis
apparatus was then run at 200 V for 4 h. After AGE, the gel was cut into three
fractions distinguished by differences in color.**® The top and bottom gel frac-
tions containing the purified semiconducting and metallic-enriched SWNTs,
respectively, were degraded in 10% nitric acid at 80 °C for 18 h followed by a basic
wash (1 M NaOH) to remove the agarose gel. The purified SWNTs were washed
twice with distilled water and sonicated in DMF solvent three times to remove L
They were then redispersed in a (1 : 4) mixture of SDS and SC solution using probe
sonication (Sonics, 130 W, 20 kHz). After probe sonication, the SWNT solution
was centrifuged at 50 000g for 1 h and the supernatant was then collected and
used for characterization and, in the case of the s-SWNTs, for fabrication of field
effect transistors. The s-SWNTs were annealed after acid and base treatments.
Annealing was performed in argon for 1 h at 400 °C.

4.4. Characterization

The clean SWNTs obtained from the top and bottom gel fractions were examined
by UV-vis-NIR and Raman spectroscopy. UV-vis-NIR spectroscopy was performed
using a Varian Cary 5000 UV-vis-NIR spectrophotometer. Raman spectroscopy was
conducted using a Renishaw inVia Raman microscope equipped with a 633 nm
(1.96 eV) laser. The purity of the semiconducting nanotubes obtained through
I-AGE was estimated using the Ag/(Ay + Ag) ratio, where Ag and Ay, are respectively,
the areas under the semiconducting (S,,) and metallic (M) absorption spectral
bands in the UV-vis-NIR spectra, after baseline subtraction.

The semiconducting SWNTs obtained from the top gel fraction were used to
fabricate field effect transistors (FETs) using the dip coating method. All devices
were fabricated on silicon substrates covered with a 300 nm thick SiO, layer which
served as the gate dielectric. The surface of the substrate was cleaned with
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piranha solution and, prior to nanotube deposition, was functionalized with
aminopropyltriethoxysilane (APTES) to improve the uniformity of the nanotube
network.*” To create networks of nanotubes, the wafer was repeatedly immersed
into the purified s-SWNT solution until sufficient nanotube density was deposited
on the wafer. The wafer was then rinsed with deionized water to completely
remove the surfactants and was dried with nitrogen gas. The wafers were then
annealed in argon for 1 h at 400 °C and later in vacuum at 250 °C for 2 h. After
annealing, source and drain gold electrodes were deposited on the substrate by
photolithography and the active channel regions were then covered with a
protective passivation layer. After depositing the protective layer, the remaining
unprotected SWNTs outside the FET channel were etched away by oxygen plasma
(100 W, 2 min). The FET channel width and length were 50 and 100 pm,
respectively. The nanotube network morphology was measured by atomic force
microscopy (AFM) with a MFP 3D microscope (Asylum Research) in AC mode.

A Keithley semiconductor parameter analyzer Model 4200-SCS was used to
characterize the FET performance. The mobility was estimated using the
following well-known equation:*®

L dly

_ A 1
Cx Wx Vg dv, @)

I
where L is the channel length, W is the channel width, V4 is the drain voltage, I is
the drain current, V, is the gate voltage and C is the capacitance per unit area. C
was computed by:

o D )
(Ca™" + (1/2megeo, )in(sinh (27 Lo, D) /RReD) )

where Cq (4 x 10 "° [F m™']) is the quantum capacitance of carbon nanotubes, D
is the density of the nanotubes, Ly is the SiO, thickness, ¢ is the dielectric
constant of SiO,, ¢, is the permittivity of free space (¢, = 8.85 x 10> Fm™ ') and R
is the nanotube radius.*
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