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Abstract

Multi-wall carbon nanotubes (CNT) were coated with protonated polyaniline (PANI) in situ during the polymerization of aniline. The content
of CNT in the samples was 0—80 wt%. Uniform coating of CNT with PANI was observed with both scanning and transmission electron micros-
copy. An improvement in the thermal stability of the PANI in the composites was found by thermogravimetric analysis. FTIR and Raman spectra
illustrate the presence of PANI in the composites; no interaction between PANI and CNT could be proved. The conductivity of PANI-coated
CNT has been compared with the conductivity of the corresponding mixtures of PANI and CNT. At high CNT contents, it is not important
if the PANI coating is protonated or not; the conductivity is similar in both cases, and it is determined by the CNT. Polyaniline reduces the
contact resistance between the individual nanotubes. A maximum conductivity of 25.4 S cm ™' has been found with PANI-coated CNT contain-
ing 70 wt% CNT. The wettability measurements show that CNT coated with protonated PANI are hydrophilic, the water contact angle being
~40°, even at 60 wt% CNT in the composite. The specific surface area, determined by nitrogen adsorption, ranges from 20 m? g~ for proton-
ated PANI to 56 m? g~! for neat CNT. The pore sizes and volumes have been determined by mercury porosimetry. The density measurements
indicate that the compressed PANI-coated CNT are more compact compared with compressed mixtures of PANI and CNT. The relaxation and
the growth of dimensions of the samples after the release of compression have been noted.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Interest in nanotechnology has greatly stimulated research
on carbonaceous materials, such as fullerenes and carbon
nanotubes (CNT). Development of nanostructures afforded
by conducting polymers, viz. polyaniline (PANI) and poly-
pyrrole, proceeds independently and includes the preparation
of nanotubes [1—3] and nanofibres [4—7], as well as the coat-
ing of various substrates with a thin polymer film [8,9]. The
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combination of both types of materials on a nano-size level
is thus an obvious challenge. This approach is illustrated by
the coating of CNT with conducting polymers. The deposition
process follows the same principle as the coating of polymer
fibres having diameters in micrometre range [10], which is
a well-established technique for the preparation of conducting
textiles [11].

Both single-wall CNT [12—14] and multi-wall CNT [15—
22] have been coated with PANI or polypyrrole in situ during
the polymerization of the respective monomers. Conducting
polymers have been deposited electrochemically in some cases
[12,13,17—19,23] but the chemical polymerization of aniline
salts using ammonium peroxydisulfate as an oxidant remains
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the most popular way for the preparation of PANI coatings
[14,20,22,24—27].

Carbon nanotubes coated with conducting polymers have
been proposed for widely differing applications, including an
amperometric biosensor for DNA [18] or choline [19], a sensor
for nitrogen oxide [28], an acidity sensor [29], a contact
in plastic electronics [30], and in electrorheology [16,31].
PANI nanofibrils have been suggested as candidates for
field-emitting applications [32]; the PANI-coated CNT might
prove to be an even more promising material. Improvement
of the mechanical properties of composites has been men-
tioned as a frequent goal [21,33—35].

Both carbonaceous materials and conducting polymers
[36—38] have been used separately as supports for catalytic
systems in the design of fuel cells. Electronic and proton con-
ductivities are keywords in this field [39]. Electrodes combin-
ing carbon black or graphite and conducting polymers have
been proposed only recently [40—42]. The use of CNT would
introduce another dimension, the nanostructure. Such compos-
ites have already been used in other energy-conversion appli-
cations, such as hydrogen production by electrolysis [43,44]
and energy storage in supercapacitors [25].

Having in mind the potential applications of conducting
polymers combined with CNT, we have concentrated, in the
present paper, on the coating of multi-wall CNT with PANI,
using both the conducting protonated form and a non-
conducting base [45]. The resulting composite materials
have then been characterized with respect to their morphol-
ogy, thermal stability, conductivity, porosity, wettability, and
other characteristics.

2. Experimental
2.1. The coating of CNT with PANI

Multi-wall CNT (L.MWNCTs-2040, Conyuan Biochemical
Technology Co., Taipei, Taiwan; specific surface area 40—
300 m*g~", diameter 20—40 nm, length 5—15 pm) have
been coated with PANI in sifu during the oxidative polymeri-
zation of aniline [46] (Fig. 1). Aniline hydrochloride (2.59 g,
20 mmol) was dissolved in ethanol to provide 50 mL of solu-
tion, and ammonium peroxydisulfate (5.71 g, 25 mmol) was
similarly dissolved in water to yield 50 mL of solution.

4n @NHZ.HCI +

51 (NH,),S,04

Green emeraldine hydrochloride

+2nHCl +5nH,80, +5n(NH,),S0,

Fig. 1. The oxidation of aniline hydrochloride with ammonium peroxydisulfate
yields polyaniline hydrochloride.

The monomer and then the oxidant solutions were added to
various portions of CNT to start the polymerization of aniline.
The reaction mixture used for the coating of CNT thus con-
tained 0.2 M aniline hydrochloride and 0.25 M ammonium
peroxydisulfate in ethanol (50 vol%)—water. The reaction
mixture (100 mL) produces 2 g of PANI salt [46]. Composites
containing more than 80 wt% CNT could not be prepared in
this way because the volume of the reaction mixture was too
low to accommodate all the CNT.

The PANI-coated CNT have been collected as solids on
a filter, rinsed with 0.2 M hydrochloric acid, then with ace-
tone, and dried at ambient atmosphere. In a portion of the sam-
ples, conducting PANI was converted to a non-conducting
PANI base by immersion of the composites in excess of 1 M
ammonium hydroxide.

Mixtures of protonated PANI or PANI base with CNT for
comparative characterization have been prepared by mechani-
cal blending of the components for 10 min with a pestle and
mortar. Protonated PANI, for use in blending, has been pre-
pared as above, but in water without ethanol [46].

2.2. Characterization

Electron scanning micrographs have been taken with
a JEOL 6400 microscope (Japan), transmission investigations
with JEOL JEM 2000FX microscope. Thermogravimetric
analysis (TGA) was performed, in air flow (50 cm® min™") at
a heating rate of 10 °Cmin~', with a Perkin Elmer TGA 7
Thermogravimetric Analyzer.

Specific surface area was determined with a Quantasorb
apparatus (Quantachrome, USA) using nitrogen as sorbate.
Mercury porosimetry was used to characterize the pore size
of substrates with a ThermoFinigan PASCAL 440 apparatus
in the pore-size range 4 nm—15 um. The mean pore radius
was calculated from the specific surface area and pore volume,
assuming the model of cylindrical pores as r = 2000 V/S, where
r (nm) is the mean pore radius, V (cm?® gfl) is the pore volume
obtained from mercury porosimetry, and § (m” g~ ') is the spe-
cific surface area according to the thermal desorption of nitro-
gen. The porosity was calculated from the pore volumes and
true density d of the composite as p = V/(V +d ).

Infrared spectra in the range 400—4000 cm ' were re-
corded, at 64 scans per spectrum at 2 cm~! resolution, using
a fully computerized Thermo Nicolet NEXUS 870 FTIR Spec-
trometer with DTGS TEC detector. Samples were dispersed in
potassium bromide and compressed into pellets. Raman spec-
tra, with the excitation in the visible range of a HeNe 633 nm
laser, were collected on a Renishaw inVia Reflex Raman
microscope using a 50x objective and 10s accumulation
time. The power was always kept low to avoid destruction
of the samples.

The conductivity was measured by a four-point van der
Pauw method on pellets compressed at 700 MPa with a manual
hydraulic press using a current source SMU Keithley 237 and
a Multimeter Keithley 2010 voltmeter with a 2000 SCAN
10-channel scanner card. For non-conducting PANI bases,
a two-point method using a Keithley 6517 electrometer was
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applied. Before such measurements, circular gold electrodes
were deposited on both sides of the pellets.

The density of a composite was evaluated using a Sartorius
R160P balance by weighing the pellets in air and immersed in
decane. The wettability was assessed with a contact-angle
measuring system OCA20, Dataphysic (Germany).

3. Results and discussion
3.1. The course of polymerization

The dispersion of carbonaceous materials in the aqueous
medium used for the polymerization of aniline is difficult
due to their hydrophobicity. That is why surfactants have often
been added to the reaction mixture [15,26,47,48]. In the pres-
ent case, we have used ethanol (50 vol%) as a component of
the reaction medium to avoid this problem. The oxidation of
aniline is an exothermic reaction and its course can easily be
followed by monitoring the reaction temperature (Fig. 2). A
solution of aniline hydrochloride in ethanol containing CNT
has been mixed with an aqueous solution of the oxidant.
The temperature rose from 20 °C to about 26 °C due to the
ethanol—water heat of mixing. After an induction period, the
next increase in the temperature is associated with the exother-
mic polymerization of aniline. The peak temperatures have
reached 41—46 °C. This indicates that the conversion of ani-
line to PANI has practically been complete, as later confirmed
by determining the yield of reaction [46], >90%.

The presence of CNT in the reaction mixture significantly
accelerates the rate of aniline oxidation. Even 1 wt% of CNT
(relative to aniline) reduces the reaction time from 64 min to
17 min by shortening the induction period (Fig. 2). The reac-
tion time decreases on a semi-logarithmic scale about linearly
as the content of CNT in the reaction mixture has grown
(Fig. 3). A similar accelerating effect has also been reported
with single-wall CNT [49].

There are two possible explanations for the observed accel-
eration of oxidation. The first is based on the assumption of
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Fig. 2. The course of aniline polymerization in the presence of CNT. The
compositions are given as wt% of CNT in the composites.
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Fig. 3. The rate of composite formation in dependence on the composite
composition.

heterogeneous catalysis. The oligomeric aniline intermediates
adsorbed at the substrate, having a large surface area, like tex-
tile fibres [10] or silica gel [50], start the growth of PANI
chains more readily. The CNT have also a high surface area
and that is why they could act in a similar manner. Philip
et al. [27] proposed the principle of heterogeneous catalysis
to be operative in the case of CNT; the oxidation of aniline
gets faster at the surface of CNT, resulting in the core—shell
morphology of the products (Figs. 4 and 5).

The second explanation is based on the fact that CNT are
conducting, i.e. they are able to transfer electrons. The oxida-
tion of aniline is a typical redox reaction, in which the elec-
trons are abstracted from aniline molecules and accepted by
an oxidant, peroxydisulfate, which converts to sulfate
(Fig. 1). In a classical reaction concept, the molecules of ani-
line and oxidant are expected to meet, and consequently react.
It has recently been proposed that conducting materials can
mediate the transfer of electrons [51]; CNT can obviously
undertake such a role and transfer the electrons between the
reductant and oxidant. This means that the aniline molecule
at the surface of CNT can exchange electrons, and thus con-
vert to PANI, with any oxidant molecule that is also in contact
with CNT, and not only with the oxidant in the close vicinity
of the aniline molecule involved. This fact dramatically in-
creases the probability for an aniline molecule to be oxidized
to a PANI constitutional unit. The PANI chains growing at the
CNT surface are also conducting and thus participate in the
electron transfer from the aniline unit that is being added to
the PANI chain-end and CNT. That is why the non-conducting
textile fibres, after being coated with conducting PANI, also
accelerate the polymerization of aniline [10].

3.2. Morphology of PANI-coated CNT

Scanning electron microscopy (SEM) illustrates a uniform
coating of CNT with PANI (Fig. 4). The coated CNT become
thicker as the amount of deposited PANI increases. The uni-
form deposition of PANI on the CNT is similarly demonstrated
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Fig. 4. Original MWCNT (a) and those coated with 50 wt% (b), 70 wt% (c) and 80 wt% PANI (d).

by transmission electron microscopy (TEM), which shows the
bilayered structure of coated CNT (Fig. 5). As the internal
cavity is well discernible, we conclude that the coating with
PANI takes place only at the outer surface of the CNT. The
polymerization of aniline inside the CNT is hindered by the
restricted access of reactants to the interior of the CNT. The
“droplets” of PANI on CNT have been observed by Yu
et al. [26] at low (1 wt%) PANI loadings while coaxial
core—shell agglomerates were produced at higher content
(20 wt%) of PANI. Generally, the complete and uniform coat-
ing of CNT with a conducting polymer has been reported in
the literature [17,23,25,27], in agreement with the present
results.

Various modes of functionalization of CNT, e.g., with car-
boxyl groups [20] or p-phenylenediamine [27,52], have been
done to improve the interaction of PANI with CNT in the prep-
aration of tubular nanocomposites. The surface of the CNT has
also been modified, e.g., by oxidation in nitric acid [13,19,23]
or with permanganate [27], to enhance the deposition of con-
ducting polymer. In the present paper, we demonstrate that the
deposition of PANI by surface polymerization [50] proceeds
well, even on the neat CNT, without any pre-treatment, if
the appropriate reaction conditions have been used. This is
in accordance with the well-known fact that uniform PANI
films are produced by in situ polymerization on hydrophobic
surfaces [53], and CNT satisfy this condition. The conducting
polymer, however, is not covalently bonded to the carbon

nanotubes. The aniline oligomers are adsorbed [9] at the sur-
face of CNT and start the growth of polyaniline coating there.
Uniform coatings with conducting polymers have thus been
obtained by this technique on textiles [11,13,54] and carbon
fibres [55] as well as on polymer nanofibres [56]. A good
deposition of PANI on CNT is thus not surprising.

3.3. Thermal stability

Thermogravimetric analysis shows the deprotonation of
PANTI salts in the composites in the temperature region below
200 °C (Fig. 6) and the beginning decomposition of PANI at
higher temperatures [57]. Polyaniline protonated with hydro-
chloric acid has a low thermal stability with respect to depro-
tonation; the performance could be improved by selecting
another acid, like methanesulfonic acid [58]. The thermal
stability of PANI in the composite is somewhat better com-
pared with neat PANI (Fig. 6). Neat CNT are stable up to
650 °C and become completely decomposed above 750 °C,
in accordance with data reported in the literature [22,26].
The residue of 0.6 wt% confirms that the metal catalyst used
in the preparation of CNT has been removed from CNT.

3.4. Raman spectra

Raman spectroscopy is a useful tool for the characterization
of carbonaceous materials. The typical G-band (derived from
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Fig. 5. Original CNT (left) and CNT after coating (right) with polyaniline (50 wt%) at the same magnification.

the graphite-like mode) is situated at 1574 cm™' in the spec-
trum of neat CNT (Fig. 7). In contrast to the graphite
G-band, which exhibits a single Lorentzian peak, the band
for CNT has a shoulder extending to higher wavenumbers.
Disorder-induced D-band is situated at 1326 cm™' and its
second-order harmonic D'-band is found at 2643 cm™". After
the coating of CNT with PANI, the spectrum of this polymer
dominates in all samples. This observation confirms that
good coating of CNT with PANI has been achieved. The peaks
in the spectra are typical of protonated PANI and are located at
1593, 1504, 1330, and 1171 cm ™!, Their positions remain
practically unchanged for all contents of CNT. We have

Mass loss, wt. %

0 L L L L L

L
200 400 600 800
Temperature, °C

Fig. 6. Thermogravimetric analysis of PANI-coated CNT. The content of CNT
(Wt%) is given at the individual curves.

observed the relative decrease and a shift of the second-order
of the disorder-induced band D’ which indicates a less perfect
structure for the nanotubes embedded in the polymer [59].
In some cases, Raman spectroscopy showed indications of

Raman spectra (633 nm) I
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Fig. 7. Raman spectra of carbon nanotubes coated with PANI.
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possible interaction between single-wall CNT and conducting
polymers [60]. In contrast to polymer-functionalized CNT,
where strong effects of the polymer on the Raman signal of
CNT have been observed [61,62], no interaction between
CNT and PANI could be proved by Raman spectra in the pres-
ent study.

3.5. FTIR spectra

Raman-active D- and G-bands are inactive in IR spectra be-
cause they are forbidden due to the symmetry of the carbon
network. That is why the FTIR spectra of neat CNT are
featureless (Fig. 8). After coating with PANI, the spectra
also reflect the presence of the polymer overlayer. The spec-
trum of PANI prepared in ethanol—water mixtures is very
close to the spectrum of PANI sulfate [8] prepared in an aque-
ous medium. The main bands are situated at 1560 cm ™' (with
a shoulder at 1607 cm_l), 1482, 1408, 1301, 1242, 1137, 803,
and 575 cm ™. The fact that polymer is protonated in part by
sulfate anions is demonstrated by the presence of the peak at
575 cm™!, which is attributed to a stretching vibration in the
sulfate anion [63].

Some authors have reported that an interaction between
multi-wall CNT and conducting polymers manifested itself
by the shifts in FTIR spectra [25,26,48], while no interaction
between CNT and PANI was found by Karim et al. [13].
Baibarac et al. [59] showed that composites of PANI and
single-wall CNT were different when they had been prepared
by adding dispersed single-wall CNT to the polymer solutions
or when they have been prepared by chemical polymerization

FTIR spectra in KBr

w [wt.% CNT] =

g 1242 PANI

Absorbance

2000 1500 1000 500
Wavenumbers, cm™!

Fig. 8. FTIR spectra of carbon nanotubes coated with PANI.

of aniline in the presence of single-wall CNT. In the present
case, the spectrum of PANI exhibits changes in the intensity
in the region at about 1400 cm™" probably corresponding to
the hydrogen-bonded C—N™ stretching vibration [64] and at
about 1242 cm_l, which is interpreted as a C—N** stretching
vibration in the polaron structure of PANI [65]. The prominent
1137 cm™ ' band assigned to a vibration mode of the —NH""—
structure [66] exhibits a slight variation in its shape. Baibarac
et al. [59] described the intensity increase of this band to
charge transfer between the PANI and CNT. The electronic
interaction between a semiconductor, like a conducting poly-
mer, and carbon, like graphite or CNT, has also been suggested
in the literature [67]. The question whether the molecular
interaction between PANI and CNT takes place cannot be
answered on the basis of present FTIR spectra.

3.6. Conductivity of PANI—CNT mixtures

Four series of samples have been prepared for the conduc-
tivity measurements: mixtures of PANI with CNT and PANI-
coated CNT, PANI being either in the conducting protonated
state or as a non-conducting PANI base.

The mixtures of protonated PANI with CNT show simple be-
haviour, the conductivity gradually increasing from 0.9 S cm ™"
for PANI hydrochloride to a maximum at 7.7 Scm™' for a
mixture with 70 wt% CNT (Fig. 9a). The neat CNT could not
be compressed to a pellet, as is necessary for conductivity
measurement.

The mixtures of PANI base with CNT exhibit typical perco-
lation behaviour (Fig. 9a). The conductivity of PANI base sud-
denly increases as the percolation threshold, located at 4 wt%
of CNT, is passed. At this concentration of the conducting
component, the first conducting pathways are produced in
the composite. The percolation limit is lower than that ex-
pected for spherical particles (~ 16 vol%) and reflects the
nanotubular character of CNT in the mixture. On the other
hand, the percolation limit was estimated to be between 15
and 20 wt% CNT in a similar composite of CNT with poly-
pyrrole [68]. The different degrees of dispersion of the CNT
in the polymer matrix may be responsible for the observed
difference.

3.7. Conductivity of PANI-coated CNT

The dependence of conductivity on CNT content for CNT
coated with the conducting form of PANI is similar to that
of corresponding mixtures (Fig. 9b). At low fractions of
CNT, the conductivity is determined by the PANI as the
main component. It increases moderately from 0.42 S cm ™'
for neat PANI with increasing CNT content. The decrease in
the contact resistance of CNT afforded by a PANI coating
[69] results in the maximum composite conductivity of
254 Scm™ ! at 70 wt% CNT. This is a much higher conductiv-
ity than that of the order of 107" S cm ™" reported for similar
composites by some authors [20,48], and comparable with
other reported results [24,47,70] that are of the order of
10°-10" Sem™". At higher CNT content, the conductivity
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Fig. 9. The conductivity of carbon nanotubes mixed (a) or coated (b) with
protonated PANI (filled symbols) and PANI base (open symbols).

was reduced; the amount of PANI is not sufficient to provide
good contact between the CNT and the resistance between the
CNT increases. Reduction of the thickness of the PANI
coating could possibly be the way to increase the composite
conductivity by introducing the tunneling mechanism of
conduction.

The increase in the conductivity of CNT coated with PANI
base with increasing content of CNT is slower (Fig. 9b), com-
pared with the corresponding mixtures (Fig. 9a). At low con-
centrations of CNT, the direct electrical contact between CNT
is prevented by the surface coating with a non-conducting
PANI base and the percolation threshold is thus practically
not distinguishable. Yet, the coating with PANI base seems
to reduce the contact resistance between CNT. The resulting
conductivity of CNT coated with PANI base thus reaches
19.6 Scm ™" at 70 wt% CNT. The conductivity is thus compa-
rable with that of the CNT coated with protonated PANI. We
are obviously dealing with interfacial phenomena between the
CNT separated with a thin coating of PANI. A non-conducting
PANI base is not a true insulator, but it can probably mediate
the charge-carrier transfer over short distances between
the neighboring CNT, similarly to the protonated conducting
form.

3.8. Contact-angle measurements

The contact angle of water on “‘standard”” PANI hydrochlo-
ride is [71] 49°. When PANI has been prepared in ethanol
(50 vol%)—water mixture, the contact angle was 43°. The
enhanced wettability is possibly due to the sulfonation of
aromatic rings under these reaction conditions. The contact
angles of CNT coated with protonated PANI are about ~ 40°
(Fig. 10) up to 60 wt% CNT in the composite. The composite
is thus hydrophilic and behaves as a neat PANI. This is not
surprising considering the core—shell morphology of the com-
posite (Fig. 5). At higher contents of CNT, the contact angles
could not be measured. The water droplet penetrated into the
composite, possibly as a result of higher porosity. This means
that the contact angle of neat CNT could not be determined but
we expect that, by analogy with graphite, they are more hydro-
phobic; the contact angle of water on graphite is 79°. The mix-
tures of PANI with CNT behave differently. Even a small
fraction of CNT in PANI increases the contact angle towards
the level expected for neat CNT (Fig. 10). Despite the hydro-
phobic behaviour, above 10 wt% CNT, water penetrated the
samples, and contact angles again could not be determined.

3.9. Surface area and porosity

Basic properties of the porous structure of CNT coated with
PANI were determined by standard methods, such as mercury
porosimetry and thermal desorption of nitrogen (Table 1). The
specific surface area of PANI, 20.2 m? gfl, is lower than that
of PANI prepared by, e.g., mechanochemical synthesis [72],
69.7m”>g~'. The surface areas of PANI-coated CNT are in
the range from 12 to 55 m* g '. They are proportional to the
micropore content, i.e. the pore area where the adsorption in-
teractions occur. The highest values represent a good sorption
ability of such materials.

Mercury porosimetry allows us to determine the pore
volume and pore-size distribution. The pore volumes are in
range from 0.4 to 2.5 cm® g~ (Table 1). The mean pore radii

100 : : : : : :
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Fig. 10. Water contact angles on PANI-coated CNT and on the mixtures of
protonated PANI with CNT.
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calculated from the specific surface area and pore volume are
in an interval from 35 to 96 nm. Such pores are in the area of
mesopores. Pore-size distribution curves have two maxima, as
illustrated on the PANI-coated CNT (20 wt%) (Fig. 11). The
first, at about 750 nm, reflects the interstices between the
nanotubes, and the second, at 65 nm, represents the actual
pores. The porosity was calculated from pore volume values
and the true density of the composite. Values from 30 to
72% are common for a wide range of adsorbents.

3.10. Density

The density of ‘“‘standard” PANI hydrochloride is [46]
1.33 gecm > and the density of PANI base 1.24 gcm . The
density of materials containing the protonated form of PANI
was always higher than with the composites of PANI base,
as expected (Fig. 12). This applies both to mixtures of PANI
with CNT and to PANI-coated CNT. The dependence of den-
sity on the content of CNT, however, is different for these two
sample sets. The density of PANI-coated CNT increases with
increasing CNT content, and the density of neat CNT can be
estimated by extrapolation as 1.9 g cm . The density of mix-
tures, on the contrary, has a decreasing trend. In the latter case,
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Fig. 11. Example of the pore-size distribution obtained by mercury poro-
simetry for the PANI-coated CNT (20 wt%).

Composition, wt. % CNT

Fig. 12. Densities of CNT coated (circles) or mixed (squares) with PANI in the
conducting protonated state (filled symbols) or as a non-conducting PANI base
(open symbols).

the low apparent density has to reflect the porous structure of
composites. We have indeed observed that the dimensions of
the pellets used for the density measurements increase during
a number of hours after the compression of the material at
700 MPa. The relaxation, manifested as an increase in pellet
diameter, has often exceeded 10%. Such a process is expected
to be associated with the formation of macropores within the
sample.

4. Conclusions

The presence of CNT in the reaction mixture used for the
oxidation of aniline dramatically increases the rate of PANI
formation. Electron microscopy shows that CNT become
coated with PANI during the in situ polymerization of aniline.
The coating is uniform and its thickness increases with in-
creasing content of PANI in the composite. The thermal stabil-
ity of PANI in the composites with CNT is better than the
stability of neat PANI. All composites completely disintegrate
after heating to 700—750 °C. FTIR and Raman spectra con-
firm the presence of PANI in the samples; interaction between
the two components, PANI and CNT, could not be proved.

The mixtures of CNT with PANI base show typical perco-
lation behaviour, while the dependence of the conductivity of
PANI base-coated CNT on the content of CNT is smooth. At
high content of CNT, it is not important whether the coating
is conducting (with protonated PANI) or non-conducting
(with PANI base). The conductivity is controlled by the
CNT. The highest conductivity, 25.4 Scm™', has been re-
corded for CNT (70 wt%) coated with protonated PANI.

CNT coated with protonated PANI are hydrophilic, like
neat PANI, up to 60 wt% CNT in the sample, the contact angle
for water being ~40°. The samples with higher content of
CNT could not be characterized because the water droplet
penetrated into the sample. Mixtures of PANI and CNT behave
quite differently and are more hydrophobic than PANI-coated
CNT.
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The specific surface areas of PANI-coated CNT were be-
tween 20 m?g~' for protonated PANI and 56 m*g~' for
neat CNT, the pore volume increased from 0.42 cm® g~ for
PANI to 2.54 cm® ¢! for CNT. While the density of PANI-
coated CNT increases with increasing content of CNT in the
samples, this parameter decreases in mixtures of PANI with
CNT. The compressed PANI-coated CNT are thus more com-
pact compared with the mixtures containing a similar fraction
of CNT, which are porous. All these parameters indicate that
PANI-coated CNT might constitute useful materials for vari-
ous applications, e.g., in fuel cells.
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