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In this study, a polypyrrole (PPy)/caprolactam-modified montmorillonite (MMT) clay
composite was electropolymerized on a gold substrate. Basically, the nucleation and growth
were instantaneous three-dimensional processes before and after nuclei overlapping for both
pure PPy and the composite electropolymerizations. However, a distinguishable feature can
be observed. The surface morphology of the resulting composite is denser and more compact.
The composite demonstrates an extremely high oxidation level and oxidation degree of 0.41
and 0.59 revealed from the analyses of X-ray photoelectron spectroscopy (XPS) and surface-
enhanced Raman scattering (SERS), respectively. The thermal stability of PPy is improved,
as shown from thermogravimetric analysis (TGA), due to the modification of the incorporated
clay. Also, the conductivity of the composite was significantly increased (~12 times) and
aging is depressed compared to that of pure PPy.

Introduction

Among a number of conducting polymers (CP), poly-
pyrrole (PPy), has attracted considerable attention
because it offers reasonably high conductivity and has
fairly good environmental stability, and it can be widely
used in batteries,»? supercapacitors,® sensors,*°> anhy-
drous electrorheological fluids,® microwave shielding,
and corrosion protection.”8 As we know, the electrical
conductivity of PPy is attributed to the electrons hop-
ping along and across the polymer chains with conju-
gating bonds.®10 As a result, more positively charged
PPy, more electron holes available, longer polymer
chains, and more coplanarity between interchains are
favorable for a higher conductivity performance. The
conductivity of oxidized PPy can be increased to a level
of 102 S cm™1, or higher, depending on the method of
preparation and the doped ion.11-13 However, the po-
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tential uses are often diminished due to its sensitivity
to oxygen or poor mechanical properties.

To achieve a new function of PPy, one of the most
efficient means is to prepare PPy-based composite films
into which new chemical components, such as nanopar-
ticles of metal oxides!4'> and metals,'5~18 are intro-
duced. On the other hand, clay minerals, especially
montmorillonite (MMT), have recently been adapted to
the field of nanocomposites because of their small
particle sizes and intercalation properties.1®21 MMT,
a hydrous alumina silicate mineral whose lamellae are
constructed from an octahedral alumina sheet sand-
wiched between two tetrahedral silica sheets, exhibits
a net negative charge on the lamellar surface and causes
adsorption of cations, such as Na* or Ca2*. The cationic
character acting over a very large interlamellar surface
enables physical and chemical interactions with mono-
mers which are subsequently polymerized, or with
polymers containing appropriate functionalities.?® As
shown in the literature, most of the CP/clay composites,
such as PPy-based?223 and polyaniline-based?* clays
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composites, were chemically synthesized. The formation
of the nanocomposites due to the intercalation was
confirmed via transmission electron micrograph (TEM)
or X-ray diffraction (XRD) analyses. Faguy et al.?®
reported that a PPy/clay composite was successfully
synthesized as the ferric sites present at the accessible
surfaces of the clay particles chemically oxidized the
aromatic heterocycle. Ramachandran and Lerner?? re-
ported that a chemically prepared PPy/clay nanocom-
posite exhibits redox chemistry at potentials (Vpc =
—1500, Vpa = —1100 mV) approximately 1 V more
negative than those in native PPy. Ray and Biswas?3
reported that PPy/clay nanocomposites can be prepared
through the polymerization of pyrrole with clay and
FeCls-impregnated clay. The XRD analyses revealed no
change in dgo1 spacing in clay, suggesting no intercala-
tion into the clay lamellae. Cho et al.? reported that
surfactant bilayers adsorbed on a silicon—titanium
zeolite can be used as templates to produce colloidal
nanocomposites with a PPy shell which exhibit good
colloidal stability and an enhanced conductivity.

It is also known that the nucleation and growth
mechanisms of conducting polymers are very similar to
those of metals.?”28 Thus the mechanism for conducting
polymer growth can be proved using the theory model
of metal growth.??:30 As shown in the literature,?2.23.25.26
most of the PPy/clay nanocomposites were prepared by
chemical methods. However, PPy films synthesized by
electrochemical polymerization have the advantages of
free-standing films available, higher conductivities, and
better stabilities in air.31:32 Also, other characteristics
of electrochemically synthesized PPy/clay composites are
worthy of further examination. To extend the applica-
tions of PPy in the fields of gas sensors, capacitors, and
so on, the aim of this work is to electrochemically
prepare a PPy/caprolactam-modified MMT clay com-
posite. The caprolactam-modified MMT comes from the
cationic exchange of caprolactam with Na* of the Na*-
MMT. Its interlayer spacing can enlarge from 7.2 to 14.9
A to be facilely penetrated by a monomer. The effects
on enhancements in conductivity, and thermal and
conductivity stabilities for PPy are investigated. Also,
the differences in nucleation and growth mechanisms
between pure PPy and the PPy/clay composite are
discussed.

Experimental Section

Preparation of PPy/Clay Composite Films. All the
electrochemical experiments were performed in a three-
compartment cell at room temperature (24 °C,) and were
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controlled by a potentiostat (model PGSTAT30, Eco Chemie).
A sheet of gold, a 2 x 2 cm platinum sheet, and a Ag/AgCI
were employed as the working, counter, and reference elec-
trodes, respectively. The charges used in depositing PPy-based
films were 5000 mC cm~2 for all of the experiments, except
100 mC cm~2 was used for the surface-enhanced Raman
scattering (SERS) spectroscopy.3?

Before electropolymerization, the gold electrode (model
Minimet 1000, Buehler) was mechanically polished to a mirror
finish with 1 and then 0.05 um of alumina slurry. In a typical
procedure, 1.6 g dm~2 caprolactam (C¢H;;NO)-modified MMT
clay with interlayer spacing of 14.9 A (purchased from Paikong
Ceramic, Taiwan) was added in deionized water at pH = 7
and sonicated for 1 h. No precipitation was observed due to
the electrostatic repulsive forces between the clay powders
because the pH of the zero charge of the particles is 5.6.2%
Subsequently, 0.1 M LiClO4 and 0.1 M pyrrole (C4sHsN), which
was doubly distilled under a reduced pressure, were dissolved
with vigorous magnetic stirring in this emulsion solution for
30 min. During this step, the solution was deoxygenated with
highly pure nitrogen. The pH of the electropolymerization bath
was 6.8 higher than that of the zero charge of the clay, which
is favorable for the preparation of the clay-modified PPy. Then
the clay-modified PPy was electrochemically polymerized at
0.85 V versus Ag/AgCl in the clay-containing aqueous solution
with slight magnetic stirring. For comparison, pure PPy was
also polymerized with the same preparation condition as
mentioned above but with no clay powders in the polymeri-
zation electrolyte. After each step the electrode was rinsed
thoroughly with deionized water and then dried in a vacuum
oven for 1 h. The samples were then placed in a sealed
chamber with an oxygen-free atmosphere for further measure-
ments.

Characteristics of PPy/Clay Composite Films. Before
conductivity measurements the PPy-based films were stripped
from the electrodes with clear adhesive tape. They had a
mechanical stability that made them well suited for the
measurements. The conductivities of PPy films were deter-
mined by using a four-probe technique with a direct current
(dc) measurement at room temperature.3* The surface mor-
phology of PPy films was obtained using scanning electron
microscopy (SEM, model S-4700, Hitachi). Thermogravimetric
analysis (TGA) was performed using a Perkin-Elmer TGA7
at a heating rate of 15 °C/min under nitrogen. The orientations
of PPy-based films were determined via XRD (model Dmax-
B, Rigaku) analysis. The depth profile of Si (main element in
clay) in the PPy/clay composite was measured via secondary
ion mass spectroscopy (SIMS, model IMS-4f, Cameca) using
cesium atoms as the primary ions. SERS spectra were obtained
using a XY modular laser Raman spectrometer (Dior) employ-
ing a He—Ne laser of 1 mW radiating on the sample operating
at 632.8 nm and a charge couple device (CCD) detector with 1
cm~* resolution.

For the X-ray photoelectron spectroscopy (XPS) measure-
ments a Physical Electronics PHI 1600 spectrometer with
monochromatized Mg K, radiation, 15 KV 250 W, and an
energy resolution of 0.1—0.8% AE/E was used. To compensate
for surface charging effects, all XPS spectra are referred to
the C1s neutral carbon peak at 284.6 eV. The complex XPS
and SERS peaks are deconvoluted into component Gaussian
peaks using a peak separation and analysis software (PeakFit
v4.0, AISN Software Inc.). In the XPS N 1s deconvolution, the
four component peaks are located at ca. 398.0, 399.8, and at
higher than 401 eV with equal value of half width at half-
maximum (HWHM) of 2.0 eV to the utmost. In some situation,
the peak position is prior to the equal HWHM. The aging test
was performed in an atmosphere of 50% relative humidity
(RH) and 20% volume concentration (v/v) of O; in the mixture
of O, and N, at 30 °C for 60 days.
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Figure 1. Dimensionless plots of I-t curves for pyrrole
polymerized on Au substrates in different electrolytes at 0.85
V vs Ag/AgCl, as compared with theoretical models for
nucleation. Solid and hollow triangles represent pure PPy and
the PPy/clay composite, respectively. Curves a and b represent
3D instantaneous and progressive models (dashed lines),
respectively. Curves ¢ and d represent 2D instantaneous and
progressive models (solid lines), respectively.

Results and Discussion

Electropolymerization of Pyrrole with Clay. As
shown in the literature,?”:3% there are two kinds of
nucleation, namely instantaneous and progressive, and
two types of growth, two-dimensional (2D) and three-
dimensional (3D). The number of nuclei in the instan-
taneous nucleation mechanism is constant, and they
grow on their former positions on the bare substrate
surface without the formation of new nuclei. Hence, the
radii of the nuclei are larger and the surface morphology
is rougher. In progressive nucleation, the nuclei not only
grow on their former positions on the bare substrate
surface but also on new nuclei, which form smaller
nuclei particles and the surface morphology is flatter.
The current maximum (im) for the electropolymerization
of pyrrole in different electrolytes obtained from the
chronoamperometric curves are compared and fitted
with the theoretical curves of 2D and 3D nucleation and
growth obtained from those equations derived by Har-
rison and Thirsk3® for current—time relation, as shown
in Figure 1. It is clear that before and after nuclei
overlapping (im), the experimental curves for both pure
PPy and the PPy/clay composite are more or less
consistent with the theoretical curve of the 3D instan-
taneous nucleation, but a positive deviation of i/im, from
the theoretical one is observed for the latter. Generally,
the position of nucleation is favorably located on the
defective surface, like edge or step on a surface, with a
higher surface energy.3¢ Before the electropolymeriza-
tion of the PPy/clay composite, the surface of the Au
substrate is markedly modified because the caprolac-
tam-modified clay powders are easily adsorbed on the
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Figure 2. SEM micrographs of different PPy-based films: (a)
pure PPy; (b) PPy/clay composite.

Au substrate in the emulsion solution. The pyrrole
monomers are readily adsorbed in the positively charged
lamellae and may be further polymerized into oligomers
in the same manner as the polymerization of pyrrole
with FeClz-impregnated clay.?® Also, this emulsion
system containing an aqueous medium can contribute
to the maximization of the affinity between hydrophilic
host (Au substrate) and hydrophobic guest (pyrrole
monomer).2° Thus, it results in more chance to nucleate
and grow, and a correspondingly higher electropolymer-
ization rate was observed for the PPy/clay composite.

The SEM micrographs, as shown in Figure 2, reveal
some interesting morphological differences between
pure PPy and the PPy/clay composite. The film appears
to be more densely packed for the PPy/clay composite.
In contrast, pure PPy film shows a rougher and more
porous surface morphology. As reported in the systems
of PPy/Cu* complex,3” PPy/PEO composite,3® and un-
modified PPy films,3%40 denser and more compact
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morphology would reflect on the enhancement of con-
ductivity stability in the aging behavior of PPy films
exposed to oxygen and water atmosphere. Moreover, an
encouraging phenomenon is that the conductivity of PPy
also can be enhanced, from 26.4 to 322 S cm™1, by the
formation of the PPy/clay composite. As shown in the
literature,*42 the conductivity of the chemically syn-
thesized nanocomposite of polyaniline intercalated into
Nat-MMT was decreased. This was attributed to the
clay layer intercalated by a polyaniline layer inducing
a weak interchain interaction between the polyaniline
chains. Bhattacharya et al.*® reported that PPy powders
can be chemically polymerized in the presence of ul-
trafine ZrO, particles which act as a dispersant for
pyrrole. The PPy powders were subsequent compressed
by pelletization to measure the conductivity. The result
indicated that the conductivity increases due to the
improved coupling strength between the grains. In this
work, the main reason accounting for enhancing the
conductivity is likely that the PPy film is formed on the
surface of the clay powders which act as a nucleus. This
resulting composite becomes more compact, thus, it is
contributive to electron hopping across the molecular
interchains. As to the alternative, contribution to elec-
tron hopping along the polymer chains will be confirmed
later from the XPS and SERS analyses.

Characteristics of the PPy/Clay Composite. The
elemental depth profiles of pure PPy and the PPy/clay
composite demonstrated in Figure 3 reveal that the
thicknesses of films are ca. 9 and 7 um, respectively,
which are estimated from the depth (um) in which the
signal intensity of the Au substrate is at half-maximum
value. The denser and more compact surface of the PPy/
clay composite film, as shown in the SEM imagine, may
be responsible for a thinner layer obtained. As shown
in Figure 3(b), the depth profile of the main element,
Si, in clay, the spatial distribution of clay particles in
the composite is quite uniform.

The XRD analysis of the very-similar patterns in
Figure 4 shows that the incorporation of clay in the PPy
film has no apparent influence on the crystallization of
its growth and the intercalation of PPy into the clay
lamellae is hard observed. The phenomenon of no
intercalation was also reported in the chemical prepara-
tion of polyaniline/clay nanocomposites.*! This is rea-
sonable, because in the presence of clay, the electro-
polymerization of the PPy/clay composite is rapid and
the polymer being deposited on the Au substrate is not
intercalated, but is simply coated on the surface of the
clay particles, as in the inorganic oxide system. A
similar feature was shown in the XRD analysis of the
poly(N-vinylcarbazole) and FeCls-impregnated clay nano-
composite system.19

Figure 5 shows the TGA analyses for pure PPy and
the PPy matrix in the PPy/clay composite. Because of
the thermal stability of the clay, and in order to allow
a better comparison between the analyses of PPy and
clay-PPy films, curve b in this figure demonstrates the
weight change of the PPy matrix in the PPy/clay
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Figure 3. Depth profile of Si in the PPy/clay composite.

composite. This TGA analysis is based on the weight
change of the PPy/clay composite and the weight
percentage of the PPy matrix in this composite, which
can be obtained from a TGA test of the PPy/clay
composite to 800 °C in air, in which the residue is just
the pure clay. The obtained weight percentage of PPy
in the composite is therefore to be 90.5%. As shown in
Figure 5, a serious degradation of pure PPy beginning
at ca. 200 °C is observed, and the weight loss reaches
73.2% at the ending temperature of 800 °C. Encourag-
ingly, for the PPy/clay composite, the obvious degrada-
tion begins at ca. 300 °C and the degradation is
depressed at ca. 450 °C. At the ending temperature of
800 °C, the weight loss of the PPy matrix in the PPy/
clay composite is just 44.0%. Also, the temperatures at
the 10% weight loss for the pure PPy and the PPy/clay
composite are 170 and 296 °C, respectively. Clearly, the
electropolymerized PPy/clay composite becomes more
stable in this study, although Yeh et al.?* reported that
the thermal stability of the chemically synthesized
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Figure 4. XRD patterns of PPy-based films: (a) unmodified
PPy film; (b) PPy film with caprolactam-modified clay.
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Figure 5. TGA curves of caprolactam-modified clay and
different PPy-based films. Experiments were performed in
nitrogen. (a) Clay. (b) PPy matrix in the PPy/clay composite.
(c) Pure PPy.

polyaniline/clay nanocomposite is not expected to be
better than that of unmodified polyaniline.

Figure 6 shows the Raman spectra of pure PPy and
the PPy/clay composite films. As shown in the litera-
ture,*** the peak located at from 1560 to 1630 cm™?
represents the C=C backbone stretching of PPy. This
peak position can be used to evaluate the conjugating
length of polymer chains, which is closely related to the
conductivity of PPy.*6 The results of the peaks positions
of the C=C backbone stretching being 1589 and 1603
cm~1 for pure PPy and the PPy/clay composite, respec-
tively, indicate that the conjugating length of the latter
is shorter than the former, which is contrary to the
corresponding performance in conductivity. Hence, it is

(44) Zhong, C. J.; Tang, Z. Q.; Tian, Z. W. J. Phys. Chem. 1990, 94,
2171.
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Figure 6. Raman spectra of different PPy-based films. Curves

a (upper line) and b (lower line) represent pure PPy and the
PPy/clay composite, respectively.

essential to examine other vibrational modes to explain
their differences in conductivity. As shown in the
previous study,*” the peak shown at the higher fre-
guency of the double peaks at about 1052 and 1083 cm~!
in SERS is assigned to be the C—H in-plane deformation
of oxidized PPy. The conductivity of PPy is strongly
related to, and increases with, this Raman peak inten-
sity of oxidized PPy. Thus, the broader Raman peaks
of PPy appearing in the range of 1000~1150 cm~! shown
in Figure 6 were further deconvoluted into their indi-
vidual reduced and oxidized component peaks which are
located at 1051 and 1080 cm™1, and 1050 and 1082 cm~—!
for pure PPy and the PPy/clay composite, respectively,
as demonstrated in Figure 7. Here we use the oxidation
degree (which is defined as the ratio of the area of
oxidized PPy to that of total component peaks in this
region of C—H in-plane deformation) to quantitatively
relate the corresponding conductivity of PPy. The
calculated oxidation degrees are 0.41 and 0.59 for pure
PPy and the PPy/clay composite, respectively. The
higher oxidation degree demonstrates a positive effect
on more electron holes available which are favorable for
the electron hopping along the polymer chains. This
effect of enhancing conductivity significantly exceeds the
loss in conductivity due to the shorter conjugating
length. Therefore, a higher conductivity of the PPy/clay
composite is observed.

Figure 8 shows the XPS N 1s spectra of as-grown and
aged PPy-based films. Generally, the XPS N 1s spec-
trum of PPy is deconvoluted into four component peaks
with equal specified value of HWHM to the utmost. One
is a larger peak at 399.8 eV, which is assigned to the
amine (—NH-) nitrogen. Another is a smaller peak at
398.0 eV, being attributable to the imine (—N=) nitro-
gen. The others attributed to the positively charged
nitrogen (—N*tH-) species are shown in the higher
binding energy (BE) tail (BE > 401 eV), which can be

(47) Liu, Y. C.; Hwang, B. J. Synth. Met. 2000, 113, 203.
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Figure 7. Raman double peaks of C—H in-plane deformation
of different PPy-based films: (a) pure PPy; (b) PPy/clay
composite.

used to define the oxidation level of PPy.#84% This
oxidation level is calculated from the ratio of the peak
area of NT (BE > 401 eV) to that of the total N 1s shown
in the XPS spectrum. The results indicate that the
oxidation levels are 0.25 and 0.41 for the as-grown pure
PPy and the PPy/clay composite, respectively, which are
reasonable for the corresponding conductivities ob-
tained.5° As shown in Figure 8, the HWHM of the as-
grown PPy/clay composite is significantly higher than
that of the as-grown pure PPy; which may be ascribed
to a special electropolymerization mechanism for pyrrole
polymerized with lamellar clay. Generally, the oxidation
level of as-grown PPy ranges from 0.25 to 0.33.%° The
resulting unusually high oxidation level of 0.41 for PPy
polymerized at lower anodic potential of 0.85 V versus
Ag/AgCI in the caprolactam-modified clay-containing

(48) Kang, E. T.; Neoh, K. G.; Ong, Y. K,; Tan, K. L.; Kan, B. T.
Macromolecules 1991, 24, 2822.

(49) Eaves, J. G.; Kopelove, A. B. Polym. Commun. 1987, 28, 38.

(50) Skotheim, T. A. Handbook of Conducting Polymers; Marcel
Dekker: New York, 1986; Chapter 8, p 275.
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Figure 8. XPS N 1s core-level spectra of as-grown and aged
PPy-based films: (a) pure PPy; (b) PPy/clay composite.
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electrolyte, as compared with the previous studies,37:38
is interesting. Higher oxidation level means more avail-
able electron holes, which are contributive to electrons
hopping along the polymer chains. Thus a correspond-
ingly extremely high conductivity of the PPy/clay com-
posite is obtained.

Aging Test. To evaluate the effect of the incorpora-
tion of clay particles into the PPy matrix on the anti-
aging ability of the resulting composite, pure PPy and
the PPy/clay composite were placed in an atmosphere
of 50% RH and 20% (v/v) O, at 30 °C for 60 days. The
detailed mechanisms of conductivity decay for PPy
exposed to oxygen and water atmospheres were pro-
posed in the previous reports.’”38 After aging, the
increase of N* species comes from the charge-transfer
interactions with oxygen, forming the N—O species.51 53
The presence of N—O bonds, thus, forms a barrier to
electrons hopping along the polymer chains and across
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Figure 9. Variation of the electronic conductivity for PPy-
based films in 50% RH and 20% (v/v) O, at 30 °C for 60 days.
Solid and open triangles represent pure PPy and the PPy/clay
composite, respectively.

the interchains. As a result, the N*/N ratio increases,
ascribed to the N—O species having a detrimental effect
on conductivity. As shown in Figure 8, the N*/N ratios
increase from 0.25 to an extremely high level of 0.67
and from 0.41 to 0.51 for the pure PPy and the PPy/
clay composite, respectively, after aging, which are
consistent with the corresponding decreases in conduc-
tivities from 26.4 to 1.45 S cm~! and from 322 t0 89.2 S
cm~1 for pure PPy and the PPy/clay composite, respec-
tively. This reveals that pure PPy seriously decays, but
the modification of clay particles can depress its aging.
Figure 9 demonstrates the conductivity decay as a
function of aging time. The phenomenon of the increase
in conductivity during the first 24 and 48 h for pure
PPy and the PPy/clay composite, respectively, was also
reported in the previous study of PPy exposed to an
atmosphere of 50% RH.37 This increase in conductivity
during these hours can be ascribed to the solvation of
the incorporated salt. The linear slope of conductivity
decay plot (excepting the first 24 and 48 h for pure PPy
and the PPy/clay composite, respectively) indicates that
the process can be fitted to a first-order reaction kinetic
in 24 to 240 h and in 48 to 264 h for pure PPy and the
PPy/clay composite, respectively, according to

In(o/o,) = —kt 1)

where k is the degradation constant, ¢ and o, are the
conductivities of PPy-based films at time t in aging and
as-grown PPy-based films, respectively. The calculated
degradation rate constants are 12.8 and 5.41 x 103 hr~1
for pure PPy and the PPy/clay composite, respectively.
Moreover, after 60 days of testing, the conductivity
decreases by 94.5% and by 72.3% for pure PPy and the

(51) Cheah, K.; Forsyth, M.; Truong, V. T.; Jacques, C. O. Synth.
Met. 1997, 84, 829.

(52) Hepel, M.; Chen, Y. M.; Stephenson, R. J. Electrochem. Soc.
1996, 143, 498.

(53) Ribo, J. M.; Dicko, A. Polymer 1991, 32, 728.
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PPy/clay composite, respectively. Clearly, the electro-
polymerized PPy/clay composite becomes more stable.

Comparison of Conductivity to Other Works.
Nanodimensional composites of CP with MMT-based
clay are usually chemically prepared by intercalation.
However, some reports revealed that intercalation is
disadvantageous to the conductivity of resulting CP/clay
nanocomposites because the clay layers may interrupt
the effective doping process.234142 As reported by Cho
et al.?® in the study of PPy-coated nanosized novel
ceramics, the high contact conductivity originated from
the enhanced molecular order of polymer chains that
were grown in the nanoscopically confined environment.
All of these results may imply that the clay lamellae
provides an environment for the initial growth of
ordered PPy films. The subsequent growth of PPy is not
intercalated, but is simply coated on the surface of the
clay particles resulting in the PPy/clay composite with
an enhanced conductivity. To prove this postulate, two
other kinds of clays, Nat*-MMT and poly-(vinylpyrroli-
done, CeHgNO)-modified MMT with interlayer spacings
of 7.2 and 24.8 A, respectively, were also used to prepare
the PPy/clay composites. The conductivities of the PPy-
based composites with Na"™-MMT, caprolactam-modified
MMT, and poly-(vinylpyrrolidone)-modified MMT clays
are 634, 322, and 118 S cm™1, respectively, which are
inversely proportional to the corresponding interlayer
spacings of the clays used. Therefore, higher interlayer
spacing of lamellae in clay is advantageous to the
intercalation, but is disadvantageous to the conductiv-
ity, of the resulting PPy/clay composite.

Conclusion

In this study, a PPy/clay composite was successfully
electropolymerized on a gold substrate at 0.85 V versus
Ag/AgCl in the caprolactam-modified MMT clay-con-
taining aqueous solution. Basically, before and after
nuclei overlapping (im), the experimental curves for both
pure PPy and the PPy/clay composite are more or less
consistent with the theoretical curve of the 3D instan-
taneous nucleation, but a positive deviation of i/i,, from
the theoretical one is observed for the latter. The results
indicate that the clay lamellae provide an environment
for the initial growth of ordered PPy films. The subse-
guent growth of PPy is not intercalated, but is simply
coated on the surface of the clay particles. The surface
morphology of the resulted composite is denser and
more compact. The composite demonstrates an ex-
tremely high oxidation level and oxidation degree of 0.41
and 0.59 revealed from the analyses of XPS and SERS,
respectively, which are favorable for electron hopping
along the polymer chains and a correspondingly higher
conductivity performance. Meanwhile, the conductivity
of the composite was significantly enhanced from 26.4
S cm™1 for pure PPy to 322 S cm™1, and it can depress
aging in comparison to pure PPy. The thermal stability
of PPy is also improved, as shown from TGA, due to the
modification of the incorporated clay.
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