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ABSTRACT: Polyaniline (PANI) films doped with hydro-
chloric acid have been electrochemically deposited on mir-
rorlike platinum electrode surfaces by a cyclic voltammo-
gram method. The Raman spectra of doped PANI films were
investigated by excitation with a 633- or 785-nm laser beam.
It was found that the overall features of the Raman spectra
depend strongly on the film thickness, due mainly to that the

doping level of PANI film increases during the film-growth
process. X-ray photoelectron spectroscopic (XPS) analysis
and ultraviolet (UV)-visible absorption spectrum results also
confirmed this finding. © 2004 Wiley Periodicals, Inc. J Appl
Polym Sci 92: 171-177, 2004
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INTRODUCTION

Polyaniline (PANI) is one of the most important con-
ducting polymers, due to its potential applications in
secondary batteries, electrochromic displays, and non-
linear microelectronic devices.'™ It has always consid-
ered to be an unusual class of a conducting polymer,
because it differs from other conducting polymers by
incorporation of a nitrogen atom between phenyl
rings. Usually, PANI films can be obtained by electro-
chemical synthesis, while powders are produced by
chemical polymerization. However, many characteris-
tics of PANI depend strongly on synthesis techniques
and experimental conditions.

Raman spectroscopy has been proved to be a useful
method for studying the structure, especially the dop-
ing and dedoping process, of conducting polymers.
Using Raman spectroscopy and other techniques, our
previous research discovered that the doping level of
many conducting polymer films, including polythio-
phene®” and polypyrrole,® increases during the film-
growth process. In this article, we report on a similar
phenomenon on PANI films electrochemically depos-
ited on a smooth platinum electrode. X-ray photoelec-
tron spectroscopic (XPS) analysis and ultraviolet (UV)-
visible absorption spectral results also confirmed this
finding.
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EXPERIMENTAL

Aniline was purchased from the Beijing Changping
Shiying Chemical Engineering Plant of China (Beijing,
China) and used after purification. The purification
steps were as follows: First, it was distilled at 182°C
and then refluxed with iron powder for 1 h. Finally, it
was distilled decompressly under a nitrogen environ-
ment after drying by sodium hydroxide for 12 h.”
Electrochemical syntheses and examinations were
performed in a one-compartment cell using a Model
283 potentiostat—galvanostat (EG&G Princeton Ap-
plied Research) under computer control. The working
and counter electrodes were platinum sheets with a
surface area of 0.5 cm” each and placed 0.5 cm apart. In
the UV-visible absorption spectroscopic examinations,
the working electrode was replaced by an indium tin
oxide (ITO)-coated glass sheet. The surfaces of the
electrodes were shiny and flat and cleaned ultrasoni-
cally after each synthesis. All potentials were referred
to a saturated calomel electrode (SCE) immersed in the
solution. The electrolyte solution was an aqueous so-
lution of 1 mol L' HCl + 0.5 mol L™! aniline. All
solutions were deaerated by a dry nitrogen stream and
maintained under a slight nitrogen overpressure dur-
ing the experiments. PANI doped with HCl was de-
posited uniformly on the working electrode surfaces
voltammetrically in the potential scale between —0.2
and +0.75 V (versus SCE) with scan rate of 0.02 Vs .
Raman spectra were carried out using an RM 2000
microscopic confocal Raman spectrometer (Renishaw
PLC, England) employing a 633- or 785-nm laser beam
and a CCD detector with a 4-cm™' resolution. The
PANI films coated on the electrode surfaces were
washed with deionized water for several times to
remove the electrolyte and monomer and finally air-
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Figure 1 Excited Raman spectra, 785 nm, of PANI films deposited on Pt electrodes prepared by voltammetic scanning for
different cycles in the potential scale between —0.2 and +0.75V (versus SCE) at a potential scan rate of 0.02 V s~ ': (A) 30
cycles; (B) 50 cycles; (C) 80 cycles; (D) 100 cycles; (E) 120 cycles.

dried for several minutes before Raman characteriza-
tions. To avoid SERS effects, the electrodes with shiny
and slick surfaces were used. Scanning electron micro-
graph (SEM) pictures indicated that they had smooth
and regular surface morphologies. The spectra were
recorded by focusing a 1-2 um laser spot on the sur-
face of the polymer films using a 20X objective and
accumulated for three times and 30 s each. The power
was always kept very low (~0.1 mW) to avoid de-
struction of the samples. Some complex Raman peaks
are divided into component Lorentzian or Gauss
peaks with proper background subtraction using “au-
tomatic fitting” programs provided by the Raman
spectrometer.

SEMs were taken using a KYKY 2800 electron mi-
crographer (Scientific Instrumental Plant of Chinese
Academy of Science), and the thickness of the PANI
films was read from the SEM graphs. XPS examina-
tions were performed by the use of an AEM PHI5300
spectrometer of the PE Co. UV-visible absorption
spectroscopic examinations were carried out on an
Ultra-spec 4000 spectrometer of the Bio-tech Co.

RESULTS AND DISCUSSION

The 785- and 633-nm laser-excited Raman spectra of
PANI films with different thicknesses are shown in
Figures 1 and 2. These spectra were recorded by focus

on the laser spots on the surfaces of as-grown PANI
films. These films were obtained by scan voltammetri-
cally for different cycles. The spectrum recorded at
higher cycles reflects the spectral information of the
thicker film. As we can see from the two figures, the
Raman spectroscopic features of PANI depend
strongly on the wavelength of the laser beam used for
excitation. The Raman bands in the fingerprint region
(<1000 cm ™) are fairly low in the spectra obtained by
excitation with the 633-nm laser beam. This indicates
that the 785-nm laser beam is a more suitable laser to
study the doping level of PANL As has been reported
in many previous articles, the enhancement of Raman
modes is directly correlated to the UV-vis absorption.
The absorbance of undoped PANI exhibits a very
strong visible absorption band with a maximum lo-
cated at about 630 nm, which was related to the quin-
iod structure of PANL'® However, the doped species
only show a very weak absorption in this region.
Therefore, when excited at 633 nm, the resonance ef-
fect selectively enhances the Raman bands associated
with the quiniod structure. However, the polarons of
doped PANI films have a broad electronic absorption
band with a maximum about 950 nm."" In this region,
the undoped species show a very weak absorption.
The wavelength of the 785-nm laser beam is nearly in
the middle between 630 and 950 nm. Neither the un-
doped nor the doped species show strong absorption
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Figure 2 Excited Raman spectra, 633 nm, of PANI films deposited on Pt electrodes prepared by voltammetic scanning for
different cycles in the potential scale between —0.2 and +0.75 V (versus SCE) at a potential scan rate of 0.02 V s™': (A) 30
cycles; (B) 50 cycles; (C) 80 cycles; (D) 100 cycles; (E) 120 cycles.

at this point. Therefore, the selective enhancement of
the Raman bands related to the undoped or doped
species can be greatly avoided. As a result, 785-nm
laser-excited Raman spectra can give the structural
information of undoped and doped species simulta-
neously. Moreover, it can be seen from the two figures
that the features of the Raman spectra change dramat-
ically with an increasing thickness of the PANI films.
These variations also can be observed in Figure 3,
which presents the changes of Raman spectra with the
film thickness more distinctly.

Figure 3 shows 785-nm laser-excited Raman spectra
of PANI film at different sampling depths using the
microscopic confocal technique. The PANI film is ob-
tained after a scan voltammetrically for 120 rounds
under the experimental conditions mentioned above.
The thickness of the sample is about 22 um, measured
by SEM graphs. The spectrum recorded at a higher
laser confocal depth reflected the spectral information
of the thinner film. The assighments of the Raman
bands are listed in Table 1.'*7'®

As can be seen from Figure 3, the overall features of
the Raman spectra change dramatically with an in-
creasing thickness of the PANI film, that is, the de-
crease of the laser confocal depth. Based on band
separation (Fig. 4), the relative intensity of a single
band can be read out. Accordingly, all the Raman
bands associated with phenyl units are increased,

while the bands related to quiniod units are decreased
with increase of the film thickness. Moreover, the Ra-
man bands of the semiquiniod cation increase gradu-
ally. The increased Raman bands of phenyl units are
listed as follows: C—C stretching peak about 1610
cm ™', C—C stretching peak about 1550 cm ™', C—N
stretching peak about 1260 cm !, C—H bending peak
about 1185 cm ™' in-plane ring deformation peak about
874 cm™!, out-plane ring deformation peak about
710 cm ™', in-plane amine deformation peak about 588
cm™', and in-plane ring deformation peak about
394 cm™'. The decreased Raman bands of quiniod
units include the following: C=C stretching peak
about 1590 cm™' C=N stretching peak about 1490

cm™ ', in-plane ring deformation peak about 1235

cm ™', in-plane ring deformation peak about 829 cm ™",
and imine deformation peak about 740 cm™'. The
variation tendencies of these peaks are listed in Table
II. The Raman spectra results described above demon-
strate that the doping level of PANI films increases
with film thickening, because the quiniod structure
converts to a semiquiniod structure during the doping
process.

On the other hand, the Raman band centered about
811 cm ™}, assigned to the out-plane C—H deforma-
tion of the quiniod structure, increases when the film
becomes thicker. This is because that, with the increas-
ing of the film thickness, the film becomes rougher
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Figure 3 Laser-excited Raman spectra, 785 nm, of a PANI film deposited on Pt electrodes at different confocal depths using
the microscopic confocal technique: (A) 20 um; (B) 16 um; (C) 12 um; (D) 8 um; (E) 4 um; (F) 0 pum.

TABLE I
Band Assignments of the Raman Spectra of PANI Film

Wavenumber (cm ™)

Assignments

~1638
1610-1600
1590-1575
1550-1530
1510-1500
1490-1480
1340-1330
1260-1250
1235-1225
1200-1185
1175-1165
~1121
~874
~829
~811
~740
~710
~679
~640
~588
~556
~513
~411
~394

Cyclized structure containing
nitrogen formed by crosslinking

BRZFOZ
=

5030w
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C—C stretching
C==C stretching
C—C stretching

—H bending

C=N stretching

C—N™" stretching

C—N stretching

In-plane ring deformation
In-plane C-H bending
In-plane C-H bending

-plane C—H bending

In-plane ring deformation
In-plane ring deformation
Out-plane C—H deformation
Imine deformation
Out-plane ring deformation
Out-plane ring deformation
In-plane ring deformation
In-plane amine deformation
In-plane ring deformation

ut-plane C—N—C torsion

Out-plane C-H wag
In-plane ring deformation

and the free volume of the polymer chain in the film
increases, which leads to a relative out-plane vibration
increase. This point was also confirmed by SEM.

Moreover, the Raman bands, centered about 1635
cm ™!, are also enhanced greatly with increase of the
film thickness. This band is assigned to the cyclized
structure containing nitrogen formed by the crosslink-
ing of doped PANL" and the increase of this band
indicated that the crosslinking degree increases when
the film becomes thicker.

An interesting Raman band is found about 1380
cm ™!, which was not identified clearly in previous
publications.’ ! This band decreases with increase of
the PANI film thickness. Our experimental results
indicate that this band disappears at a very high dop-
ing level. This phenomenon is identical with that of
Cochet et al., who found that this band is observed only
for PANI film with an intermediate doping level."?

The doping level increase of the PANI film during
its electrochemical growth process also can be con-
firmed by XPS analysis. Usually, the doping level
variation tendency of PANI can be demonstrated by
the change of the atom number ratio of chlorine to
nitrogen (CI/N) or six times of that of chlorine to
carbon (6Cl1/C; six chlorine atoms correspond to one
carbon atom in PANI doped with HCl).** However,
the deviation of the nitrogen content resulting from
nitrogen in the atmosphere cannot be neglected in the
course of the sample analysis, even under a vacuum
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Figure 4 Typical sketch maps of Raman band separation.

condition. Moreover, nitrogen absorption may have
occurred on the surface of the sample. Therefore, we
chose a 6Cl/C ratio variation to indicate the doping
level change of the PANI films. Table III lists the
results of the 6C1/C ratios of the PANI films. It can be

TABLE 1I
Relative Raman Band Intensities Derived from the
Raman Spectra of a PANI Sample Recorded
at Different Confocal Depths

Confocal depths (um)

Intensities 0 4 8 12 16 20
Liszs/ Lieos 0.013 0.045 0.10 0.17 0.40 0.43
Liuso/ sz ~0.0 0.031 0.20 0.50 0.99 1.0
L340/ L1260 2.8 29 2.7 3.2 4.0 5.0
L1235/ 11260 0.14 0.25 0.29 0.79 1.8 2.0
L1795/ Iiago 3.2 3.5 4.4 6.1 13 19
Igro/Ig74 0.36 0.57 0.34 0.79 1.2 1.6
g0/ Isgg 0.26 0.38 0.65 1.2 5.2 49
L1/ 1504 1.0 1.2 1.6 1.8 3.0 3.8

seen from the table that the 6Cl/C ratios increase
gradually with an increasing thickness of the PANI
film, that is, the doping level of PANI film increases
with the film thickness. It should be noted that XPS
can provide only semiquantitative information of the
components in the sample due to lack of a criterion.
Therefore, the 6Cl/C ratios can only be used to esti-
mate the doping level of PANI samples.

The doping process of PANI leads to a change of the
UV-visible (UV) absorption spectrum. Therefore, the
change of doping levels of PANI films can also be

TABLE III
Doping Level of PANI Film Indicated by 6Cl/C Ratios
in Terms of PANI Film Grown Voltammetrically
for Different Cycles

CV cycle number 6Cl1/C ratio (%)

50 10.7
100 14.2
120 20.4
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Figure 5 UV absorption of PANI film with different thick-
nesses deposited on ITO glass electrodes: (A) about 3.5 um;
(B) about 4.5 um; (C) about 7.0 um.

indicated by their UV absorption spectra. The typical
UV absorption spectrum of PANI doped with HCl at
different levels exhibits three absorption bands at the
300-1000 region, which is located about 325, 630, and
950 nm.""* The absorptions at 325 and 630 nm are
related to the excitation of benzene united and the
quinoid ring, respectively, while the 950-nm band is
attributed to the polarons which form by the doping of
PANI. Previous research showed that, with increase of
the doping level, the absorption at 630 nm decreases
while that of the 950-nm bands increases. Figure 5
shows the UV absorption of PANI film with different
thicknesses grown on ITO glass electrodes. The thick-
ness of the polymer films was controlled by the elec-
tropolymerization time and were measured to be
about 3.5 (A), 4.5 (B), and 7.0um (C). It can be seen
from Figure 5 that, with increase of the polymer film
thickness, the absorption at 630 nm decreases gradu-
ally while that at 950 nm (limited to 900 nm) increases,
although UV absorbance only gives the average infor-
mation of doped PANI. These results indicate that the
doping level of PANI increases with increase of the
film thickness.

Why does the doping level of a compact PANI film
increase during its electrochemical growth process?
Our previous research demonstrated that the doping
of a conducting polymer is a successive step of poly-
mer formation and the film growth is a step faster
than that of film doping. At the beginning, a smooth
and compact PANI film was formed on the electrode
surface through a two-dimensional growth pro-
cess.”* Therefore, it is difficult for the counterions
(here is C17) accompanied by solvent molecules in
the electrolyte to insert into the film because of a
lack of free volume in the film. This leads to the
formation of lowly doped PANI. After the initial
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stage, the PANI deposition was gradually governed
by three-dimensional nucleation under a charge-
control mechanism.** The film becomes rougher and
more porous as the film grows thicker. As a result,
the diffusion of counterions into the film becomes
easier and easier and the doping level of the film
increases. The morphology variation of PANI dur-
ing the growth process is shown in Figure 6. Similar
phenomena have been observed on polypyrrole and
polythiophene films electrochemically deposited
from acetonitrile or boron trifluoride diethyl ether-
ate (BFEE) solutions.

B

Figure 6 SEMs of PANI films deposited on Pt electrodes
with different growth cycles in the potential scale between
—0.2 and +0.75V (versus SCE) at a potential scan rate of 0.02
Vs (A) 30 cycles; (B) 80 cycles; (C) 120 cycles.
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CONCLUSIONS

The doping level of electrochemically deposited PANI
films increases with increase of the film thickness. This
finding was confirmed using Raman, XPS, and UV-
visible spectroscopies. During the electrochemical po-
lymerization process, a smooth and compact PANI
film was formed on the electrode initially. Thus, the
counterions cannot diffuse into the film and lead to a
lowly doped film. The morphology of the polymer
film becomes more porous and irregular as the film
thickens. This results in easier ion diffusion and higher
doping levels of the films.

This work was supported by the National Natural Science
Foundation of China (Grant Numbers 50133010, 20374034,
and 50225311).
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