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ABSTRACT: Organic soluble and conducting polyaniline
(PANI)-grafted multiwalled carbon nanotube (MWNT)
nanocomposites were synthesized by in situ emulsion
polymerization. Dodecyl benzene sulfonic acid (DBSA)
acted as both a dopant and emulsifier, and phenylamine
groups grafted on the surface of the MWNTs via amide
bonding joined in the in situ polymerization. As self-as-
sembly templates, multiwalled carbon nanotubes contain-
ing phenylamine groups (p-MWNTs) were encapsulated
by PANI to form a homogeneous core (p-MWNTs)–shell
(DBSA-doped PANI) nanostructure. The attachment of
soluble DBSA-doped PANI chains on the surface of the
p-MWNTs via covalent bonding rendered the p-MWNTs

compatible with the polymer matrix and led to the nano-
composite being highly soluble and stable in tetrahydrofu-
ran. The PANI chains grew restrictively on the surface of
the p-MWNTs, and the crystalline orders of the PANI
coatings were enhanced. Because of the incorporation of
the p-MWNTs, the thermal stability of the nanocomposites
was improved, and the conductivity of the nanocompo-
sites at room temperature was increased by at least one
order of magnitude over neat DBSA-doped PANI. VC 2010
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INTRODUCTION

Among conducting polymers, polyaniline (PANI),
because of its good processability, environmental sta-
bility, and reversible control of electrical properties by
both charge-transfer doping and protonation,1 is a
promising candidate for practical applications in elec-
tronic devices. Carbon nanotubes (CNTs), including
multiwalled carbon nanotubes (MWNTs) and single-
walled carbon nanotubes (SWNTs), with their
exceptional structural, mechanical, and electronic
properties, have been used in the fabrication of
advanced functional materials.2–5 The combination of

PANI with CNTs into composite materials offers
opportunities to tailor their properties and introduce
new performance on synergetic effects.
For the application of PANI/CNT composites in

electronic devices, solubility and processing are key
points.6 To fabricate completely soluble PANI/CNT
composites, the improvement of the solubility of
PANI and the introduction of strength of binding
between PANI and the CNTs to increase the interac-
tion between the components are important aspects.
The grafting of soluble PANI and its derivatives on
the surface of CNTs is a method for obtaining proc-
essable PANI–CNT nanocomposites. Generally, two
techniques can be used to obtain CNT graft copoly-
mers. One is the combination of polymer chains
with CNTs based on chemical interaction or covalent
bonding. The other is the formation or in situ poly-
merization of polymers in the presence of covalently
functionalized CNTs. Recent studies have shown
that in situ polymerization is a good approach for
synthesizing homogeneous core (MWNTs)–shell
(polymer) nanocomposites that are propitious for
exerting synergetic effects from components for elec-
tronic and mechanical applications.7–9 Philip et al.10

reported that once monomers of PANI are intro-
duced on the surface of MWNTs, they will join in
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the polymerization and become a part of the poly-
mer chains, linking between the MWNTs and PANI.
This not only helps in the formation of the homoge-
neous nanostructure but also favors the prevention
of potential microscopic phase separation in the
composite.

Significant studies have been devoted to the fabri-
cation of soluble or processable PANI and its deriva-
tive-grafted CNT nanostructures. For example, Zhao
et al.11 covalently attached poly(aminobenzene sul-
fonic acid) to SWNTs and obtained a water-soluble
graft copolymer. The graft copolymer was a hybrid
electronic structure with isolated macromolecular
components. Lee et al.12 functionalized MWNTs
with 2,5-diaminobenzene sulfonic acid and further
prepared water-soluble and processable poly(diphe-
nylamine sulfonic acid)-grafted MWNTs by in situ
polymerization. In a previous study,13,14 we intro-
duced phenylamine groups (AC6H4ANH2) the
monomers of PANI on the surface of MWNTs [mul-
tiwalled carbon nanotubes containing phenylamine
groups (p-MWNTs)] and prepared dodecyl benzene
sulfonic acid (DBSA)-redoped PANI-grafted MWNT
core–shell nanocomposites by in situ solution poly-
merization with dedoping and redoping reactions.
Oxidized phenylamine groups grafted on the surface
of the p-MWNTs initiated the polymerization, and
because of the solubility of PANI and the covalent
bonding between the PANI chains and MWNTs, the
DBSA-redoped PANI-grafted MWNT nanocompo-
sites were highly soluble and stable in N-methyl-2-
pyrrolidinone (NMP).

It is known that the emulsion polymerization
method can be used to prepare organic soluble PANI
in which functionalized protonic acids, such as dino-
nylnaphthalenesulfonic acid and DBSA, act as both

dopants and emulsifiers.15,16 PANI–MWNT composites
have been synthesized by in situ emulsion polymeriza-
tion.17,18 Ginic-Markovic et al.19 reported MWNT–
PANI nanocomposites produced by ultrasonically initi-
ated and in situ emulsion polymerization. In these com-
posites, the crystallite size and ordered regions of
PANI increased, and the thermal stability and electrical
conductivity of the composites were higher than those
of neat PANI. Because emulsion polymerization is a
method for preparing organic soluble PANI, the in situ
emulsion polymerization of PANI in the presence of
covalently functionalized CNTs may become a promis-
ing methodology for fabricating PANI-grafted MWNT
nanocomposites with solubility and stability in organic
solvents, which is significant for the fabrication and
application of PANI–CNT composites in electronic
devices. However, there are few reports on the prepa-
ration and characterization of organic soluble PANI–
MWNT nanocomposites by in situ emulsion polymer-
ization and CNT grafting technologies.
In this article, we report organic soluble and con-

ducting PANI-grafted MWNT (PANI-g-MWNT)
nanocomposites prepared by in situ emulsion poly-
merization for the first time to the best of our
knowledge. DBSA acted as both a dopant and emul-
sifier, and phenylamine groups grafted on the sur-
face of the MWNTs (p-MWNTs) joined in the in situ
polymerization, linking between the polymer chains
and MWNTs. As self-assembly templates, the
p-MWNTs were encapsulated by PANI to form a
homogeneous core–shell nanostructure. The pre-
pared DSBA-doped PANI-g-MWNT nanocomposite
was completely soluble in tetrahydrofuran (THF)
and stable for at least 1 month. The synthetic process
for the DBSA-doped PANI-g-MWNT nanocompo-
sites is summarized in Figure 1.

Figure 1 Synthetic process for the DBSA-doped PANI-g-MWNT nanocomposites: (a) mixture of concentrated H2SO4 and
HNO3 (3 : 1) at 50–60�C ultrasonicated for 12 h, (b) refluxed with SOCl2 in dimethylformamide at 80�C for 24 h, and (c)
reacted with p-phenylenediamine at 120�C in dimethylformamide under N2 for 72 h and (d) in situ polymerization of the
DBSA-doped PANI-g-MWNT nanocomposites.
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EXPERIMENTAL

Reagents and materials

Raw MWNTs (diameter ¼ 20–30 nm, length ¼ 5–15
um) produced by the catalytic chemical vapor depo-
sition (CCVD) method were provided from Chengdu
Organic Chemicals Co., Ltd., Chinese Academy of
Science R&D Center of Carbon Nanotubes,
Chengdu, China. Impurities in the MWNTs may
have mixed with functionalized MWNTs, and PANI
chains may have grown and accumulated on the
irregular particles; this may have impeded the for-
mation of homogeneous nanostructures and
decreased the electrical conductivity of the nanocom-
posites. MWNTs were purified by H2O2 oxidation
(to remove carbonaceous ones, e.g., amorphous car-
bon, fullerenes, and nanocrystalline graphite) fol-
lowed by HCl treatment (to remove metallic cata-
lysts), and the purity of the purified MWNTs was
above 95%, as described in ref. 20. p-MWNTs (diam-
eter ¼ 20–30 nm, length ¼ 1.5–5 um) were prepared
in our laboratory according to our previous study,13

in which purified MWNTs were treated with mix-
ture of concentrated acids, refluxed with SOCl2, and
then reacted with excess para-phenylenediamine.
Phenylamine groups (AC6H4ANH2) were introduced
on the surface of the MWNTs via amide bonding.
Hydrochloric acid (36 wt %), nitric acid (65 wt %),
and sulfuric acid (98 wt %) were purchased from
Tianda Kewei Co., Ltd. (Tianjin, China). Aniline
obtained from Jiangtian Chemical Technology Co.,
Ltd. (Tianjin, China) was distilled and used. DBSA,
ammonium peroxydisulfate, acetone, ethanol, and all
other organic solvents (analytical grade) were pur-
chased from Tianjin Chemicals Co., Ltd. (Tianjin,
China) and were used as received.

Synthesis

The DBSA-doped PANI-g-MWNT nanocomposites
were synthesized by micellar-aided in situ emulsion
polymerization. p-MWNTs (93.1 mg) were dispersed
in 200 mL of a DBSA aqueous solution (0.04 mol/L)
by mechanical stirring and ultrasonication; then, ani-
line (mass ratio of p-MWNTs to aniline ¼ 1 : 10)
was added dropwise to the p-MWNT/DBSA micel-
lar dispersion. After the micellar dispersion was
stirred and ultrasonicated for 2 h, 50 mL of an am-
monium peroxydisulfate (APS) aqueous solution (0.2
mol/L) was dripped slowly into the reaction system
for at least 0.5 h (molar ratio of DBSA to aniline to
APS was 0.8 : 1 : 1). The whole synthetic process
was controlled at 30�C with constant mechanical
stirring and ultrasonication with a KQ-300GDV con-
stant-temperature numerical control ultrasonic wave
cleaner working at 40 kHz and 150 W (Kunshan Ul-
trasonic Instrument Co., Ltd., Jiangsu, China). To

investigate the formation mechanism of the nano-
composite, the polymerization was continued for 3
and 6 h. We terminated the reaction by pouring ace-
tone into the black–green emulsion systems; the pre-
cipitate cake was filtered and washed with acetone,
ethanol, and distilled water to remove unreacted an-
iline, protonic acid, and oxidant. The products were
dried in vacuo at 60�C for 12 h. For comparative
study, DBSA-doped PANI was prepared under the
same conditions without p-MWNTs.

Characterization

Raman spectra of the p-MWNTs and DBSA-doped
PANI-g-MWNT nanocomposites polymerized for 3
and 6 h were recorded under a Renishaw inVia
Raman microscope (Gloucestershire, United King-
dom) with an argon-ion laser operating at 514.5 nm.
Fourier transform infrared (FTIR) spectra of the sam-
ples in KBr were recorded on a Nicolet Avata 330
spectroscope (Madison, Wisconsin) at room tempera-
ture. X-ray photoelectron spectroscopy (XPS) meas-
urements of the DBSA-doped PANI and DBSA-
doped PANI-g-MWNT composites polymerized for
6 h were carried out with an Electron Spectroscopy
for Chemical Analysis (ESCA) PHI-1600 PE XPS
spectrometer (Waltham, Massachusetts) with an Mg
(Ka) X-ray source. Low-resolution survey scans were
performed at 187.85 eV with a step of 0.8 eV, and
high-resolution survey scans were performed at
29.35 eV with a step of 0.25 eV. All core-level spectra
were referenced to the C1s neutral carbon peak at
284.6 eV and were deconvoluted into Gaussian com-
ponent peaks. Curve fitting was done by PHI Multi-
pack 8.0 software. The morphology of the nanostruc-
tures was determined with an FEI TECNAI G2-F20
field emission transmission electron microscope
(Hillsboro, Oregon) operated at 200 kV after the
purified MWNTs, p-MWNTs, and DBSA-doped
PANI-g-MWNT nanocomposites polymerized for 3
and 6 h were dispersed in ethanol and the DBSA-
doped PANI-g-MWNT composites polymerized for
6 h were dissolved in THF. The crystalline orders of
p-MWNTs, DBSA-doped PANI, and DBSA-doped
PANI-g-MWNT nanocomposites polymerized for 3
and 6 h were carried out by X-ray diffraction (XRD)
on a Rigaku D/MAX 2500 V/PC diffractometer (To-
kyo, Japan) with Cu/Ka (k ¼ 1.54056 Å) radiation,
and the 2y scan was in the range 5–50. The thermal
stability of the samples and contents of the DBSA-
doped PANI coatings on MWNTs were measured
with a TA SDTQ600 TG/DTA thermogravimetric
analysis (TGA) system (New Castle, DE) at a heating
rate of 10�C/min in N2 from room temperature up
to 800�C. The electrical conductivities of the samples
were measured by standard four-probe methods
with a programmable SDY-5 voltage/current
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detector (Guangzhou Semi-Conductor Institute,
Guangzhou, China) at room temperature. Powder
materials of about 100 mg for the p-MWNTs, DBSA-
doped PANI, and DBSA-doped PANI-g-MWNT
nanocomposites polymerized for 3 and 6 h were
pressed under 20 MPa into disk pellets 12.7 mm in
diameter.

RESULTS AND DISCUSSION

Solubility and stability

The solubility and stability of the DBSA-doped PANI-
g-MWNT nanocomposites polymerized for 6 h in
THF were determined as follows: 1 g of dried pow-
ders of the DBSA-doped PANI-g-MWNT nanocompo-
sites was added to 30 mL of THF with ultrasonication
and stirring for 10 h at room temperature followed by
rest for 24 h. The supernatant liquid was carefully
transferred into another vessel. The stability of the
DBSA-doped PANI, DBSA-doped PANI-g-MWNT
nanocomposites, and p-MWNTs in THF are shown in
Figure 2. The DBSA-doped PANI in THF showed a
transparent green solution [Fig. 2(a)], and the DBSA-
doped PANI-g-MWNT nanocomposites were soluble

in THF and formed a black–green solution [Fig. 2(b)].
The nanocomposite was stable in THF, and no float-
ing particles or fallout of small agglomerates
appeared in the solution at least for 1 month. After
THF in the solution was removed by vacuum drying,
the recovered black–green solid matter was weighed.
The solubility of the DBSA-doped PANI-g-MWNT
nanocomposite in THF was measured to be 31.55
mg/mL. After the purified MWNTs were dispersed
in THF, fallouts appeared in the suspension, and
then, all of the MWNTs settled down at the bottom
for 24 h. According to the method mentioned previ-
ously, 150 mg of p-MWNTs was dispersed in 20 mL
of THF for 10 h at room temperature followed by rest
for 24 h. The supernatant liquid showed a black
solution, and the solubility of p-MWNTs in THF was
measured to be 5.26 mg/mL for 1 day [Fig. 2(c)],
which indicated that the stability of p-MWNTs in
THF was improved after the phenylamine groups
were grafted on the surface of the purified MWNTs
via amide bonding. However, the p-MWNTs were
not stable in THF as the DBSA-doped PANI-g-
MWNT nanocomposite. After the solution was rested
for 4 more weeks, most of the p-MWNTs settled
down at the bottom, as shown in Figure 2(d).

Raman and FTIR analysis

Raman spectra of the p-MWNTs and DBSA-doped
PANI-g-MWNT nanocomposites polymerized for 3
and 6 h are shown in Figure 3. In the Raman spec-
trum of the p-MWNTs [Fig. 3(a)], the peak at 1345
cm�1 (D mode) indicated the amorphous carbon and
disorder, the peak at 1569 cm�1 (G mode) revealed
the order and integrity of the p-MWNTs, and the
shoulder around 1600 cm�1 was assigned to the

Figure 2 Stability of the (a) DBSA-doped PANI in THF
for 1 month, (b) DBSA-doped PANI-g-MWNT nanocompo-
site with a mass ratio of p-MWNTs to aniline of 1 : 10 and
polymerized for 6 h in THF for 1 month, (c) p-MWNTs in
THF after 1 day, and (d) p-MWNTs in THF after 1 month.
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Figure 3 Raman spectra of the (a) p-MWNTs and DBSA-
doped PANI-g-MWNT nanocomposites with a mass ratio
of p-MWNTs to aniline of 1 : 10 and polymerized for (b) 3
and (c) 6 h.
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disorder line.21,22 The Raman spectrum of the DBSA-
doped PANI-g-MWNT nanocomposites polymerized
for 3 h [Fig. 3(b)] showed doped PANI on the sur-
face of the p-MWNTs. In addition to peaks at
1345 and 1569 cm�1 derived from the D mode and
G mode of the p-MWNTs, there were CAH bending
of the quinoid ring at 1169 cm�1, CAH bending of
the benzenoid ring at 1260 cm�1, C¼¼N stretching
vibration at 1484 cm�1, CAC stretching of the ben-
zene ring at 1600 cm�1, and CANþ stretching at
1339 cm�1. In the Raman spectrum of the nanocom-
posites polymerized for 6 h [Fig. 3(c)], peaks derived
from the p-MWNTs declined, and the typical bands
of coated PANI on the MWNTs were enhanced. The
phenomena revealed that the p-MWNTs were encap-
sulated by PANI to form a core (p-MWNTs)–shell
(doped PANI) structure in the nanocomposite.21

FTIR spectra of the p-MWNTs and DBSA-doped
PANI-g-MWNT nanocomposites polymerized for 3
and 6 h are shown in Figure 4. In the spectrum of
the p-MWNTs [Fig. 4(a)], peaks at 1656 and 1616
cm�1 originated from amide I band C¼¼O stretching
and amide II band NAH bending; the absorptions at
3417 and 838 cm�1 corresponded to amine NAH
stretching and the asymmetrical 1,4-disubstituted
benzenoid ring, respectively.10 In the spectra of the
DBSA-doped PANI-g-MWNT nanocomposites poly-
merized for 3 and 6 h [Fig. 4(b,c)], the peaks at 1565,
1490, and 1297 cm�1 corresponded to C¼¼C stretch-
ing of the quinoid rings, C¼¼C stretching of the ben-
zenoid rings, and the CAN stretching mode.23 The
absorptions at 2922, 2850, and 1120 cm�1 corre-
sponded to CAH asymmetric stretching vibrations,
symmetric stretching vibrations, and the S¼¼O
stretching mode of the dopant DBSA.24,25 Also, there
were absorptions at about 1651 cm�1 that originated

from the carbonyl stretching of the amide bond.
These results indicate that the DBSA-doped PANI
chains were covalently linked to the p-MWNTs via
amide bonding instead of by simple physical
wrapping.

XPS analysis

XPS spectra with surface elements and quantitative
analysis for the DBSA-doped PANI and DBSA-
doped PANI-g-MWNT nanocomposites polymerized
for 6 h and the deconvolution of the N1s spectrum
of the nanocomposite are shown in Figure 5. In the
spectra of both samples, not only elements present,
but also atomic concentrations on the surface of the
nanocomposite were closed to those of the neat
DBSA-doped PANI. The result indicates that in the
composite, the p-MWNTs were wrapped underneath
the PANI coatings to form a core (p-MWNTs)–shell
(DBSA-doped PANI) nanostructure, which was con-
sistent with the Raman analysis mentioned previ-
ously. As shown in Figure 5(c), N1s of the DBSA-
doped PANI-g-MWNT nanocomposites could be
deconvoluted to three peaks26,27 centered at 399.39
eV (originating from ANHA), 400.73 eV (originating
from ¼¼NþA), and 402.03 eV (originating from
ANþA) with area fractions of 48.84, 23.15, and
28.12%, respectively. The Nþ/N ratio of the PANI
coatings was 51.15%. The results illuminate
CH3(CH2)11C6H4SO3

� as counter ions located
around positively charged nitrogen, and the PANI
coatings were highly doped by DBSA in Emeraldine
Salt form.

Morphology

TEM images of the purified MWNTs, p-MWNTs,
DBSA-doped PANI-g-MWNT nanocomposites poly-
merized for 3 and 6 h dispersed in ethanol, and
nanocomposite polymerized for 6 h dissolved in
THF are shown in Figure 6. Figure 6(a1,a2) shows
the integrate and smooth sidewalls of the purified
MWNTs; there were few defects, and amorphous
layers presented on the surface. Figure 6(b1,b2)
shows the rough sidewalls of the p-MWNTs and
functional groups, such as phenylamine groups on
the surface of the p-MWNTs. In the images of the
nanocomposites polymerized for 3 h [Fig. 6(c1,c2)],
there were prominences lying along the sidewall of
the p-MWNTs and heaps located at the ends of the
p-MWNTs. In the images of the nanocomposites
polymerized for 6 h [Fig. 6(d1,d2)], the p-MWNTs
were encapsulated by homogeneous and uniform
PANI coatings, and the diameters of the nanostruc-
tures were in the range 110–120 nm.
The morphology of the nanocomposites revealed

the nature of PANI chain growth on the surface of

Figure 4 FTIR spectra of the (a) p-MWNTs and DBSA-
doped PANI-g-MWNT nanocomposites with a mass ratio
of p-MWNTs to aniline of 1 : 10 and polymerized for (b) 3
and (c) 6 h.
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the p-MWNTs. After the p-MWNTs were dispersed
in DBSA aqueous solution, the p-MWNTs were sur-
rounded by emulsifier, and p-MWNT/DBSA micel-
lars were formed. As aniline monomers were added,

some monomers entered into the p-MWNT/DBSA
micellars and absorbed on the surface of the
p-MWNTs; other monomers were surrounded by
emulsifier and formed monomer droplets. Because
the surface area of the p-MWNT/DBSA micellars
was far larger than that of the monomer droplets,
most of the radicals produced by APS decomposi-
tion were caught by the p-MWNT/DBSA micellars.
In the p-MWNT/DBSA micellars, oxidized phenyl-
amine groups on the surface of the p-MWNTs initi-
ated polymerization, which dominated the formation
of an inner layer of PANI coatings and PANI heaps
at tube ends. Although oxidized aniline cation radi-
cals noncovalently linked with the p-MWNTs
formed the polymer chains far from the surface of
the p-MWNTs and were mainly distributed in the
outer layer of PANI coatings,10 to decrease surface
energy and interfacial tension, PANI chains in the
outer layers preferentially accumulated in the valleys
between prominences along the surface of the
p-MWNTs, which increased the average diameter of
the core–shell nanostructures and helped to form
uniform PANI coatings.13

When the nanocomposites polymerized for 6 h
dissolved in THF [Fig. 6(e1,e2)], a part of the PANI
coatings were dissolved in solvent, the core–shell
structures were not changed, and there was swelling
along the PANI coatings. The morphology naturally
accounted for the high stability of the nanocompo-
site dissolved in THF. There were two kinds of
soluble PANI chains assembled on the surface of the
p-MWNTs. One was covalently attached to the
p-MWNTs via amide bonding; the other was non-
covalently linked with the p-MWNTs.10,13,14 When
the nanocomposite was dispersed in THF, most of
the latter (PANI chains none covalently linked with
p-MWNTs) was dissolved in THF, as shown in the
thin films and dissociative small pieces far away
from the MWNTs in Figure 6(e1), whereas the poly-
mer chains covalently attached to the p-MWNTs
swelled along the surface of the p-MWNTs [Fig.
6(e2)]. As a result, the nanocomposite was stabilized
in THF via the strengthening of chemical bonding
between the CNTs and PANI and the solubility of
the polymer chains.

XRD analysis

XRD patterns for the p-MWNTs, DBSA-doped
PANI, and DBSA-doped PANI-g-MWNT nanocom-
posites with different reaction times are presented in
Figure 7. In the XRD diffractogram of the p-MWNTs
[Fig. 7(a)], the intense peak around 2y ¼ 25.9� and
low peaks around 43–44� were derived from the
graphitelike structure and catalytic particles inside
the walls of the CNTs.28 In the XRD pattern of the
DBSA-doped PANI [Fig. 7(b)], the peaks at 2y ¼ 19.8

Figure 5 Wide-scan XPS spectra of the (a) DBSA-doped
PANI, (b) DBSA-doped PANI-g-MWNT nanocomposite
with a mass ratio of p-MWNTs to aniline of 1 : 10 and
polymerized for 6 h, and (c) deconvolution of N1s for the
nanocomposite. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]
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and 25.2� arose from the (020) and (200) reflections,
respectively, of PANI in its ES form.29 Compared
with that of neat PANI, the XRD diffractograms of

the DBSA-doped PANI-g-MWNT nanocomposites
[Fig. 7(c,d)] presented crystalline peaks at 9.6, 15.5,
and 29.6� assigned to the (001), (011) and (022)

Figure 6 TEM images of the (a) purified MWNTs [(a1) scale bar ¼ 200 nm, (a2) scale bar ¼ 10 nm] in ethanol, (b) p-
MWNTs [(b1) scale bar ¼ 200 nm, (b2) scale bar ¼ 10 nm] in ethanol, DBSA-doped PANI-g-MWNT nanocomposites with
a mass ratio of p-MWNTs to aniline of 1 : 10 and polymerized for (c) 3 h [(c1) scale bar ¼ 200 nm, (c2) scale bar ¼ 20
nm] and (d) 6 h [(d1) scale bar ¼ 200 nm, (d2) scale bar ¼ 20 nm] in ethanol, and (e) DBSA-doped PANI-g-MWNT nano-
composite polymerized for 6 h and dissolved in THF [(e1) scale bar ¼ 200 nm, (e2) scale bar ¼ 20 nm].
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reflections, respectively, of Polyaniline Emeraldine
Salt.29,30 All diffraction peaks of the nanocomposites
polymerized for 3 h were more detectable. These
indicated that within an earlier reaction period, the
polymer chains were highly ordered, and microcrys-
talline domains were enriched in the PANI inner
layers. With increasing reaction time, PANI chains
deposited under less restrictive conditions, and more
amorphous parts were distributed in the field far
from the surface of the p-MWNTs. As a whole, the
order of the polymer chains in the PANI coatings
increased compared with neat DBSA-doped PANI.

TGA

The TGA curves of the p-MWNTs, DBSA-doped
PANI-g-MWNT nanocomposites polymerized for 3
and 6 h, and DBSA-doped PANI are shown in
Figure 8. The weight loss of all of the samples below
200�C was attributed to the release of moisture and
low-molecular-weight oligomers along surface of the
samples. The p-MWNTs [Fig. 8(a)] displayed a

weight loss of 7.68% in the interval of 200–400�C
because of the decomposition of phenylamine
groups grafted on the surface of the p-MWNTs; after
that, the p-MWNTs showed a steady weight loss for
further decomposition.13 DBSA-doped PANI
[Fig. 8(d)] showed a weight loss of 37.46% in the
interval of 200–340�C from the dedoping process
and then the burning of PANI and leftovers in the
range 330–800�C. The TGA curves of the DBSA-
doped PANI-g-MWNT nanocomposites polymerized
for 3 and 6 h [Fig. 8(b,c)] comprised a dedoping
process at 200–320�C, a platform with mild decom-
position speed in the range 310–410�C, and then the
burning of PANI and leftovers in the range 410–
800�C. The different thermal behaviors illuminated
the presence of MWNTs in PANI and the existence
of a new phase in the nanostructures.31 The weight
loss behaviors after the dedoping process of PANI
in the nanocomposites were controlled by both the
degradation of the polymer chains and the decom-
position of covalent bindings between PANI and
MWNTs in the new phase.13 According to the

Figure 6 (Continued from the previous page)

PANI-GRAFTED MWNTS 2589

Journal of Applied Polymer Science DOI 10.1002/app



weight losses of the p-MWNTs, DBSA-doped PANI-
g-MWNT nanocomposites, and DBSA-doped PANI
from 200 to 800�C, the contents of the PANI coatings
on the p-MWNTs in the nanocomposites polymer-
ized for 3 and 6 h were estimated to be 82.75 and
94.86%, respectively.

Conductivity

The electrical conductivities at room temperature for
the p-MWNTs, DBSA-doped PANI, and DBSA-
doped PANI-g-MWNT nanocomposites polymerized
for 3 and 6 h were 71.69, 1.03 � 10�2, 13.65, and
6.23 � 10�1 S/cm, respectively. Within the earlier

reaction period, the polymer chains grew restric-
tively on the surface of the p-MWNTs, and micro-
crystalline domains were enriched in the PANI inner
layers. The ordered structures and high weight per-
centages of p-MWNTs led to a conductivity increase
to 13.65 S/cm in the DBSA-doped PANI-g-MWNT
nanocomposite polymerized for 3 h. With increasing
reaction time, the weight percentage of p-MWNTs
decreased, and more amorphous parts were distrib-
uted in the outer layers of the PANI coatings. Also,
the ultrasonic process is a method for producing
MWNTs in short tubes.32 The p-MWNTs were cut
by continuous ultrasonication in the polymerization.
Low-resolution TEM images of the nanocomposites
are shown in Figure 9. As shown in Figure 9(a),

Figure 7 XRD diffractogram of the (a) p-MWNTs and
DBSA-doped PANI-g-MWNT nanocomposites with a mass
ratio of p-MWNTs to aniline of 1 : 10 and polymerized for
(b) 3 and (c) 6 h and (d) DBSA-doped PANI.

Figure 8 TGA curves of the (a) p-MWNTs and DBSA-
doped PANI-g-MWNT nanocomposites with a mass ratio
of p-MWNTs to aniline of 1 : 10 and polymerized for (b) 3
and (c) 6 h and (d) DBSA-doped PANI.

Figure 9 TEM images of DBSA-doped PANI-g-MWNT nanocomposites with a mass ratio of p-MWNTs to aniline of 1 :
10 and polymerized for (a) 3 h (scale bar ¼ 0.2 lm) and (b) 6 h (scale bar ¼ 0.2 lm).
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most of the nanostructures polymerized for 3 h were
1–3 lm in length with diameters of about 100 nm
(aspect ratio ¼ 10–30). As shown in Figure 9(b),
most of the nanostructures polymerized for 6 h were
0.3–1.5 lm in length with diameters of about 120 nm
(aspect ratio ¼ 2.5–12.5). Compared with the sample
polymerized for 3 h, there were more shortened
core–shell nanostructures in the sample polymerized
for 6 h. Continuous ultrasonication decreased the
integrity of the p-MWNTs and cut p-MWNTs, and
shortened core–shell nanostructures affected
the charge transport in the nanocomposite. As a
result of these aspects, the conductivity of the nano-
composites polymerized for 6 h decreased to 6.23 �
10�1 S/cm. On the other hand, the p-MWNTs
increased the effective charge delocalization and
provided efficient matrix for charge transport in the
PANI conducting domains; carrier transportation
may have been restricted to the boundary or inter-
face between the MWNTs and PANI inner layers,30

in which phenylamine groups grafted on the surface
of the p-MWNTs acted as bridges to facilitate charge
delocalization. As a whole, the electrical conductivity
at room temperature of the DBSA-doped PANI-g-
MWNT nanocomposites increased by at least one
order of magnitude over neat DBSA-doped PANI.

CONCLUSIONS

DBSA-doped PANI-g-MWNT conducting nanocom-
posites with solubility and stability in organic solu-
tions were synthesized by in situ emulsion polymer-
ization. Phenylamine groups grafted on the surface
of the p-MWNTs joined in the in situ polymerization
and acted as chemical bridges between the p-
MWNTs and soluble PANI chains. As self-assembly
templates, p-MWNTs are encapsulated by DBSA-
doped PANI to form a homogeneous core–shell
nanostructure. Attachment of soluble DBSA-doped
PANI chains on the surface of the p-MWNTs via
covalent bonding rendered the p-MWNTs compati-
ble with the polymer matrix and led to the DBSA-
doped PANI-g-MWNT nanocomposites achieving
stability for at least 1 month and a solubility of 31.55
mg/mL in THF. The PANI chains grew restrictively
on the surface of the p-MWNTs, and the order of
polymer chains in the PANI coatings increased.
Because of the incorporation of the p-MWNTs, the
thermal stability of the nanocomposites was
improved after the dedoping process of the PANI
coatings, and the conductivity of the nanocomposite
at room temperature was increased by at least one
order of magnitude over neat DBSA-doped PANI.
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