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A multiwalled carbon nanotube/polyaniline composite with cablelike morphology has been
synthesized by ann situ chemical oxidative polymerization directed with cationic surfactant
cetyltrimethylammonium bromide. It is interestingly found that with increasing carbon nanotube
loading from 0 to 24.8 wt%, the conductivity increases by two orders of magnitude and the Mott’s
characteristic temperatur®, which depends on the hopping barrier decreases by three orders of
magnitude. Furthermore, the low-temperature magnetoresistance has also changed the sign from
positive to negative. The results reveal a strong coupling between the carbon nanotube and the
tightly coated polymer chains, which enhances the average localization length and the electronic
properties of the composites. ZD04 American Institute of Physid®OI: 10.1063/1.1786370

Carbon nanotube&CNTs) have excellent thermal stabil- were synthesized bin situ chemical oxidative polymeriza-
ity, unique mechanical, and electronic properties and are dion directed with cationic surfactant cetyltrimethylammo-
great interest in developing classes of multifunctional matenium bromide (CTAB). In a typical synthesis process,
rials. In recent years, composites based on CNTs and conj@.125 g CTAB and 6.60 mg CNT were added into
gated polymers especially display the possibility of the re-30 ml 1.0 M HCI solutions and sonicated for 2 h to obtain
sulting materials with some superior characteristics. Fofyell-dispersed suspensions, then cooled dowh+5°C. A
example, highly efficient organic photovoltaic cells based ofyrecooled solution of 0.06 ml aniline monomer and
composite materials of CNT with poly3-octylthiopheng 6 25 m| 1.0 M HCI containing 0.147 g ammonium persul-
were reported. It is found that aligned multiwalled CNT- fate were added sequentially to the above suspensions. The
polypyrrole composite films offer an exciting combination of \aaction mixture was sonicated for 2 min, and then left
exceptional Ch%afge storage capacities and improved devicg,ing in the refrigerator at-5°C for 24 hAfter that, the
response timeSSignificant enhancement of the mechanical o\ 1ting plack precipitate was filtered and washed with dis-

2[;%?{,2? for  CNT—polytyrene ~ composite  was aISOtiIIed water and methanol several times, and finally dried at
) room temperature in a dynamic vacuum for 24 h.

Polyaniline (PANI) is one of the most promising con- . .
ducting polymers because of its relatively high conductivity, T_he S.‘T“C“”e of the resulting CNT/PANI composﬂes_
was identified by a Raman spectrum, scanning electron mi-

environmental stability, lower cost, and easy processibility. o :
croscope (SEM), and transmission electron microscope

Recently, Weiet al* reported the use of sulfonated multi- : , _ .
walled CNTs as the self-assembled “template” for formationt ' EM)- Figure 1 displays the typical SEM and TEM images

of PANI nanostructures. It is also reported that pPANI—cNTOf CNT/PANI composites with a coaxial structure. It is clear
composites show enhanced electronic propertées., en- that PANI is tightly coated on.the.surface of CNTs. The
hanced conductivity’” However, previous studies focus diameter o_f CNT/PANI composites is much larger than that
mainly on the synthesis of CNT/conducting polymer com-9f CNT, i.e., about 10 nm in diameter for CNT and
posite films or nanostructurds’ further studies of the elec- 30—-50 nm for composites were observed. It is worth noting
trical properties such as magnetoresistance and temperatfat the main advantage of this situ chemical oxidative
dependent conductivity have not been extensively exp|0redp0|ymel’i2ati0n method directed with CTAB is to increase the

In this letter, we have synthesized a nanotubular materiggolubility of CNT in water and achieve a more homogeneous
of multiwalled CNT coated with PANI by using aim situ  dispersion of CNT in polymer matrix.
chemical oxidative polymerization method. The effects of a
CNT on the conductivity and magnetoresistance of CNT/
PANI composites are discussed in detail.

Multiwalled CNTs, used in this work were synthesized
by ethylene chemical vapor deposition using
Al,O5-supported Fe catalysfsaniline monomer and CNTs
were purified before preparation. Ammonium persulfate was
used without further purification. CNT/PANI composites

3Electronic mail: longyz@pc282.iphy.ac.cn
DAuthor to whom correspondence should be addressed; electronic mail:
zjchen@aphy.iphy.ac.cn FIG. 1. (a) Typical SEM and(b) TEM images of CNT/PANI composites.
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T T T T T T TABLE |. Experimental values of the room-temperature conductivity and
the characteristic Mott temperatufg for CNT/PANI composites.

Sample(wt%) o(300K) (S/cm To(K) (300-130 K To(K) (<130 K)

0.0(pure PAN) 1.1x 1072 2.8x 104 2.8x 10
9.9 0.10 8.%10° 51
0.1 E 14.2 0.58 3.6 10° 44
24.8 1.27 32 32

o (300K) (S/cm)

/ CNT / PANI composites

0.014 CIZ 5 is a constantT o= 24/ wksL3N(Eg)] is the characteristic Mott
0 20 40 60 80 100 temperature which generally depends on the hopping barrier,

kg is the Boltzmann constant,; is the localization length,
and N(Eg) is the density of the states at the Fermi level.

246 Wit Figure 2b) indicates that the pure PANI and the 24.8 wt %

142 wto; composite follow theT Y%hopping law very well in the

9.9 wit% measured temperature range. However, for both the 9.9 and

0.0 wi% the 14.2 wt % composites, there is an obvious kink at about

130 K. TheT, values at higher temperatur€,;) and lower

temperature§Ty, ) reveal this change evidently. As shown in

Table I, the(Tyy) values(8.7x 10° K and 3.6x 10° K for the

9.9 wt% and the 14.2 wt % composites, respectivelg-

crease by two orders of magnitude as compared witighe

values(51 K and 44 K for the 9.9 wt % and the 14.2 wt %

‘ composites, respectivelyThe data demonstrate that the con-

' ‘ ' ' ' ' ductivity of the composites is dominated by CNT at lower

' ' ' ' ' ' temperatures.

A polymer composite with CNTSs, can distinctly enhance
FIG. 2. (a) A semilogarithmic plot of the room-temperature conductivity of the electronic properties of the polymer and even the CNT.
the composite vs the CNT loadingh) Temperature dependence of conduc- For example, it is reported that the conductivity of PANI/
tivity of the composites. CNT composites is higher than that of the pressed CotT

PANI).> The possible reason is attributed to the fact that there

Samples used in electrical conductivity and magnetoreis some interaction between the CNT and the polymer
sistance measurements have a rectangular stem@oxi- chains. However, the nature of this interaction is not very
mately 8.0< 2.0x 0.12 mn) obtained by applying a hydrau- clear yet. Maseet al” pointed out that out that the synthesis
lic pressure about 10 MPa. Electrical conductivity andby anin situ process leads to effective site-selective interac-
magnetoresistance were measured by a standard four-protiens between the quinoid ring of the PANI and the CNT,
method using a Physical Property Measurement Systemwhich facilitate charge-transfer processes between the two
[(PPMS from Quantum Design, USA components.

Figure 2a) shows the room-temperature conductivity of From the view point of the electrons, we argue that the
CNT/PANI composites as a function of the CNT loading. “site-selective interactions” result from the fact that the lo-
The conductivity of the pure PANI and CNT is 11072  calization length_. of CNT is much larger than that of PANI.
and 2 S/cm, respectively. Up to 15 wt %, the conductivity of For highly conducting PAN], its localization length is about
the composite increases rapidly with an increase of the CNB—7 nm? for poorly conducting or “amorphous” PANI, the
loading. For the 24.8 wt % composite, the conductivity islocalization length is no more than 2 nthHowever, the
1.27 S/cm, which increases by two orders of magnitude akocalization length of CNT is usually larger than 10 nm due
compared with PANI. At higher concentrations, the increasdo a largers-conjugated structure in carbon nanotubes. This
of conductivity plateaus, namely, the curve asymptoticallylength is also larger than the diameter of C{¥10 nm),
reaches toward pure nanotuli@sS/cm). Here, we note that which suggests that the charge delocalization in transverse
in many published articleSthe loading of nanotubes is small direction can overstep the bounds of CNTs. Therefore, CNT
(less than 5% whereas the conductivity becomes saturatedis tightly coated with polymer chains, the coupliggartial
which is possibly due to the highly conductive carbon nano-overlap of the wave functions of electrorzetween the CNT
tubes(5.1x 10* S/cm).” and polymer chains is possibly becoming strong and en-

In order to explore how the CNTs affect the composite’shances the average localization length of the composite. In
conductivity, we measured the temperature dependence @dct, To=24/[ mksLIN(Eg)] tells usLe1/T53, while the T,
conductivity, as shown in Fig.(B). The temperature depen- value decreases with increasing CNT contég shown in
dence of conductivity becomes weaker and weaker with inTable ), that means the averade. of the composite in-
creasing CNT loading. Furthermore, the 9.9 and thecreases with increasing CNT content. So there is no wonder
14.2 wt % composites show a different behavior comparedhat CNTs gradually control the electronic transport in the
with the pure PANI or the 24.8 wt% composite. As we composites especially with increasing the CNT loading and
know, the conductivity of PANI films or pellets™ usually  at lower temperatures. This point of view is also supported
follows the quasi one-dimensional variable-range hoppindy the magnetoresistance resu{tee the following tejt
(1D=VRH) model*?*3 o(T) =0 exd-(To/ T)¥2], whereo,  Here, it is worth noting that the coupling between CNT and

CNTs wt%

< pDoao

In { o(T) / 5(300K) }
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polymer chains is deeply affected by the ways to incorporatenethod directed with cationic surfactant cetytrimethylammo-

a CNT with a polymer. For instance, the electrical propertiemium bromide. With increase of the CNT content from 0 to

of thein situ polymerized composites are better than that 0f24.8 wt % the conductivity increases by two orders of mag-

the ex situpolymerized samples. nitude and becomes weakly temperature dependent, and the
The magnetoresistance of hopping systems arises frofgw-temperature magnetoresistance has also changed its sign

two effects. Applying a magnetic field results in a contractionfrom positive to negative. The reason is attributed to the

of the wave furfgtions of electrons and reduces the averag&rong coupling between CNT and the tightly coated PANI

hopping length:~ This corresponds to a positive magnetore-cains, which enhances the localization length and electronic

sistance: Ifp(H)/p(0)]=t-(Le/Ly)*- (To/ T)Y o H?-T¥, where properties of CNT/PANI composites.

t is a constantL,=(Cx/eH)Y? is the magnetic length, the
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