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Abstract

We described here a new approach to the synthesis of size-controllable polyaniline/carbon nanotube (CNT) nanocables by in situ

chemical oxidative polymerization directed by the cationic surfactant cetyltrimethylammonium bromide (CTAB). Carbon na-

notubes were first dispersed in a high concentration (12-fold critical micelle concentration) CTAB solution, and thus the CTAB is

adsorbed and arranged regularly at the CNT surfaces. Upon addition of the aniline monomer, some of the aniline hydrochloride is

adsorbed at the surface of CNTs and wedged into the arranged CTAB molecules. When ammonium persulfate (APS) was added,

aniline was polymerized in situ at the surfaces of the CNTs (core layer), ultimately forming the outer shell of the nanocables. Such

polyaniline/CNT nanocables show enhanced electrical properties.

� 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Rapid advances in the bulk synthesis of carbon na-

notubes (CNTs), coupled with their remarkable

mechanical and novel electrical properties offer the

possibility of numerous novel applications via the gen-

eration of a host of CNT-based composite materials
[1,2]. Following the first report of the preparation of a

CNT/polymer composite by Ajayan et al. [3], many ef-

forts have been directed towards combining CNT and

polymers in order to produce functional composite

materials with superior properties [4–7]. For example,

epoxy resin loaded with 1% single-walled carbon na-

notubes (SWNTs) showed a 70% increase in thermal

conductivity at 40 K, increasing to 125% at room tem-
perature [8]. The presence of SWNTs in poly(m-pheny-

lene vinylene-co-2,5-dioctoxy-p-phenylene) (PmPV)

composites shifts the radiative recombination region in
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double-emitting organic light-emitting diodes (DE-OL-

EDs) without changing the PmPV emission energy [9].

Addition of only 1% multi-walled carbon nanotubes

(MWNTs) to polystyrene results in 36–42% and 25%

increases in elastic modulus and break stress respectively

of the polymer because the external load can be effec-

tively transferred to the nanotubes [10] and the intro-
duction of MWNTs to polyaniline composites enhances

the electrical properties (the room temperature resistiv-

ity is decreased by one order of magnitude as compared

to polyaniline) by facilitating charge-transfer processes

between the two components [11]. Several methods have

been developed to prepare these polymer/nanotube

composites efficiently. These include dissolving polymer

into the MWNT suspension of organic solvents [12],
melt mixing [13], in situ polymerization [14], grafting

macromolecules to the CNT [15] and electrochemistry

[16]. However, the systematic production of CNT-based

structural composite materials, especially composite

nanotubes or nanowires, remains a technological chal-

lenge. Applications for such technology would include

polyaniline nanotubes doped with sulfonated CNTs

made via a self-assembly process [17] and aligned
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coaxial nanowires of CNTs sheathed with conducting

polyaniline or polypyrrole [18].

In the present study, we describe a new approach

to the synthesis of size-controllable polyaniline/CNT
nanocables by in situ chemical oxidative polymerization

directed with the cationic surfactant cetyltrimethyl-

ammonium bromide (CTAB). Carbon nanotubes were

first dispersed uniformly in the surfactant solution and

then aniline was polymerized in situ at the surfaces of

the CNTs (core layer), ultimately forming the outer shell

of the nanocables. Such polyaniline/CNT nanocables

show enhanced electrical properties due to their cable-
like structure.
Fig. 1. SEM images of polyaniline/CNT nanocables with a (a) large

scale (inset: TEM image of single nanocable) and (b) small scale (inset:

HRTEM image with clear crystalline phase of inner layer of single

nanocable).
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Fig. 2. Raman spectra for polyaniline, MWNT and polyaniline/CNT

nanocable.
2. Experimental

Aniline monomer was distilled under reduced pres-

sure. Multi-walled carbon nanotubes used in this work

were synthesized by ethylene CVD using Al2O3 sup-

ported Fe catalysts as described in a previous study [19].

Other reagents were used without further purification.

Polyaniline/CNT nanocables were synthesized by in

situ chemical oxidative polymerization directed with

cationic surfactant cetyltrimethylammonium bromide
(CTAB). In a typical nanocable synthesis experiment,

0.124 g CTAB and 6.6 mg CNT were added into 31 ml

1.0 M HCl solutions and sonicated for over 2 h to ob-

tain well-dispersed suspensions, then cooled down to 0–

5 �C. A pre-cooled solution of 0.06 ml aniline monomer

and 6.25 ml 1.0 M HCl containing 0.147 g APS were

added sequentially to the above suspensions. The reac-

tion mixture was sonicated for 2 min, then left standing
in the refrigerator at 0–5 �C for 24 h. After that, the

resulting black precipitate was filtered and rinsed with

distilled water and methanol for several times. The

remaining filter cake was then dried under a vacuum at

room temperature for 24 h.

Raman spectra were recorded with a Renishaw sys-

tem 1000 using a 50 mW He–Ne laser operating at 632.8

nm with a CCD detector. The final spectrum presented
is an average of 10 spectra recorded at different regions

over the entire range of the sample. SEM was conducted

at 25 kV and TEM at 200 kV and at 300 kV for the high

resolution studies. Samples used in dc electrical-con-

ductivity and magnetoresistance measurements were in

the form of pressed pellets, 12 mm in diameter and

about 0.1 mm in thickness. The standard Van Der Pauw

DC four-probe method [20] was used to measure the
electron transport behavior of polyaniline and nano-

cables. Electrical conductivity was measured using

Keithley 220-programmable current source and 181-

nanovoltmeter, which was auto-controlled by a com-

puter. Magnetoresistance was measured using PPMS

(Physical Properties Measurement System from Quan-

tum Design, USA).
3. Results and discussion

The morphology of the resulting nanostructures was

characterized by SEM and TEM (Fig. 1). SEM images
clearly show that the nanostructures were of uniform

shape with diameters in the range of several tens of

nanometers and lengths up to several micrometers (Fig.

1a). Some irregularities, appearing as ‘‘dents’’ or surface

depressions were observed at their edges (Fig. 1b). TEM

images (insets in Fig. 1a and b, respectively) revealed the
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cable-like morphology of the nanostructures in which

the outer layer was apparently amorphous and the inner

layer crystalline. A lattice spacing of about 0.34 nm

along the nanocable can be readily resolved, indicating
that the inner layer was comprised of multi-walled

CNTs [21]. Taken together, these data suggest that the

aniline monomers polymerized not in the hollow core

but at the surface of the MWNTs. The rough outer

amorphous polyaniline layer had an average thickness

of about several tens of nanometers (Fig. 1).

Raman spectroscopy was used to characterize the

chemical composition of the polyaniline/CNT nano-
structures (‘‘nanocables’’). Fig. 2 shows the Raman

spectra of MWNT, polyaniline and polyaniline/CNT
Fig. 3. SEM images and diameter distributions of polyaniline/CNT nanoca

100:33 and (d) 0:33.
nanocables. For the pure carbon nanotubes, two strong

peaks were observed around 1580 and 1326 cm�1, which

can be assigned to the D and G modes of CNTs

respectively [22]. The Raman spectrum for polyaniline
was essentially similar to that reported previously [23].

C–H bending of the quinoid/benzenoid ring at 1160

cm�1, C–N�
þ
stretching at 1328 cm�1, C@N stretching of

the quinoid ring at 1466 cm�1, and C–C stretching of the

benzenoid ring at 1586 cm�1 were observed, indicating

the presence of doped polyaniline structures [17]. In the

case of the polyaniline/CNT nanocables, Raman typical

characteristics of polyaniline were apparent, suggesting
that the CNTs were entirely encapsulated by polymer.

In comparing the spectra derived from polyaniline with
bles with different aniline/CNT mass ratios: (a) 300:33; (b) 200:33; (c)
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that of polyaniline/CNT nanocables, two points should

be noted: (1) the remarkable decrease in relative inten-

sity of C–N�
þ
stretching at 1328 cm�1 with respect to

that of C–H bending at 1160 cm�1, indicating that the
degree of protonic acid doping decreases in the presence

of CNTs and (2) the C@N stretching of the quinoid ring

shifts from 1466 to 1477 cm�1, suggesting that a site-

selective interaction between the quinoid ring of the

doped polymer and the CNTs had occurred as a con-

sequence of the in situ polymerization. This interaction

probably facilitates charge-transfer processes between

the polymer and CNTs [11].
The average diameter of the nanocable can be con-

trolled by changing the aniline/CNT mass ratio. Typical

MWNTs without polyaniline coatings are uniform with

diameters in the range of 8–25 nm and length up to

several hundreds of nanometers (Fig. 3d), the distribu-

tion of diameter sizes (obtained from measurements of

hundreds of SEM images) at different sample locations

showed a peak centered at 16 nm. In addition, nanoc-
ables with different aniline/CNT mass ratios are appar-

ently different from CNTs in both morphology and size

(Fig. 3a–c). For any given aniline/CNT mass ratio, the

nanocables were all relatively uniform but the average

diameter of nanocables with different aniline/CNT mass

ratios were different. The smaller the aniline/CNT mass

ratio, the smaller the average diameter. This trend can

be clearly seen from the histograms of the diameter size
distributions. A new peak value, at 27 nm, emerged in

the nanocable diameter distribution plot corresponding
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Fig. 4. Schematic diagram of the formation me
to a 100:33 aniline/CNT mass ratio (though diameters as

small as pure CNTs were also still present). Increasing

the aniline/CNT ratios to 200:33 and 300:33 resulted in

mean diameter sizes of 41 and 50 nm respectively. Thus
it can be seen that nanocable diameter is apparently

proportional to the aniline/CNT mass ratio. However,

further increasing the aniline/CNT ratio to greater than

300:33 resulted in the presence of a number of

‘‘nanogrooves’’ (groove-like structures indicated by the

circle in Fig. 1b) and decreasing the aniline/CNT ratio to

less than 100:33, indicated the presence of many nano-

structures with diameter corresponding to that of CNTs.
These data indicate that the optimum aniline/CNT mass

ratio range lies between 100:33 to 300:33 and we can

control the average diameter by simply changing the

ratio in this range.

A model describing the mechanism of polyaniline/

CNT nanocable formation by in situ chemical oxidative

synthesis directed with cationic surfactant CTAB is as

follows. The surfactant CTAB appears to play an
important role in the synthetic pathway (shown in Fig.

4). CTAB initially breaks the CNT bundles into indi-

vidual tubes during sonication in 1.0 M HCl solutions.

Secondly, the surfactant is adsorbed and arranged reg-

ularly at the CNTs surfaces due to the relatively high

concentration (12-fold critical micelle concentration).

Upon addition of the aniline monomer, aniline imme-

diately reacts with HCl to form aniline hydrochloride.
Some of the aniline hydrochloride is adsorbed at the

surface of CNTs and wedged into the arranged CTAB
(NH4)2S2O8

Deposition

erization

N N
H
N

N N
H
N

N+
N+ N+ N+ N+

N+ N+ N+ N+ N+

N+ N+ N+ N+

N+ N+ N+ N+

N+ N+ N+ N+

N+ N+ N+ N+

(NH4)2S2O8

Deposition

erization

N N
H
N

N N
H
N

N+
N+ N+ N+ N+

N+ N+ N+ N+ N+

N+ N+ N+ N+

N+ N+ N+ N+

N+ N+ N+ N+

N+ N+ N+ N+

chanism of a polyaniline/CNT nanocable.



(a)

CNT %
0 5 10 15 20 25

1E-3

0.01

0.1

1

10

(S
/c

m
)

100:33(b)

300:33

200:33

polyaniline /CNT=

polyaniline

ln
 (σ

/σ
 (3

00
K

)

T-1/2(K-1/2)

-5

-3

-1

0.07 0.08 0.090.05 0.06 0.10 0.11 0.12

-4

-2

0

Fig. 5. (a) Room temperature conductivities of nanocables with the

fraction of CNT varying from 0 to 25%; and (b) normalized conduc-

tivity temperature dependence for nanocables with different polyani-

line CNT mass ratios.
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molecules. The remaining aniline hydrochloride is in

solution and a dynamic equilibrium is set up between the

two. When APS was added, a heavy floccular precipitate

instantly appeared, presumably due to electrical neu-
tralization between the quaternary ammonium cation of

the CTAB and S2O
2�
8 of APS ((CTA)2S2O8 is insoluble

in water or in 1.0 M HCl). The surfactant CTAB is

therefore deactived and some of aniline hydrochloride

and individual CNTs become encapsulated during pre-

cipitation. Aniline hydrochloride and S2O
2�
8 will collide

due to Brownian motion and electron exchange will

occur, resulting in a redox reaction. Aniline hydrochlo-
ride is oxidized to produce the oligomer and S2O

2�
8 is

reduced to SO2�
4 . Once S2O

2�
8 is reduced to SO2�

4 , sur-

factant CTAB is then regenerated ((CTA)2SO4 is soluble

in water or in 1.0 M HCl), and the floccular precipitate

can be seen to gradually disappear. When aniline

hydrochloride encapsulated during precipitation is oxi-

dized, the aniline hydrochloride remaining in solution

would be expected to diffuse towards the unreduced
floccular precipitate (CTA)2S2O8 and be further oxi-

dized. Polyaniline oligomers and polymers are insoluble

and this, together with the site-selective interaction be-

tween the quinoid ring of the doped polymer and the

CNTs, would result in the deposition of polyaniline at

the surface of the CNTs. The resulting polyaniline/CNT

nanocables are then stabilized by regeneration of the

surfactant CTAB.
No polyaniline/CNT nanocables were obtained when

cationic surfactant CTAB was replaced by anionic sur-

factant sodium dodecyl sulfate (SDS). A number of

different organic sulfonic acids, including camphorsulf-

onic acid [24] and dodecyl benzene sulfonic acid [25]

have been used as dopants to modify the solubility of

doped polyaniline. SDS in 1.0 M HCl solutions proba-

bly plays the same role as organic sulfonic acid in that
dodecyl sulfate acted as the counter-ion in doping the

polyaniline. So SDS and other anionic surfactants could

not serve as surfactant in in situ chemical oxidative

synthesis of polyaniline/CNT nanocables.

Polyaniline synthesized in the presence of CTAB

shows a typical non-metallic behavior [26] with a room

temperature conductivity of 7.77 · 10�3 S/cm (Fig. 5).

(The room temperature conductivity of MWNT is 0.23
S/cm [27].) The low room temperature conductivity of

polyaniline probably has something to do with its low

protonic acid doping degree and amorphous morphol-

ogy. The overall pattern of conductivity temperature

dependence of polyaniline is well expressed in the form

r � exp½�ðT0=T Þ0:5� [28,29]. In contrast, the electron

transport properties of polyaniline/CNT nanocables

exhibit the following remarkable characteristics: (1) the
low and room temperature conductivity are both in-

creased as the fraction of CNT increases; (2) the maxi-

mum room temperature conductivity of 1.35 S/ cm is

two orders of magnitude higher than that of polyaniline;
(3) the low temperature conductivity is much higher
than that of polyaniline; (4) the temperature dependence

of the conductivity is much weaker than that of poly-

aniline, probably due to the fact that the conductivities

at different temperatures are dominated by different

components [11]; (5) the conductivity is not well ex-

pressed in the form r � exp½�ðT0=T Þ0:5�. Taken together,

these facts indicate that electrical contacts between the

polyaniline and CNT have been improved and that the
cable-like structure favors the charge transfer between

polyaniline and CNT.

Magnetoresistance (MR) is sensitive to the extent of

structural disorder and therefore serves as an especially

useful probe for identifying microscopic transport

mechanisms and scattering processes [30]. As shown in

Fig. 6a, polyaniline synthesized in the presence of CTAB

shows negative MR at 200 K, which is in agreement with
earlier results [31] (polyaniline shows positive MR at

very low temperature). Nanocables with different poly-

aniline/CNT ratios show negative MR at 200 K (Fig. 6a)
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while 100:33 ratio polyaniline/CNT nanocables show

negative MR at 10–200 K (Fig. 6b). The data indicate

that electrons transferred within the nanocable form a

conventional diffusive system, describable within the

framework of weak-localization theory, wherein the ef-
fect of e–e interaction can be treated as a perturbation

[32] (MWNT synthesized by CVD also show negative

MR at low temperature).
4. Conclusion

We have described a new approach to the synthesis of

size-controllable polyaniline/CNT nanocables. Surfac-
tant was applied to overcome the difficulty of CNT

dispersing into insoluble and infusible polymer matrix,

and aniline was polymerized in situ at the surface of the

CNT (core layer), ultimately forming the outer shell of

the nanocables. By changing the aniline/CNT ratio, we

can easily control the sizes of as-prepared nanocables.

Polyaniline/CNT nanocables produced in this way show
enhanced electrical properties (the conductivity of

nanocables is two and one orders of magnitude higher

than polyaniline and CNT, respectively) due to the

cable-like structure favoring the charge transfer between
polyaniline and CNT. Negative temperature coefficient

of resistance at 77–300 K and negative magnetoresis-

tance at 10–200 K were also observed. These charac-

teristics of size-controllability and enhanced electrical

properties provide new potential for applications for

nanocables across a number of scientific and techno-

logical fields.
Acknowledgements

The work was supported by National Natural Sci-

ence Foundation of China (NSFC 30000044, 90206023)

and Ministry of Science and Technology of China

(2001CB6105, 2002CB613505). We are grateful to Prof.

J. Kirkham (University of LEEDS, UK), Dr. Weizhong
Qian and Dr. Yunze Long for their kind help and useful

discussion.
References

[1] Iijima S. Helical microtubles of graphitic carbon. Nature 1991;

354:56–8.

[2] Ajayan PM, Iijima S. Smallest carbon nanotube. Nature 1992;

358:23.

[3] Ajayan PM, Stephan O, Colliex C, Trauth D. Aligned carbon

nanotube arrays formed by cutting a polymer resin–nanotube

composite. Science 1994;265:1212–4.

[4] Thostensona ET, Renb Z, Choua TW. Advances in the science

and technology of carbon nanotubes and their composites: a

review. Compos Sci Technol 2001;61:1899–912.

[5] Lau KT, Hui D. The revolutionary creation of new advanced

materials––carbon nanotube composites. Compos Part B––Eng

2002;33:263–77.

[6] Baughman RH, Zakhidov AA, Heer WA. Carbon nanotubes––

the route toward applications. Science 2002;197:787–92.

[7] Dai L, Mau AWH. Controlled synthesis and modification of

carbon nanotubes and C60: carbon nanostructures for advanced

polymeric composite materials. Adv Mater 2001;13:899–913.

[8] Biercuk MJ, Llaguno MC, Radosavljevic M, Hyun JK, Johnson

AT, Fischer JE. Carbon nanotube composites for thermal

management. Appl Phys Lett 2002;80:2767–9.

[9] Woo HS, Czerw R, Webster S, Carroll DL, Ballato J, Strevens

AE, et al. Hole blocking in carbon nanotube–polymer composite

organic light-emitting diodes based on poly(m-phenylene vinylene-

co-2,5-dioctoxy-p-phenylene vinylene). Appl Phys Lett 2000;77:

1393–5.

[10] Qian D, Dickey EC, Andrews R, Rantell T. Load transfer and

deformation mechanisms in carbon nanotube–polystyrene com-

posites. Appl Phys Lett 2000;76:2868–70.

[11] Cochet M, Maser WK, Benito AM, Callejas MA, Martinez MT,

Benoit JM, et al. Synthesis of a new polyaniline/nanotube

composite: ‘‘in-situ’’ polymerisation and charge transfer through

site-selective interaction. Chem Commun 2001:1450–1.

[12] Jin L, Bower C, Zhou O. Alignment of carbon nanotubes in a

polymer matrix by mechanical stretching. Appl Phys Lett 1998;73:

1197–9.



X. Zhang et al. / Carbon 42 (2004) 1455–1461 1461
[13] Jin Z, Pramoda KP, Xu G, Goh SH. Dynamic mechanical

behavior of melt-processed multi-walled carbon nanotube/poly-

(methyl methacrylate) composites. Chem Phys Lett 2001;337:

43–7.

[14] Jia ZJ, Wang ZY, Xu CL, Liang J, Wei BQ, Wu DH, et al. Study

on poly(methyl methacrylate)/carbon nanotube composites. Ma-

ter Sci Eng A 1999;271:395–400.

[15] Zengin H, Zhou W, Jin J, Czerw R, Smith DW, Echegoyen L,

et al. Carbon nanotube doped polyaniline. Adv Mater 2002;14:

1480–3.

[16] Chen GZ, Shaffer MSP, Coleby D, Dixon G, Zhou W, Fray DJ, et

al. Carbon nanotube and polypyrrole composites: coating and

doping. Adv Mater 2000;12:522–6.

[17] Wei ZX, Wan MX, Lin T, Dai LM. Polyaniline nanotubes doped

with sulfonated carbon nanotubes made via a self-assembly

process. Adv Mater 2003;15:136–9.

[18] Gao M, Huang SM, Dai LM, Wallace G, Gao RP, Wang ZL.

Aligned coaxial nanowires of carbon nanotubes sheathed

with conducting polymers. Angew Chem Int Ed 2000;39:

3664–7.

[19] Qian WZ, Wei F, Wang ZW, Liu T, Yu H, Luo GH, et al.

Production of carbon nanotubes in a packed bed and a fluidized

bed. AICHE J 2003;49:619–25.

[20] Dai L, Lu J, Matthews B, Mau WH. Doping of conducting

polymers by sulfonated fullerene derivatives and dendrimers. J

Phys Chem B 1998;102:4049–53.

[21] Terrones M, Hsu WK, Kroto HW, Walton DRM. Nanotubes: a

revolution in materials science and electronics. Top Curr Chem

1999;199:189–234.
[22] Kastner J, Pichler T, Kuzmany H, Curran S, Blau W, Weldon

DN, et al. Resonance Raman and infrared spectroscopy of carbon

nanotubes. Chem Phys Lett 1994;221:53–8.

[23] Cochet M, Louarn G, Quillard S, Buisson JP, Lefrant S.

Theoretical and experimental vibrational study of emeraldine in

salt form. Part II. J Raman Spectrosc 2000;31:1041–9.

[24] Cao Y, Smith P, Heeger AJ. Counter-ion induced processibility of

conducting polyaniline. Synth Metals 1993;57:3514–9.

[25] MacDiarmid AG, Epstein AJ. Solution properties of polyaniline

and its derivatives. Synth Metals 1995;69:93–6.

[26] Kaiser AB. Systematic conductivity behavior in conducting

polymers: effects of heterogeneous disorder. Adv Mater

2001;13:927–41.

[27] Deng J, Ding X, Zhang W, Peng Y, Wang J, Long X, et al.

Carbon nanotube––polyaniline hybrid materials. Eur Polym J

2002;38:2497–501.

[28] Kaiser AB. Electronic transport properties of conducting poly-

mers and carbon nanotubes. Rep Prog Phys 2001;64:1–49.

[29] Sheng P, Abeles B, Arie Y. Hopping conductivity in granular

metals. Phys Rev Lett 1973;31:44–7.

[30] Menon R, Yoon CO, Moses D, Heeger AJ. Metal-insulator

transition in doped conducting polymer. In: Skotheim T, Elsen-

baumer, R, Reynolds J, editors. New York; 1998.

[31] Long Y, Chen Z, Wan M, Li J, Wang N. The metallic nature of

polyaniline. Synth Metal 2003;135–136:487–8.

[32] Kang N, Hu JS, Kong WJ, Lu L, Zhang DL, Pan ZW, et al.

Consistent picture of strong electron correlation from magneto-

resistance and tunneling conductance measurements in multiwall

carbon nanotubes. Phys Rev B 2002;66:241403.


	Cationic surfactant directed polyaniline/CNT nanocables: synthesis, characterization, and enhanced electrical properties
	Introduction
	Experimental
	Results and discussion
	Conclusion
	Acknowledgements
	References


