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Abstract

New approach of chemical bath deposition combined with drying of freshly polymerized
PANI films in high voltage (HV) static electrical field 0.6 — 2.7 kV/cm has been applied in
present work. AFM and SEM microscopy revealed the significant changes of structure and
morphology of PANI films, however the most important result of HV treatment was the
strong increase of conductivity of PANI films from 88 S/m for the reference sample untreated

in HV field up to 374 S/m for samples dried in the electric field (1.0 kV/cm). The
dependence of PANI conductivity on the intensity of HV field showed the maximum
conductivity for 1.0 kV/cm. Effects of corona discharge observed for HV field intensity
above 2.0 kV/cm on the samples are also presented. Results showed the possibility to change
the nanostructure and morphology using HV electrical field.
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1. Introduction

Polyaniline (PANI) is very interesting conducting polymer offering unusual electrical and
optical properties together with environmental stability and good redox reversibility [1,2].
Taking into account the wide availability and low cost of aniline and its derivatives, PANI is
an ideal candidate in various applications such as electrochromic devices [3,4], light-
emmiting diodes [5], gas and pH sensing [6-9], or corrosion protection [10Hib]film is

very frequently studied form of PANI and various substrates for PANI thin film deposition
can be found in literature: zinc selenide [12], gold [13], polyvinyl chloride [14], quartz [15],
glass and many others. For more information the reader is referred to the review published by
Stejskal et al. [16]. The coating of glass substrate with PANI thin film has been achieved by
various preparation methods [8,9,17-21]. The average conductivity of PANI thin films
polymerized in water and deposited on glass substrate is reported by Stejskal et al. to be 260
+ 70 S/m [22]. Present study shows the possibility to modify conductivity of PANI thin films

by treatment in high-voltage field in the range 0.6 — 2.7 kV/cm. Prepared samples were
compared with reference sample (untreated by high-voltage field) in order to estimate the

influence of this treatment on morphology and optical/electrical properties.

2. Experimental details

2.1. Preparation of PANI thin films

Aniline, sulfuric acid, and ammonium peroxydisulfate were purchased from Lach-Ner, Czech
Republic, and used as received. The glass slides (76 mm x 26 mm x 1 mm) were washed in a
soap solution, rinsed with distilled water, then with ethanol and dried. In order to prevent the
two-sided coating of glass slides with PANI film, one side of the glass slides was covered by
a scotch tape. PANI films on such treated glass slides were prepared using two solutions (0.2
M aniline prepared in 0.5 M sulfuric acid and 0.1 M ammonium peroxydisulfate dissolved in
distilled water) mixed together.

Glass slides attached by clips and hanging on strings were introduced into the beaker before
the polymerization and formation of thin film start. After 20 minutes, glass slides with PANI
film were removed from the beaker and rinsed with 0.2 M hydrochloric acid. Prepared
samples were dried in the DC high-voltage (HV) field. DC voltage source MBS 601 (Tesla
Brno) allowing the regulation of the voltage in the range 0 - 10 kV was S8seéme of the
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apparatus for generating the HV field is shown in Fig. 1. The intensities used were 0.6, 1.0,
1.5, 2.0, 2.7 kV/cm and prepared samples were denoted as P_0.6, P_1.0, P_1.5, P_2.0, and
P_2.7, respectively. Reference sample (denoted as P_0) has been prepared under the same

conditions and let dried out of the field.

Fig. 1. Scheme of the apparatus for generating the high voltage field. Sample (A) is situated between two
adjustable electrodes (B) powered from DC voltage source (C). Intensity value is determined by the applied
voltage and distanagbetween electrodes.

2.2. Samples characterization

The morphology of the surfaces of thin PANI films was studied using atomic force
microscopy and scanning electron microcopy. SolverNEXT (NT-MDT) atomic force
microscope (AFM) equipped with contact probe PPP-CONTR (Nanosensors) was used for
imaging. The images were evaluated using IA P9 software (NT-MDigges from the
measurement on QUANTA 450 FEG (FEI) scanning electron microscope (SEM) were
obtained using a secondary electron detector. Accelerating voltage used was 15 kV.
Conductivity of the samples has been measured by static applied voltage in DC regime using
electrodes made of conductive rubber (Fig. 2). kolig instruments were used: DC
POWER SUPPLY HY 3003 D-2, V-meter UNI-T UT802, pA-meter KEITHLEY 6487. This
special apparatus has been developed in order to eliminate the effect of structural
inhomogeneity on the conductivity of PANI films. The value of DC voltage was 2V. The
measured section (distance between electrodes x width of the glass slide, see Fig. 2) was in
the middle of thin PANI film (length 26 mm). The design of the measuring apparatus
guarantee the same distance between electrodes, i.e. 5 mm (Fig. 2), as well as the perfect fit
of electrodes and surface for all measurements. Contact force between the PANI film and
electrodes was the same for all samples. During and after repeated measurements, there was
no visible damage of the PANI thin films caused by the electric current flowing through the

samples.
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Fig. 2. Experimental apparatus for measuring the DC conductivity of PANI thin films. Sample (dark green) lies
on the plexiglass base with two electrodes (blue) made of conductive rubber. Sizes and distances are provided in
[mm]. Red arrow indicates the direction of HV field during the preparation process.

Smart Raman Microscopy System XploRA(HORIBA Jobin Yvon, France) was used for
study of PANI thin films. Raman spectra were acquired with 532 nm excitation laser source,
with 100x objective and using 1200 gr./mm grating. UV-VIS spectra were registered using
spectrophotometer CINTRA 303 (GBC Scientific Equipment). The optical transmittance was
measured at normal incidence at room temperature in the spectral range of 800-350 nm.

Speed was 1000 nm/min with step size 0.427 nm, slit width was 2.0 nm.
3. Resultsand discussion

3.1. Conductivity

Results of conductivity measurements in dependence on HV field intensity are summarized
in Table 1 and displayed in Fig. 3ais evident that drying in HV field up to 1 kV/cheads

to significant increase of conductivity while further increase of HV field results in decrease
of conductivity until the intensity 2 kV/cm is reached. For HV field intensity above 2 kV/cm

the corona discharge has been observed and the conductivity of P_2.7 sample was found to
be again very high.

Table 1. Main characteristics of all samples are listed in the following order: applied high-voltage field (HV);
average thickness of thin PANI film £3t conductivity 6); the most frequent height (h of PANI
,Stalagmites”; maximum transmittance with corresponding wavelength(X)).

HV dv 9 P Tinax [%0]

sample  (kV/cm) (nm)  (S/m) (nm) A(nm])
P_O 0.0 95 88 112.2 0.82(532)
P_0.6 0.6 90 329 102.4 0.79 (515)
P_1.0 1.0 90 374 80.0 0.82(522)
P_15 15 105 328 95.0 0.83(520)
P_2.0 2.0 90 214 102.2 0.82 (513)
P_27 2.7 90 541 91.3 0.80(519)

4
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Fig. 3. Bar charts showing clearly the dependencies of (a) conductivity and (b) the most frequent height of
PANI “stalagmites” (k) on high-voltage field intensity.

3.2. Morphology changes

As one can see in Fig. 4, HV field influences the surface morphology of dried PANI thin
films. The high ,stalagmites” observed on the surface of the reference sample P_0 are less
frequent for samples dried in HV field. In order to describe the morphology changes
guantitatively, frequency analysis of the PANI ,stalagmites” heights was performed and the

results are shown in Fig. 5.
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Fig. 4. AFM images of samples P_0, P_1.0 and P_2.7 shodiffeeences in morphology of PANI thin films.

Special attention has been paid to the maximumtafdgmites” height distribution ) for
samples treated in different HV field intensity. The dependencg:amHYV field intensity

is on the bar chart in Fig. 3b and thg falues are listed in the Table 1. The “stalagmites”
height decreased in the range 0.0 — 1.0 kV/cm. The minimum “stalagmites” height
corresponds to the highest conductivity (compare Figs. 3a and 3b). For higher HV field
intensity up to 2.0 kV/cm the increase of “stalagmites” height was observed together with
decrease of conductivityit intensity higher than 2.0 kV/cm the corona disgeahas been
observed which resulted wolation of the opposite course of both dependengidV and

hn/HV for intensity 2.7 kV/cm (Figs. 3a and 3b). Taking into account the interrelation
betweeno and hy for lower intensitieshere the ks value is much higher than would be
expected. Therefore, present results suggest that such high intensity can affect the PANI
structure. In order to study the structural changes the Raman spectroscopy was involved and

the spectra for all samples can be found in Fig. 6.
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Fig. 5. Frequency analysis of heights of PANI ,stalagmites"” for all samples.
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At first sight, Raman spectra do not indicate digtichanges of molecular structures. That

means the conductivity really depends mainly on the morphology and microstructure of

PANI thin films as detected by AFM microscogyowever, this conclusion is not valid for

the sample P_2.7 dried at 2.7 kV/cm for which the Raman spectrum exhibits variances in the

range 1480-1650 cin(see Fig. 6). These are characteristic for partially decomposed PANI as

described in [23,24]. As this sample was in fact exposed by corona plasma treatment the

different behaviour is understandable.
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Fig.6. Raman spectra for all prepared samples.

Morphology of the samples was also characterized by SEM microscopy. Comparison of SEM

images in Fig. 7 revealed the pronounced changes of microstructure and surface morphology

in dependence on the HV field intensity. This observation agrees with AFM results. It can be
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concluded that HV field applied during drying led to the finer structure (i.e. smaller

“stalagmites” diameters). One can see that average “stalagmites” diameter for P_2.7 sample

is nearly three times smaller than for reference sample P_O.

r

Fig. 7. SEM images of samples P_0, P_1.0 and P_2.7 show the differences in morphology of PANI thin films.

Optical transmittance in dependence on wavelengthlfsamples is shown in Fig. 8 and the
maximum transmittance values with corresponding wavelengths are listed in Table 1. UV-
VIS spectra follow the trend observed in our previous study, i.e. the lower transmittance the
higher conductivity [25]. However, the range of values is very small and, therefore, the
optical transmittances can be considered nearly the same.
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Fig. 8. UV-VIS spectra for all prepared samples.
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4. Conclusions

Present results showed the chance to control the microstructure, morphology and
conductivity of PANI films using drying wet freshly prepared PANI films in HV field. The

HV field suppressed the growth of “stalagmites” and leads to more flat fine-grained surface
and higher conductivity in the range 0.6-1.0 kV/cm. In general, the lower the ,stalagmites”
height, the higher the conductivity. Further increase of HV field intensity up to 2.0 kV/cm led
to slight increase of “stalagmites” heights and to decrease of conductivity. For the HV field
with higher intensity the corona discharge appeared and samples undergo the plasma
treatment accompanied with changes in polymer nanostructure and significant increase of
conductivity associated, however, with a risk of polymer degradation. The optical
transmittances of samples treated in HV field remain nearly the same as for the reference

sample while the conductivities are significantly higher.
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