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ABSTRACT: An initiator is applied to synthesize single-walled
carbon nanotube/polyaniline composite nanoﬁbers for use as
high-performance chemosensors. The composite nanoﬁbers possess widely tunable conductivities (10-4 to 102 S/cm) with up to
5.0 wt % single-walled carbon nanotube (SWCNT) loadings.
Chemosensors fabricated from the composite nanoﬁbers synthesized with a 1.0 wt % SWCNT loading respond much more
rapidly to low concentrations (100 ppb) of HCl and NH3 vapors
compared to polyaniline nanoﬁbers alone (120 s vs 1000 s).
These nanoﬁbrillar SWCNT/polyaniline composite nanostructures are promising materials for use as low-cost disposable sensors and as electrodes due to their widely tunable conductivities.
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relatively high loadings of carbon nanotubes (relative to the aniline
content) have generally resulted in low conductivities (often <10
S/cm, see Table S1 in the Supporting Information). By integrating
carbon nanotubes with polyaniline (PANi) nanoﬁbers, highdensity and high-surface areas are possible that could lead to
improvements in the conductivity and the development of electronic devices with superior properties. Therefore, better routes to
highly conductive carbon nanotube/PANi nanoﬁber composite
materials are clearly needed. Recently, we discovered that PANi
nanoﬁbers can be readily synthesized by introducing an aromatic
additive such as N-phenyl-p-phenylenediamine (i.e., aniline
dimer) into the reaction between monomer and oxidant.31 The
aniline dimer serves as an initiator for the polymerization, increasing the reaction rate and changing the bulk morphology of the
product from a granular, agglomerated material to a network of
interconnected 1D nanoﬁbers.
Here, we use an initiator to create bulk 1D nanoﬁbers of
SWCNT/PANi composites possessing widely tunable conductivities (10-4 to 102 S/cm) with low carbon nanotube loadings

he synthesis and design of one-dimensional (1D) organic
semiconductors and metals are important for the development of nanostructured thin ﬁlms, which can enable large area,
robust, and low-cost electronic devices to be constructed. Polyaniline, a prototypical conducting polymer, has emerged as a
promising 1D material that is particularly attractive for electronic
devices due to its facile synthesis, environmental stability,
unique electronic properties, and simple acid/base doping/
dedoping chemistry.1 Carbon nanotubes are also of great interest
because of their unique atomic structures, high electrical conductivities, and extraordinary mechanical properties.2-6 The
combination of these two classes of materials can lead to novel
composite materials that present exciting opportunities for
applications in biosensors,7-11 thermoelectric devices,12 functional membranes,13-15 capacitors,16,17 and artiﬁcial muscles.18
In situ polymerization is one of the most important methods
developed so far to integrate carbon nanotubes and polyaniline.
Polymerization methods include stirring,12,13,19-21 static placement,22 sonication,23-27 and emulsion polymerization.27-30 Despite the variety of procedures reported, the synthesis of carbon
nanotube/polyaniline composite materials with bulk 1D nanostructures, good dispersibility, high conductivity, and low carbon
nanotube loading have met with only limited success. Even
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Figure 1. (a-c) SEM and (d-f) TEM images of (a, d) polyaniline nanoﬁbers, (b, e) SWCNTs, and (c, f) SWCNT/polyaniline composite nanoﬁbers.
The insets in (c, f) show a magniﬁed view.

(e5.0 wt %). The initiator-assisted rapid polymerization procedure, which uses aniline dimer, is simple and can be easily scaledup and could facilitate the integration of these materials into
many applications. Thin ﬁlms of SWCNT/PANi composite
nanoﬁbers are shown to possess widely tunable conductivity
over the entire pH range (0-14). The composite nanomaterials
are used to fabricate high-performance chemosensors.
In a typical initiator-assisted synthesis, carboxyl-functionalized
SWCNTs were dispersed in 1.0 M HCl and then aniline was
added. Horn ultrasonication generated a homogeneous mixture
of SWCNTs and aniline. An initiator, N-phenyl-p-phenylenediamine (aniline dimer) was predissolved in a minimal amount of
ethanol and added into the mixture. A fresh solution of ammonium peroxydisulfate in 1.0 M HCl was rapidly mixed into this
suspension as the oxidant. The reaction solution was vigorously
shaken for 10 s and then left undisturbed for 24 h. SWCNT/
doped PANi composite nanoﬁbers were obtained by centrifuging
the reaction solution three times using deionized water. Dialyzing using tubing with a 12000-14000 MW cutoﬀ with 0.5 M
ammonium hydroxide followed by deionized water produced

clean SWCNT/dedoped PANi composite nanoﬁbers. The yield
of the nanoﬁbrillar composites based on PANi is 9-10 wt %
which is comparable to that of pristine PANi nanoﬁbers. Dilute
doped and dedoped composite nanoﬁbers as deionized (DI)
water dispersions were used for ﬁeld emission scanning electron
microscopy (SEM, JEOL JSM-6700), transmission electron
microscopy (TEM, FEI Titan), and ultraviolet-visible (UVvis) spectroscopy (HP 8453). Dried powders of the pure PANi
nanoﬁbers, carbon nanotubes, and composite nanoﬁbers were
utilized for attenuated total reﬂection/Fourier transform infrared
spectroscopy (ATR/FT-IR, JASCO-6300), thermogravimetric
analysis (TGA, Perkin-Elmer), X-ray diﬀraction (XRD, Philips
X’pert Pro), and elemental analysis (conducted by Columbia
Analytical Services, Inc.).
SEM and TEM images reveal that, pristine PANi exhibits a
continuous network of interconnected 1D nanoﬁbers with
average diameters of 30-60 nm and characteristic lengths on
the order of several micrometers (Figure 1a,d). Pure SWCNTs of
1-2 nm diameters exhibit an entangled bundle morphology and
lengths of 3-5 μm (Figure 1b,e). Compared to conventional
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dx.doi.org/10.1021/nl103322b |Nano Lett. 2011, 11, 954–959

Nano Letters

LETTER

dedoped pristine PANi. FT-IR spectra give characteristic peaks at
1587, 1493, 1289, and 1164 cm-1 corresponding to quinoid,
benzenoid, C-N aromatic amine, and —NdquinoiddN—
(electron-like band) stretching modes of PANi (Figure S2,
Supporting Information).40 These bands, observed in the nanoﬁbrillar composites, are similar to those found in pristine PANi
nanoﬁbers. However, the Q/B ring ratio (I1587/I1493) determined by FT-IR observed in PANi decreases from 3.95 to 1.44
after introduction of the SWCNTs. Both UV-vis and FT-IR
spectra signify that more oxidized pernigraniline segments exist
in the pristine PANi, but more reduced emeraldine segments
exist in the composite material. This can be attributed to strong
π-π interactions between the carbon nanotubes and PANi in
which the functionalized SWCNTs reduce the PANi through
charge transfer, and the electron-donating ability of their carboxyl groups.41,42
TGA indicates that the functionalized SWCNTs are only
stable up to 200 C (∼10% weight loss) due to the decomposition of carboxyl and hydroxyl groups (Figure S3, Supporting Information). The residue left from the SWCNTs heated
to 1000 C is 9.4% of the original weight and contains ∼92%
metal residues with the remaining ∼8% being carbon black.43
Dedoped PANi is stable up to ∼420 C,44 above which temperature the polymer begins to decompose. Composite nanoﬁbers synthesized with 5 wt % SWCNT loading are stable up to
∼300 C, which are more thermally stable than functionalized
SWCNTs alone, likely due to the strong π-π interactions
between the SWCNTs and PANi nanoﬁbers. Note that the
residues left after heating to 715 C, for the SWCNTs, dedoped
PANi nanoﬁbers, and the dedoped composite nanoﬁbers are
17.5, 0.0, and 7.0 wt %, respectively. On the basis of their
residues, the SWCNT content in the composite materials is
calculated to be 40 wt % because the entire polymer in the
composite nanoﬁbers will fully decompose by 715 C. Elemental
analyses conﬁrm the presence of C (74.63 wt %), N (14.52 wt %),
and H (5.26 wt %) in the dedoped pristine PANi nanoﬁbers
and C (73.24 wt %), N (9.02 wt %), and H (3.35 wt %) in
the dedoped composite nanoﬁbers. The SWCNT content in
the composite nanoﬁbers is calculated to be 37.9% based
on the nitrogen component, which is comparable to the value
determined by TGA. Therefore, when 0.5, 1.0, and 2.5 wt %
SWCNT loadings are used, the SWCNT content in the ﬁnal
dedoped composite nanoﬁbers should be approximately 4, 8,
and 20 wt %, respectively, with the assumption that the
presence of carbon nanotubes does not aﬀect the aniline
polymerization yield.
The composite nanoﬁbers exhibit excellent dispersibility in DI
water, which is also a useful characteristic of the pristine PANi
nanoﬁbers. Free-standing bucky-like ﬁlms can be made from
aqueous dispersions (∼5 g/L) of the composite nanoﬁbers by
drop-casting onto glass plates and air-drying. Once dried, the
ﬁlms can be easily peeled oﬀ from the substrate without cracking
due to good mechanical properties (Figure S4, Supporting
Information). Electrical conductivities of the composite nanoﬁbers were obtained by measuring the average sheet resistance and
thickness of the ﬁlms. The thickness was determined with SEM
by cross-sectional imaging of freeze-fractured ﬁlms (Figure S5,
Supporting Information).
The inﬂuence of pH and SWCNT loadings on the conductivity of the nanoﬁbrillar composite ﬁlms is presented in Figure 3.
With a maximum conductivity of 95 S/cm, the room-temperature value for the doped composite material synthesized with

Figure 2. UV-vis spectra of (a) doped polyaniline nanoﬁbers, (b)
SWCNT/doped polyaniline composite nanoﬁbers, (c) dedoped polyaniline nanoﬁbers, (d) SWCNT/dedoped polyaniline composite nanoﬁbers, and (e) SWCNTs. The quinoid (Q) to benzenoid (B) ratios are
indicated. The insets (top, right) show pictures of aqueous dispersions of
(a-e).

Figure 3. Inﬂuence of pH and SWCNT loadings on the electrical
conductivity of thin ﬁlms of SWCNT/polyaniline composite nanoﬁbers.

methods, which generally produce granular, agglomerated features, the composites synthesized with the initiator display 1D
nanostructures consisting of integrated pristine PANi nanoﬁber
shells and SWCNT core nanostructures with average diameters
of 20-50 nm (Figure 1c,f). The formation of the 1D nanoﬁbrillar
composites are also conﬁrmed by XRD. Both the composites and
the pristine PANi display a sharp peak centered at 2θ = 6.4
(Figure S1, Supporting Information), that can be attributed to
the orientation of the acids in the polymer chains, which is an
indicator of PANi chains organized into nanoﬁbers.32-37 The
eﬀective coating of PANi nanoﬁbers on SWCNTs leads to an
extended conjugated network, which is believed to induce higher
conductivities and mobilities.
UV-vis spectra of the doped composite nanoﬁbers display
essentially the same absorptive characteristics as that of doped
pristine PANi (Figure 2a,b). The peaks at 345 and 800 nm are
attributed to benzenoid rings and quinoid rings, respectively.38,39
The quinoid (Q)/benzenoid (B) ratio in both doped samples is
1.0. After dedoping, the Q/B ratio in both materials decreases
signiﬁcantly to 0.83 and 0.63, respectively, indicating that more
reduced leucoemeraldine segments exist (Figure 2c,d). Additionally, the peak of the dedoped composite nanoﬁbers due to the
benzenoid rings blue shifts by 20 nm compared to that of the
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(Figure 4b). After exposure to 100 ppb of HCl vapor for 1 min,
the composite ﬁlm becomes conductive. Two-probe measurements, along with four-probe measurements to exclude contact
resistance, were conducted (Figure S6, Supporting Information).
The linear I-V relationships indicate Ohmic contacts exist
between the electrodes and the composite nanoﬁbers. Figure 4a
shows typical current-voltage (I-V) curves of the fully dedoped
composite nanoﬁber monolayer ﬁlms upon alternating exposure
to HCl and NH3 vapors. Upon exposure to 100 ppb HCl vapor
for 1 min, the ﬁlm resistance dramatically decreases from
>200 MΩ to 430 kΩ, and then increases to 3.8 MΩ after 3
days of storage in N2. After two successive 1 min exposures of
100 ppb NH3 vapor, the resistances increase to 27.5 and
74.0 MΩ, respectively. Upon exposure to HCl vapor for another
minute, the resistance decreases dramatically from 74.0 MΩ to
610 kΩ. Continued gas phase cycling (i.e., doping/dedoping)
experiments indicate that the nanoﬁbrillar composite ultrathin
ﬁlms show highly reversible sensitivity to acid doping and base
dedoping. A chemosensor made with a nanoﬁbrillar composite
ﬁlm exhibits a comparable sensitivity to acid doping, but responds much faster to base dedoping compared to that made
with a PANi nanoﬁber ﬁlm (120 s vs 1000 s).38 For example,
upon exposure to NH3 vapor at the same concentration (100
ppb), a 20-fold increase in resistance takes only 120 s for the
nanoﬁbrillar composite ﬁlm, while the PANi nanoﬁber ﬁlm takes
1000 s to respond.
Both the increase in the conductivity and the enhancement in
the response of the composite nanoﬁbers can be strongly
attributed to the increase in the charge-carrier mobility. As
discussed above, a large number of redox sites have been found
existing at the junctions between SWCNTs and PANi nanoﬁbers
leading to an extended conjugated network. Since PANi nanoﬁbers are a well-known sensing material for H2 gas,46 the above
hypothesis can be further conﬁrmed by measuring the redox
response of pristine PANi and SWCNT/PANi composites to a
1% concentration of H2 gas. Pristine PANi nanoﬁbers show >5
times the resistance change when compared to the composite
nanoﬁbers (Figure S7, Supporting Information), indicating that
many more reduced emeraldine segments exist in the composites. As a result, the SWCNTs appear to interact with polymer
chains, which can eﬃciently lower the hopping length that exists
in the PANi part of the composite nanoﬁbers in comparison to
that of the pristine PANi nanoﬁbers. It has been demonstrated
that electron transfer occurs from the carbon nanotubes to the
lowest unoccupied molecular orbital (LUMO) of the conjugated
polymer, leading to an increase in overall charge-carrier mobility
of the system via the SWCNTs.12,47 On the other hand, carbon
nanotubes have a high aﬃnity for both NH3 and HCl.48 Consequently, the presence of SWCNTs in the composite may
promote the absorption of more vapor molecules. We also note
that the PANi layer coating on the carbon nanotubes is 10-30
nm thick, while pristine PANi nanoﬁbers are 30-60 nm thick as
determined by TEM (Figure 1). The thin PANi layer coating
surrounding the SWCNTs has a higher surface area than pristine
PANi nanoﬁbers. This may explain why the 1.0 wt % SWCNT/
PANi composite nanoﬁber chemosensors demonstrate a much
improved sensitivity compared to the chemosensors fabricated
by PANi nanoﬁbers alone.
Both the doped and dedoped composite nanoﬁbers can be
dispersed in aqueous solvents or dissolved in polar organic solvents
such as N-methyl-2-pyrrolidone (NMP), N,N-dimethylformamide
(DMF), N,N-dimethylacetamide (DMAc), etc. Processable

Figure 4. (a) Typical I-V curves of nanoﬁbrillar 1.0 wt % SWCNT/
polyaniline composite ﬁlms upon exposure to alternating vapors of HCl
and NH3. The insets show the geometry of the device: (left) front view
and (right) top view. (b) A zoomed-in SEM image of the device.

5 wt % SWCNT loading has been increased by greater than 50
times compared to that of the doped PANi nanoﬁbers alone (1.7
S/cm). The nanoﬁbrillar composite material synthesized with a
low concentration of SWCNT (0.5 wt %) shows a dramatic
decrease in conductivity above pH 2.1, comparable to pristine
PANi.45 However, the maximum conductivity remains slightly
higher than that of pristine PANi (2.8 vs 1.7 S/cm). As the pH
increases, the conductivity of the three other composite nanoﬁbers with increasing SWCNT content decreases gradually,
similar to an acid-base titration curve. Even when the composite
nanoﬁbers are completely dedoped with strong base (pH = 12.8),
they still show a relatively high conductivity (∼0.3 S/cm),
especially when compared to that of pristine PANi (<10-10 S/
cm). Tunable conductivity ratios, deﬁned by the maximum
conductivity divided by the minimum conductivity over the
pH range 0-14, are 490, 350, 1.2  105, 500, and 350 for the
materials synthesized with SWCNT loadings of 0.0, 0.5, 1.0, 2.5,
and 5.0 wt % (abbreviated as 0, 1, 2.5, 5 wt % SWCNT/PANi),
respectively. Too little SWCNT loading results in a relatively low
maximum conductivity, while too high of SWCNT loading leads
to a relatively high minimum conductivity. This explains why the
1.0 wt % SWCNT/PANi sample exhibits the most widely tunable
conductivity ratio.
To the best of our knowledge, this is the ﬁrst report demonstrating that a low carbon nanotube loading can be used to
produce a highly conducting carbon nanotube/PANi composite
material with a 1D nanoﬁbrillar structure. The conventional
carbon nanotube/PANi composite materials generally consist of
granular, agglomerated PANi and core-shell nanostructures of
PANi coated on carbon nanotubes (Table S1, Supporting
Information). The granular, agglomerated PANi commonly
isolated from the core-shell nanostructures creates barriers for
electrical conductivity. Hence, there are a high number of
resistive contacts per unit volume, resulting in lower bulk
conductivity. In contrast, our initiator-assisted composite nanoﬁbers consist of core-shell nanostructures of SWCNTs coated
with PANi nanoﬁbers.
Gas chemosensors made using fully dedoped nanoﬁbrillar 1.0
wt % SWCNT/PANi composite material were monitored with
an electrometer (Keithley 4200) upon alternating exposure to
HCl and NH3 vapors. A typical chemosensor created with
multiple electrodes deﬁned by E-beam lithography is illustrated
in the insets to Figure 4a; the fabrication procedure is described
in detail in the Supporting Information. As-fabricated devices
show insulating characteristics with large resistances of >200 MΩ
due to the use of ultrathin (50-100 nm) fully dedoped ﬁlms
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SWCNT/PANi composite nanoﬁbers with enhanced electrical
and thermal properties can be potentially useful in many other
applications. For example, the bucky-like ﬁlms made from the
composite nanoﬁber aqueous dispersions could provide a simple
route to conducting asymmetric ﬁlms by using ﬂash welding.49
Additionally, the solubility of the composite nanoﬁbers opens a
window to prepare electrically conductive ultraﬁltration membranes by using a nonsolvent induced phase separation (NIPS)
method.
In summary, bulk quantities of SWCNT/PANi composite
nanoﬁbers are readily synthesized with the addition of an initiator
to a rapidly mixed polymerization of aniline in the presence of
carbon nanotubes. The SWCNT content in the ﬁnal dedoped
products ranges from 4 to 40 wt %, as determined by thermal and
elemental analyses. Nanoﬁbrillar composite materials exhibit
enhanced conductivities with values up to 95 and 0.3 S/cm in
their doped and dedoped states, respectively, compared to 1.7
and <10-10 S/cm for PANi nanoﬁbers by themselves. Gas
chemosensors made from SWCNT/PANi composite nanoﬁbers
demonstrate large improvements in sensitivity (120 s vs 1000 s)
compared to devices fabricated from only pristine PANi nanoﬁbers. In conclusion, due to their facile synthesis, processability,
and widely tunable conductivity, the developed nanoﬁbrillar
SWCNT/PANi composite nanostructures are promising materials for use as low-cost disposable sensors and as electrodes.

(11) Ben-Valid, S.; Dumortier, H.; Decossas, M.; Sfez, R.;
Meneghetti, M.; Bianco, A.; Yitzchaik, S. J. Mater. Chem. 2010, 20,
2408–2417.
(12) Yao, Q.; Chen, L. D.; Zhang, W. Q.; Liufu, S. C.; Chen, X. H.
ACS Nano 2010, 4, 2445–2451.
(13) Sainz, R.; Small, W. R.; Young, N. A.; Valles, C.; Benito, A. M.;
Maser, W. K.; Panhuis, M. Macromolecules 2006, 39, 7324–7332.
(14) Zhang, X. T.; Song, W. H.; Harris, P. J. F.; Mitchell, G. R.; Bui,
T. T. T.; Drake, A. F. Adv. Mater. 2007, 19, 1079–1083.
(15) Panhuis, M. I. H.; Doherty, K. J.; Sainz, R.; Benito, A. M.; Maser,
W. K. J. Phys. Chem. C 2008, 112, 1441–1445.
(16) Zhou, Y. K.; He, B. L.; Zhou, W. J.; Huang, J. E.; Li, X. H.; Wu,
B.; Li, H. L. Electrochim. Acta 2004, 49, 257–262.
(17) Zhou, Y.; Qin, Z. Y.; Li, L.; Zhang, Y.; Wei, Y. L.; Wang, L. F.;
Zhu, M. F. Electrochim. Acta 2010, 55, 3904–3908.
(18) Spinks, G. M.; Mottaghitalab, V.; Bahrami-Samani, M.; Whitten,
P. G.; Wallace., G. G. Adv. Mater. 2006, 18, 637–640.
(19) Cabezas, A. L.; Zhang, Z. B.; Zheng, L. R.; Zhang, S. L. Synth.
Met. 2010, 160, 664–668.
(20) Dong, J. Q.; Shen, Q. J. Polym. Sci., Part B 2009, 47, 2036–2046.
(21) Kim, K. S.; Imris, M.; Shahverdi, A.; Alinejad, Y.; Soucy, G.
J. Phys. Chem. C 2009, 113, 4340–4348.
(22) Wei, Z. X.; Wan, M. X.; Lin, T.; Dai, L. M. Adv. Mater. 2003, 15,
136–139.
(23) Jimenez, P.; Maser, W. K.; Castell, P.; Martínez, M. T.; Benito,
A. M. Macromol. Rapid Commun. 2009, 30, 418–422.
(24) Jimenez, P.; Castell, P.; Sainz, R.; Anson, A.; Martínez, M. T.;
Benito, A. M.; Maser, W. K. J. Phys. Chem. B 2010, 114, 1579–1585.
(25) Sainz, R.; Benito, A. M.; Martínez, M. T.; Galindo, J. F.; Sotres,
J.; Baro, A. M.; Corraze, B.; Chauvet, O.; Maser, W. K. Adv. Mater. 2005,
17, 278–281.
(26) Yılmaz, F.; K€uc-kyavuz, Z. J. Appl. Polym. Sci. 2009, 111, 680–
684.
(27) Ginic-Markovic, M.; Matisons, J. G.; Cervini, R.; Simon, G. P.;
Fredericks, P. M. Chem. Mater. 2006, 18, 6258–6265.
(28) Jeevananda, T.; Siddaramaiah, K. N. H.; Heo, S. B.; Lee, J. H.
Polym. Adv. Technol. 2008, 19, 1754–1762.
(29) Kim, D. K.; Oh, K. W.; Kim, S. H. J. Polym. Sci., Part B 2008, 46,
2255–2266.
(30) Zelikman, E.; Suckeveriene, R. Y.; Mechrez, G.; Narkis, M.
Polym. Adv. Technol. 2010, 21, 150–152.
(31) Tran, H. D.; Wang, Y.; D’Arcy, J. M.; Kaner, R. B. ACS Nano
2008, 2, 1841–1848.
(32) Zhang, Z. M.; Wan, M. X.; Wei, Y. Adv. Funct. Mater. 2006, 16,
1100–1104.
(33) Rahy, A.; Yang, D. J. Mater. Lett. 2008, 62, 4311–4314.
(34) Zhang, L. J.; Wan, M. X. Thin Solid Films 2005, 477, 24–31.
(35) Yang, Y.; Wan, M. X. J. Mater. Chem. 2002, 12, 897–901.
(36) Jana, T.; Chatterjee, J.; Nandi, A. K. Langmuir 2002, 18, 5720–
5727.
(37) Zujovic, Z. D.; Laslau, C.; Bowmaker, G. A.; Kilmartin, P. A.;
Webber, A. L.; Brown, S. P.; Travas-Sejdic, J. Macromolecules 2010, 43,
662–670.
(38) Huang, J. X.; Virji, S.; Weiller, B. H.; Kaner, R. B. J. Am. Chem.
Soc. 2003, 125, 314–315.
(39) Huang, J. X.; Kaner, R. B. J. Am. Chem. Soc. 2004, 126, 851–855.
(40) Irimia-Vladu, M.; Marjanovic, N.; Vlad, A.; Ramil, A. M.;
Hernandez-Sosa, G.; Schw€odiauer, R.; Bauer, S.; Sariciftci, N. S. Adv.
Mater. 2008, 20, 3887–3892.
(41) Ma, Y. F.; Cheung, W.; Wei, D. G.; Bogozi, A.; Chiu, P. L.;
Wang, L.; Pontoriero, F.; Mendelsohn, R.; He, H. X. ACS Nano 2008, 2,
1197–1204.
(42) Ma, Y. F.; Ali, S. R.; Wang, L.; Chiu, P. L.; Mendelsohn, R.; He,
H. X. J. Am. Chem. Soc. 2006, 128, 12064–12065.
(43) Zhao, B.; Hu, H.; Yu, A. P.; Perea, D.; Haddon, R. C. J. Am.
Chem. Soc. 2005, 127, 8197–8203.
(44) Conklin, J. A.; Huang, S. C.; Huang, S. M.; Wen, T. L.; Kaner,
R. B. Macromolecules 1995, 28, 6522–6527.

’ ASSOCIATED CONTENT

bS

Supporting Information. XRD, FT-IR, and TGA analyses,
device fabrication, and conductivity measurements. This material is
available free of charge via the Internet at http://pubs.acs.org.

’ AUTHOR INFORMATION
Corresponding Author

*E-mail: kaner@chem.ucla.edu and adamxgli@yahoo.com.

’ ACKNOWLEDGMENT
Financial support from Abraxis Bioscience (R.B.K.), the China
Scholarship Council No. 2008626064 (Y.Z.L.), and National
Natural Science Foundation of China (50873077) are gratefully
acknowledged.
’ REFERENCES
(1) Li, D.; Huang, J. X.; Kaner, R. B. Acc. Chem. Res. 2009, 42, 135–
145.
(2) Carbon Nanotubes: Synthesis, Structure Properties and Applications; Dresselhaus, M., Dresselhaus, G., Avouris, Ph., Eds.; SpringerVerlag: Berlin, 2001.
(3) Diao, P. Z.; Liu, F. Adv. Mater. 2010, 22, 1430–1449.
(4) Siitonen, A. J.; Tsyboulski, D. A.; Bachilo, S. M.; Weisman, R. B.
Nano Lett. 2010, 10, 1595–1599.
(5) Fujimori, T.; Urita, K.; Ohba, T.; Kanoh, H.; Kaneko, K. J. Am.
Chem. Soc. 2010, 132, 6764–6767.
(6) Dresselhaus, M. S.; Jorio, A.; Hofmann, M.; Dresselhaus, G.;
Saito, R. Nano Lett. 2010, 10, 751–758.
(7) Liu, Y.; Tian, S. J.; Knoll, W. Langmuir 2005, 21, 5596–5599.
(8) Granot, E.; Basnar, B.; Cheglakov, Z.; Katz, E.; Willner, I.
Electroanalysis 2006, 18, 24–26.
(9) Kaempgen, J. M.; Roth, S. J. Electroanal. Chem. 2006, 586, 72–76.
(10) Singh, R.; Dhand, C.; Sumana, G.; Verma, R.; Sood, S.; Gupta,
R. K.; Malhotra, B. D. J. Mol. Recognit. 2010, 23, 472–479.
958

dx.doi.org/10.1021/nl103322b |Nano Lett. 2011, 11, 954–959

Nano Letters

LETTER

(45) MacDiarmid, A. G. Angew. Chem., Int. Ed. 2001, 40, 2581–2590.
(46) Virji, S.; Kaner, R. B.; Weiller, B. H. J. Phys. Chem. B 2006, 110,
22266–22270.
(47) Pradhan, B.; Batabyal, S. K.; Pal, A. J. J. Phys. Chem. B 2006, 110,
8274–8277.
(48) Lu, Y. J.; Partridge, C.; Meyyappan, M.; Li, J. J. Electroanal.
Chem. 2006, 593, 105–110.
(49) Huang, J. X.; Kaner, R. B. Nat. Mater. 2004, 3, 783–787.

959

dx.doi.org/10.1021/nl103322b |Nano Lett. 2011, 11, 954–959

