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A novel approach to the synthesis of polyaniline-montmorillonite (PANI-MMT) nanocomposites by
in situ electropolymerization of anilinium-montmorillonite in 0.3 M sulfuric acid on a gold substrate is
reported. The nanocomposites were characterized by elemental analysis, cyclic voltammetry, X-ray
diffraction, in situ UV-vis spectroscopy, Fourier transform infrared spectroscopy, and in situ conductivity
measurements. Cyclic voltammograms of PANI-MMT are similar to those of PANI synthesized
electrochemically under similar conditions. Formation of PANI inside the MMT was confirmed by X-ray
diffraction analysis where thed spacing is increased from 10.09 Å (Na+-montmorillonite) to 12.62 Å
(PANI-MMT). The CsN stretching vibration (νC-N) which appears with PANI at 1296 cm-1 has been
shifted to 1311 cm-1 for PANI-MMT, indicating the existence of interactions between intercalated PANI
and MMT layers. Conductivities of the nanocomposites are almost an order of magnitude lower than
those of PANI.

Introduction
Polyaniline (PANI) is unique in the family of conjugated

polymers;1 it is the most intensively investigated electroni-
cally conductive polymer because of its potential commercial
applications in, for example, rechargeable batteries, electro-
chromic display devices, electrochemical sensors, and elec-
trochemical capacitors, and also in active corrosion pro-
tection.2-7 Recently, conducting polymer layered inorganic
solid nanocomposites have been the subject of considerable
research interest because, being derived from a unique
combination of inorganic and organic components, they have
possible technological application and raise challenging
scientific issues.8-10 A prominent class of these nanocom-
posites are materials containing PANI and montmorillonite
(MMT; clay minerals), because MMT minerals have attrac-
tive properties such as large surface area, ion exchange, and
expandability properties. MMT belongs to the general family
of 2:1 phyllosilicates composed of stacked layers of alumi-
num octahedron and silicon tetrahedrons. Substitution of
aluminum for magnesium will create an overall negative
charge, and this negative charge is compensated by ex-
changeable metal cations such as Na+, K+, Ca2+, and
Mg2+.11,12

A PANI-MMT nanocomposite can be synthesized either
by chemical oxidation of aniline inside the layers or via an
electrochemical method. Recently, several reports have been
published on chemical methods of synthesis of PANI-MMT
nanocomposites4,6,11,13-17 and some other conjugated polymer-
MMT nanocomposites such as poly(pyrrole)-MMT,18 poly-
(o-methoxyaniline)-MMT,19 poly(2-ethynylpyridine)-MMT,20

and poly(thiophene)-MMT.21

Electrochemical polymerization of monomers on an elec-
trode surface offers many advantages over chemical methods.
The resulting product is a solid, does not need to be extracted
from the initial monomer/oxidant/solvent mixture, and is
easily amenable to numerous techniques of characterization
such as UV-visible, infrared, and Raman spectroscopies and
in situ conductometry.22 Inoue and Yoneyama23 have reported
the electrochemical synthesis of PANI-MMT using a clay
modified electrode. Aniline was intercalated by dipping the
electrode in aniline followed by drying in air. The electropo-
lymerization was carried out galvanostatically at 20µA cm-2
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in 2 M hydrochloric acid. However, this method does not
yield a homogeneous composite because the intercalation is
not homogeneous and the excess of aniline is not removed.
Feng et al.12 have also electropolymerized anilinium in MMT
potentiostatically atESCE ) 0.8 V in a pretreated mixture of
aniline-MMT and HCl where the final concentration of HCl
is 1 M under magnetic stirring. However, the PANI-MMT
composite is obtained in the dispersion and not on the surface
of the electrode. In a different approach, Chen and Yang
have prepared composites by electro-oxidizing MMT loaded
with anilinium deposited on a platinum sheet electrode in
the presence of further anilinium in the acidic electrolyte
solution.5 The obtained product contained most likely
considerable amounts of PANI on the outside of the
composite. To our knowledge, so far there has been no report
on the electrochemical synthesis of a PANI-MMT nano-
composite by potentiostatic electrolysis of anilinium-MMT
dispersions with simultaneous deposition of the nanocom-
posite on the electrode surface in the form of an adhering
film. In this paper, we report a potentiostatic electropoly-
merization of anilinium-MMT with the simultaneous depo-
sition of nanocomposites on an electrode surface and the
characterization of the resulting organic-inorganic hybrid
material using cyclic voltammetry, X-ray diffraction (XRD),
infrared spectroscopy, in situ UV-vis spectroscopy, and in
situ conductivity measurements.

Experimental Section

Aniline (Merck) was distilled under reduced pressure and stored
under nitrogen prior to use. The clay mineral bentonite (ABCR
GmbH, Germany) was cation exchanged with a saturated sodium
chloride solution, washed with an excess of water, filtered, and
dried in an oven at 50°C for 8 h to getsodium montmorillonite
(Na+-MMT). Water (18 MΩ; Seralpur pro 90C) was used, and
all other chemicals were analytical grade reagents and used as
received. All solutions were purged with nitrogen before electro-
chemical measurements.

Anilinium-MMT required for electropolymerization was pre-
pared in the following way. A total of 1 g of Na+-MMT was
dispersed in 50 mL of 0.5 M sulfuric acid containing 0.1 M aniline,
purged with nitrogen for a few minutes, and stirred for 24 h at
room temperature. At pH 1-2 and room temperature, the rate of
dissolution of clay is very small (10-10 mol m-2 s-1).24,25 The
dissolution rate increases with increasing temperature and decreasing
pH. However, in the intercalation method we have used and within
the given time frame, the rate of dissolution has no significant effect
on the stability of the anilinium-MMT solution.

The dispersion was filtered and washed with excess of deionized
water to remove free anilinium ions. During intercalation, anilinium
ions can also be absorbed on the surface of the MMT tactoid as it
is structurally the same as the interlayer-oxygen basal plane with
exchangeable cations. However, any such absorbed ions were most
likely removed during elution with an excess of deionized water.
No attempt was made to determine the amount of anilinium in
MMT, nor could the fraction of exchanged sodium ions be
determined. The resulting wet solid (anilinium-MMT) was dis-
persed in 20 mL of deionized water and diluted to 50 mL using
0.5 M sulfuric acid with a final concentration of the electrolyte of

0.3 M. Electrochemical polymerization was carried out on a gold
sheet electrode at a constant electrode potential ofESCE ) 700 mV
at room temperature. Another gold sheet electrode and a saturated
calomel electrode (SCE) were used as counter and reference
electrodes, respectively. The electrolyte near the working electrode
area was kept under slow magnetic stirring (rpm) 80) to maintain
the homogeneity of the dispersion. PANI-MMT deposited on the
working electrode was washed with deionized water and dried at
room temperature. No attempt was made to determine layer
thickness. For in situ UV-vis spectroscopy, an indium doped tin
oxide (ITO coated glass sheets of surface resistance 20Ω cm-2

(MERCK)) coated glass sheet was used as the working electrode,
and a constant potential ofESCE ) 800 mV was applied.

Characterization. Elemental analysis was carried out using an
elemental analyzer Vario EL Elementar Analysensysteme GmbH
(Hanau). A custom built potentiostat connected to a computer with
an AD/DA converter was used to record cyclic voltammograms
(CVs). Electrochemical measurements were carried out in a three-
electrode cell under a nitrogen atmosphere. For conductivity
measurements26 a double band gold electrode, a gold sheet counter
electrode, and a SCE were used as working, counter, and reference
electrodes, respectively. UV-vis spectra were recorded using a
Shimadzu UV-2101PC UV-vis spectrophotometer. PANI-MMT
deposited on a clean ITO glass was used as the working electrode.
A quartz cell of 1 cm path length fitted with a platinum wire as the
counter electrode and SCE connected via a salt bridge as a reference
electrode served as a three-electrode cell. XRD patterns were
obtained on a Seifert FPM/XRD7 diffractometer with Ni-filtered
Cu KR radiation (λ ) 0.154 nm) operated at 40 kV and 30 mA.
Infrared spectra were recorded on a BioRad FTS-40 Fourier
transform infrared (FT-IR) spectrometer with a liquid-nitrogen-
cooled mercury cadmium telluride detector using the KBr pellet
technique.

Results and Discussion

Chemical polymerization of anilinium-MMT takes place
easily when a moderately strong oxidizing agent such as
ammonium persulfate is used.15 For comparison we have also
polymerized an anilinium-MMT dispersion using 0.1 M
ammonium persulfate in a solution without free aniline.
Chemical oxidation commenced within 5 min, and the color
of the dispersion changed from ash to blue-green. In case of
the electrochemical polymerization the color change could
be seen only after 30 min and a thick film is obtained after
2.5 h. The electrochemically inactive clay particles hinder
the formation of a film on the electrode surface. Formation
of a good adherent film on the electrode surface depends on
several parameters such as method of synthesis, magnetic
stirring, electrolyte used, and concentration of anilinium ions
in the clay. Efforts to synthesize PANI-MMT nanocom-
posites potentiodynamically by cycling in the potential range
of ESCE ) -200 to 900 mV failed. PANI-MMT formed
this way does not adhere to the electrode when the solution
is stirred at higher speed. Therefore, we have used very slow
stirring with 80 rotations per minute, which is good enough
to maintain the homogeneity of the dispersion. We have also
noticed that with HCl as the electrolyte there was no
electropolymerization of anilinium-MMT. This may be due
to the strong adsorption of Cl- ions on the surface of the
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gold electrode. PANI-MMT was successfully synthesized
using other acids such as H2SO4, HClO4, and oxalic acid.
Electropolymerization does not take place when we use lower
concentrations of aniline (<0.1 M) whereas higher concen-
trations of aniline yield free anilinium ions which were
removed during washing.

Elemental Analysis.Elemental analysis was carried out
to calculate the percentage composition of PANI in the
nanocomposite; the value is nearly 10 wt %. On the basis of
the reported cation exchange capacities of MMT,27 loadings
of 6 wt % of anilinium cations when taking the lower
capacity limit and of 13.7 wt % when taking the upper
capacity limit were estimated. The observed actual polymer
content is well within this range. PANI content in PANI-
MMT nanocomposites described elsewhere generally varies
in the range from 2 to 12.3 wt %.3,13-15 Higher contents of
PANI have been reported (up to 74.7 wt %), but on the basis
of experimental evidence, PANI is deposited on the outside
of MMT and not only intercalated.15 Such deposits may be
the result of surface absorption of anilinium ions on the clay.
In the procedure employed here based on the polymer
content, formation of PANI on the outside of the nanocom-
posite is highly unlikely because of the strong interaction
between the intercalated anilinium cations and the MMT
layers which make egress of the anilinium cations very
unlikely, whereas the rigorous purge of the aniline-loaded
MMT obviously removed any aniline adsorbed on the outer
surface; the comparison between possible anilinium loadings
and the actually observed polymer content support this
conclusion.

X-ray Diffraction. Figure 1 shows XRD patterns of the
Na+-MMT, anilinium-MMT, PANI-MMT oxidized form,
and PANI-MMT reduced form (reduced form of PANI-
MMT was obtained by applying a constant potential ofESCE

) -200 mV on a freshly synthesized oxidized sample of
PANI-MMT for 10 min). Thed spacing of the material was
calculated from the angular position 2θ of the observed
reflection peaks based on the Bragg equationλ ) 2d sin θ,
where λ is the wavelength of the X-rays andθ is the
scattering angle. As shown in Figure 1, the reflection peak

of the Na+-MMT sample at 2θ ) 8.8° is shifted toward
lower angles for anilinium-MMT and PANI-MMT nano-
composites (both oxidized and reduced forms). Thed
spacings of the materials are 12.8, 12.6, and 12.5 Å for
anilinium-MMT, the PANI-MMT oxidized form, and the
PANI-MMT reduced form, respectively. The averaged
spacing of the nanocomposites was found to be 12.55 nm.
Upon insertion of PANI, thed spacing is increased from 10
to 12.55 Å, that is, increased by 2.55 Å, which is comparable
with reported values (1.3-6.0 Å).3,8,12-17,28 The diffraction
peak of Na+-MMT in Figure 1 is broader than with PANI-
MMT whereas the peak of anilinium-MMT is intense and
sharp. The sharpness of the peaks can be influenced by
crystallinity or clay-layer stacking order. Thus, the broader
peak of Na+-MMT indicates less crystallinity and order of
clay-layer stacking than the other samples.14,29,30

Cyclic Voltammetry. CVs of PANI-MMT nanocom-
posites, deposited on a gold electrode, were recorded in an
aqueous solution of 0.5 M H2SO4 with different thicknesses
as obtained after different times of electropolymerization of
the PANI-MMT films (Figure 2). CVs of PANI exhibit two
pairs of redox waves with the first one observed atESCE )
200 mV indicating the transformation of the leucoemeraldine
form into the conducting emeraldine form and the second
one atESCE) 810 mV which is due to the conversion of the
emeraldine into the pernigraniline form. A pair of humps in
the region ofESCE ) 0.30-0.50 V has been assigned to
overoxidation products.31,32The shape of the CVs of PANI-
MMT is similar to those of PANI. This indicates that clay
layers do not influence the electrochemical properties of
PANI nor does the intercalation favor a polymer with
different properties (such as, e.g., molecular weight) as far
as could be evidenced with this electrochemical technique.
There is only a minor shift of the reduction peak associated
with the pernigraniline-emeraldine transition which might
indicate some not yet understood interaction between PANI
and MMT. It was also observed that the PANI-MMT film
was stable as it was not damaged/peeled off from the surface
of the electrode even with continuous potential cycling for
up to 20 cycles (Figure 2c); changes in the CVs implying
degrading or loss of active material are minor only. The
electrochemical activity of the nanocomposite was also
checked in a neutral unbuffered aqueous solution of 0.5 M
KCl by recording CVs in the range of-0.20 to+0.85 V
(Figure 2d). The figure demonstrates that electroactivity of
the nanocomposite is retained even at neutral pH. However,
the single redox wave observed cannot be attributed to a
specific redox process currently.

FT-IR Analysis. Figure 3 shows FT-IR spectra of Na+-
MMT, pure PANI, the mechanical mixture of PANI/Na+-
MMT (i.e., an unintercalated system), and electrochemically
deposited PANI-MMT. The characteristic vibrations of
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Figure 1. XRD patterns of Na+-MMT (a), the oxidized form and (b) and
reduced form (c) of PANI-MMT, and anilinium-MMT (d).
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Na+-MMT and the emeraldine salt are known to be in the
region between 700 and 1700 cm-1.13 The major bands

associated with Na+-MMT appear at 1040 cm-1 (νSi-O) and
918 cm-1 (δAl-OH).14,16 The characteristic absorption bands
of PANI appear at 1296 (νC-N), 1477, and 1579 cm-1 (νCdC

of benzenoid and quinoid rings, respectively).33 FT-IR spectra
of PANI-MMT composites exhibit bands characteristic of
PANI as well as of MMT, which confirms the presence of
both components in the PANI-MMT composite. FT-IR
spectra of the mechanical mixture of PANI and MMT are
slightly different from the spectra of electrochemically
synthesized PANI-MMT. The band at 1296 cm-1 in the
spectrum of a mechanical mixture of PANI and MMT is
shifted to 1311 cm-1 in the spectra of the intercalated
nanocomposites (Figure 3). This shift is due to the physi-
cochemical interaction (hydrogen bonding between the-NH
group of PANI and-O of silicate) in the intercalated PANI-
MMT13,15whereas mechanical mixtures of PANI and MMT
lack such an interaction. A similar trend was observed by
Stutzmann and Siffert for the acetamide-MMT system. They
found the C-N stretching vibration of acetamide observed
at 1380 cm-1 shifted to higher wavenumbers (1400 cm-1)
after adsorption onto a clay surface; they have attributed this
shift to the hydrogen bonding between NH2 groups of
acetamide and oxygen atoms of the basal surface of the
clay.34

In Situ UV -Vis Spectroscopy.For in situ UV-vis
measurements, the PANI-MMT nanocomposite was depos-
ited on the ITO glass electrode at a constant potential of
ESCE ) 800 mV. Figure 4 shows in situ UV-vis spectra of
PANI-MMT on an ITO electrode at various electrode
potentials recorded in the 0.5 M H2SO4. PANI exhibits three
electronic absorption bands at 320, 430, and∼800 nm which
are assigned to aπ f π* transition, radical cations, and
polarons, respectively.35-37 Electronic absorption spectra of
PANI-MMT like PANI exhibit bands at 430 and 870 nm,
but the band at 320 nm could not be seen. Absorbance of
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Figure 2. CV of (a) PANI, (b) PANI-MMT, and (c) PANI-MMT (1st,
10th, and 20th cycles) recorded in 0.5 M H2SO4. (d) PANI (dashed line)
and PANI-MMT (solid line) recorded in 0.5 M KCl at a scan rate of 100
mV/s.

Figure 3. FT-IR spectra of PANI (a), electrochemically synthesized PANI-
MMT (b), mechanical mixture of PANI and MMT (c), and Na+-MMT
(d).

Figure 4. In situ UV-vis spectra of PANI-MMT recorded in 0.5 M H2-
SO4 at different positive going potentials (V):-0.20 (a), 0.0 (b), 0.10 (c),
0.20 (d), 0.30 (e), 0.50 (f), 0.70 (g), and 0.80 (h).
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the band at 430 nm reaches a maximum atESCE ) 0.20 V
which indicates higher concentration of radical cations at
this applied potential. At this applied potential (ESCE ) 0.20
V) the first oxidation wave in the CV of PANI-MMT which
corresponds to the leucoemeraldine-to-emeraldine transition
has a maximum peak current (Figure 2). By shifting the
electrode potential to higher values, the intensity of this band
diminishes. When the applied potential is increased fromESCE

) -0.20 toESCE ) 0.70, maximum positions of the band at
870 nm (polaronic transition) are shifted into the near-
infrared (NIR) region, and atESCE) 0.70 this band becomes
more flattened. A similar trend was observed by Malinauskas
et al.38 for potentiostatically (ERHE ) 1.20 V) prepared PANI.
When the applied potential is increased further toESCE )
0.80 V, the polaronic band in the NIR region disappears and
a new band at 670 nm appears, which is attributed to the
blue nonconducting pernigraniline state of PANI. The CV
of PANI-MMT has a second oxidation wave atESCE) 0.80
V corresponding to the emeraldine-to-pernigraniline transi-
tion.

In situ electronic absorption spectra of PANI-MMT were
also recorded during a stepwise cathodic potential sweep.
Figure 5 shows a plot of absorbance at 670 nm versus applied
potential recorded with the electrode potential going into the
positive and negative directions. Both traces are very close
to each other in the potential range ofESCE ) 0-0.80 V,
indicating a good electrochemical reversibility of the PANI-
MMT nanocomposite. Figures 4 and 5 also reveal that
electrochromism of PANI in the PANI-MMT nanocom-
posite is almost retained.

In Situ Conductivity Measurements. Resistance values
of PANI and PANI-MMT deposited atESCE) 700 mV were
measured in an aqueous solution of 0.5 M H2SO4 in the range
of -0.20 < ESCE < +0.9 0V in the anodic direction and
then in the reverse cathodic direction. The logR values of

both PANI and PANI-MMT against the applied electrode
potential are displayed in Figure 6. Two transitions can be
observed in the resistivities of both PANI and PANI-MMT.
The first transition appears at aroundESCE ) 0 V where the
resistivity values start to decrease, and the second transition
appears at aroundESCE ) 0.60 V where again the resistivity
begins to increase. Thus in the potential range ofESCE )
0.0-0.60 V, PANI as well as PANI-MMT is highly
conducting; this is the potential range where PANI is in the
emeraldine state. When the potential sweep direction was
reversed fromESCE) 0.90 to-0.20 V, almost similar trends
were observed; however, the conductivities are lower than
in the anodic sweep. This loss of in situ conductivity in the
reverse cathodic sweep was attributed to partial degradation
of PANI at ESCE ) 0.90 V.37 The apparent resistivity of
PANI-MMT is higher than that of PANI. In the absence of
data enabling the conversion of resistivities into specific
resistivities a quantitative comparison is impossible. The
slightly smaller relative change of resistivity in case of the
nanocomposite may be due to the high fraction (90%) of
inert MMT.

Conclusion

A protocol for the electropolymerization of aniline incor-
porated into the channels of MMT has been described.
PANI-MMT nanocomposite thus formed is adherent to the
electrode surface. The conductivities of the composites with
10 wt % of PANI are almost an order of magnitude lower
than those of PANI. FT-IR studies reveal the presence of
hydrogen bonding between the amine group of PANI and
oxygen atoms of clay. Electrochemical properties and in situ
UV-vis response of the composites are almost similar to
those of PANI.

CM052707W(38) Malinauskas, A.; Holze, R.J. Appl. Polym. Sci.1999, 73, 287.

Figure 5. Plot of absorbance at 670 nm versus applied electrode potential
for PANI-MMT.

Figure 6. Plot of log R versus applied electrode potential for PANI (a)
and PANI-MMT (b) in an aqueous solution of 0.5 M H2SO4.
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