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ABSTRACT
Electrochemical polymerization of aniline by a combination of ultrasonic waves and electrolysis of 
water was performed. This method involves three processes: 1) creation of O2 micro bubbles 
produced by electrolysis of water on the anode side, 2) depolarization of the bubbles at the 
electrode surface via mechanical vibration using ultrasonic waves to diffuse ions in the electrolyte 
solution, and 3) progression of direct current (DC) electrochemical polymerization to yield 
a conductive polymer with fine pores on the surface. The diameter of the pores is on the 
micrometer scale and is similar in size to pollens. The combination of the electronic function of 
the conductive polymer and porous polymer surface can be applied as a method to collect 
allergens such as dust and flower pollens. Electrical adsorption and desorption of pollen was 
conducted with the porous polyaniline synthesized using a micro-bubble sonic-electrochemical 
preparation.
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1. Introduction

Polyaniline (PANI) is one of the most promising conduc
tive polymers because it can be prepared in water med
ium without inserting gas during the preparation 
process. PANI can be synthesized by oxidative chemical 
polymerization with oxidizing agents such as ammo
nium persulfate or H2O2 in the presence of an ion cata
lyst and electrochemical polymerization in water 
medium. Chemical polymerization can produce PANI in 
bulk or as a powder [1,2], whereas electrochemical poly
merization allows for the production of an electroactive 
thin film deposited onto an electrode directly [3]. Thin 
PANI films on electrodes are useful for applications, such 
as battery [4], gas sensor [5], and anti-corrosion films [6].

Sonoelectrochemistry is the use of ultrasonic waves 
when conducting an electrochemical process. The combi
nation of ultrasonic waves and electrochemistry can 
enhance the efficiency of a reaction. Ultrasonic waves 
provide an increase in temperature and diffusion of solu
tion by cavitation [7]. Cavitation can adjust diffusion in 
solution and the morphology of products in chemical 
reactions [8]. Furthermore, sonoelectrochemistry offers 
many advantages for chemical reactions [9], reduction of 
electrode fouling [10], and improvement of current effi
ciency [11]. Pollet et al. succeeded in developing a novel 
method for the preparation of polymer electrolyte 

membrane fuel cell (PEMFC) electrodes using sonoelec
trochemistry for the first time. PEMFC electrodes prepared 
by sonoelectrochemical methods perform better in galva
nostatic experiments compared to those prepared with 
silent conditions and conventional methods [12,13]. 
Ganesan et al. synthesized polyaniline nanoparticles (20– 
40 nm) by a sonoelectrochemical method. Ultrasonic 
waves were used for irradiation during the electrochemi
cal polymerization of aniline as a monomer to increase the 
polymerization efficiency. The electrochemical method 
can control the size of the resultant polymer particle by 
regulating the applied potential or current density. 
Moreover, ultrasonic waves can increase the efficiency of 
reactions through the generation of high-temperature 
bubbles by cavitation [14]. Electrochemical synthesis of 
microporous polyaniline films using a combination of 
electrochemical polymerization, sonification, and foam 
template to obtain polyaniline having fine microporous 
structure was developed [14].

We developed micro-bubble sonic-electrochemical 
preparation with sandwiched two-electrode, and appli
cation of ultrasonic from the outside of the reaction 
vessel without use of soaps prior to the present research. 
In the present study, we assembled a new type electro
chemical polymerization reactor consisting of a helical 
electrode and ultrasonic generator in the center of the 

CONTACT Hiromasa Goto gotoh@ims.tsukuba.ac.jp Department of Material Science, Faculty of Pure and Applied Sciences, University of Tsukuba, 
Tsukuba, Ibaraki, Japan

DESIGNED MONOMERS AND POLYMERS            
2021, VOL. 24, NO. 1, 343–350 
https://doi.org/10.1080/15685551.2021.2003557

© 2021 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group.  
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, 
distribution, and reproduction in any medium, provided the original work is properly cited.

http://orcid.org/0000-0003-4276-735X
http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/15685551.2021.2003557&domain=pdf&date_stamp=2021-11-16


reactor for micro-bubble sonic-electrochemical polymer
ization to prepare a porous polymer. Generation of air 
bubble during the electrochemical polymerization is 
carried out by electrolysis of water. Porous structures 
can be prepared to mimic the shape of micro bubbles. 
Pore size can be controlled by the amount and size of 
micro bubbles during the polymerization process by 
tuning the applied voltage. Various methods to produce 
micro bubbles have been studied. Micro bubbles can be 
generated by chemical reactions, injection of air at high 
pressure, and cavitation. Although electrolysis of water is 
convenient as a method to produce micro bubbles, this 
electrolysis can only occur with the application of high 
voltage to electrodes in water medium in the presence 
of a supporting salt. Micro bubbles in water at the anode 
side comprise O2 gas. When electrochemical polymeriza
tion and electrolysis occur simultaneously, polymer is 
deposited on the anode side with a discharge of O2 

bubbles to produce a conductive porous polymer. 
However, O2 bubbles tend to remain at the anode side 
and suppress electrodeposition of polymer. To solve this 
problem, we used the acoustic vibration of ultrasonic 
waves to release and diffuse O2 bubbles from the elec
trode surface during polymerization. This method also 
allows for the sequential progress of electrochemical 
polymerization in a fresh O2 environment. Aniline was 
used as the monomer in the present research.

The porous PANI synthesized with this method can be 
utilized in electrical cleaning systems that trap micro 
particles. Pollen spheres are on the micrometer scale 
with a cationic charge. Therefore, pollens can be cap
tured by porous polymers with an anionic charge 
through mechanical and electrostatic functions. 
Moreover, reversing the current direction can desorb 
pollens out of the polymer surface.

2. Experiment

2.1. Materials

Aniline and iodine were purchased from Fujifilm Wako 
Pure Chemical Industries (Tokyo). Sulfuric acid was 
obtained from Nacalai Tesque (Kyoto). Cryptomeria 

japonica (Japanese cedar, pollen) was obtained from 
the Institute of Tokyo Environmental Allergy (Tokyo). 
All materials were used as received.

2.2. Techniques

Ultrasonic waves were generated by a portable ultrasonic 
cleaner CE-9600 (Blumway, Shenzhen, China). Optical tex
ture observations were conducted using a high-resolution 
polarizing microscope (ECLIPS LV 100, Nikon) with an LU 
Plan Fluor lens and a CFIUW lens (Nikon, Tokyo) with circular 
polarized differential interference contrast microscopy 
(C-DIM) unit. Scanning electron microscopy (SEM) observa
tions were conducted with a JSM-7000 F instrument (JEOL, 
Akishima, Japan). Fourier transform infrared spectra were 
obtained using an FT/IR-4600 spectrometer (JASCO, Tokyo, 
Japan) by the KBr method. Reflection spectroscopy mea
surements were performed on a V670 with an ARMN-735 
(JASCO) instrument. Cyclic voltammetry (CV) measure
ments were obtained by repeated potential cycling using 
an ECO CHEMIE μAUTOLAB TYPE III. Electron spin resonance 
(ESR) measurements of the solid sample, which was packed 
in a 5-mm quartz tube, were performed using a JEOL JES TE- 
200 spectrometer in X-band (Tokyo, Japan).

2.3. Preparation of PANIULTRA

Polyaniline was prepared by micro-bubble sonic- 
electrochemical polymerization. An electric field of 5– 
6 V (DC) was applied across two stainless-steel electro
des in the presence of aniline and sulfuric acid. The 
electrolyte was prepared by dissolving aniline (5.72 g) 
and sulfuric acid (5.30 g) in water (500 mL). Application 
of excess voltage causes electrolysis of water. In general, 
bubbles produced by the electrolysis of water cover 
electrodes, resulting in electrolytic polarization of the 
electrodes. The polarization depressed further progress 
of the electrochemical reaction. Application of the ultra
sonic allows surface of the electrode to avoid this polar
ization. (Scheme 1, Figure 1). Electrochemical 
polymerization was conducted for 4 minutes at room 
temperature to be applied voltage (5 V) under ultrasonic 

Scheme 1. Preparation of polyaniline by micro-bubble sonic-electrochemical polymerization.
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waves. The polymer thus prepared was abbreviated as 
PANIULTRA. The frequency of ultrasonic wave was ca. 
50 kHz.

This polymerization was conducted with a custom- 
made electrochemical polymerization device, as shown 
in Figure 1. The polymerization vessel contained an 
anode and a helical cathode coil in an aqueous aniline/ 
sulfuric acid solution. The electrodes were made of stain
less steel (Figure 1(a)). An ultrasonic generator was 

located at the center of the vessel (Figure 1(b), top 
view). After application of voltage, O2 and H2 gas bubbles 
were generated by the electrolysis of water, and electro
chemical polymerization-deposition occurred on the 
cylinder anode. Aniline was gradually polymerized on 
the electrode. The color gradually changed to green as 
growth of the polyaniline films on the electrode. After 
3 minutes, the entire electrode changed to dark green. 
Polymerization was conducted for a total of 4 min.

Figure 1. An ultrasonic helical coil electrochemical reactor for micro-bubble sonic-electrochemical polymerization: (a) Setup of the 
instrument for micro-bubble sonic-electrochemical polymerization, (b) Top view, (c) Polymerization for 3 min, (d) 4 min. (e) Overview 
of electro-circuit. EL/Mon.: Electrolyte containing monomer.

Figure 2. SEM images of PANIULTRA. (a) Low magnification (×300). (b) High magnification (×1000)).
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3. Results and discussion

3.1. Surface structure

Figure 2 shows the image of SEM for PANIULTRA as pre
pared, with no coating such as Au. The porous structure 
appeared on the PANIULTRA film (Figure 2(a)). The holes 
are randomly placed in the PANIULTRA film. Some have 
multiple holes overlapping. A small circle on the surface 
is shown in Figure 2(b). The diameter of the pore was ca. 
40 µm, which is comparable to that of the pollen.

3.2. Fourier transform infrared spectroscopy and 
reflection spectroscopy

PANI prepared by the electrochemical method shows 
emeraldine salt (ES, doped form). Tang et al. reported 
the IR absorption of pure PANI in detail, and we consid
ered the chemical structure in accordance with their 
results [15]. The ES has both benzenoid (B) and quinonoid 
(Q) structure in the main chain, as shown in Figure 3. The 
entire main chain of PANI comprises a combination of 
quinonoid and benzenoid sequences. Fourier transform 

infrared (FT-IR) spectroscopy measurements for PANIULTRA 

were conducted with the KBr method, and the results are 
displayed in Figure 4(a). Assignments of the transmittance 
signals are summarized in Table 1. Aniline shows the 
several signals derived from NH stretching around 
3300 cm−1. Meanwhile, a signal for NH stretching of the 
aniline unit in the benzenoid structure was observed only 
at approximately 3300 cm–1. Furthermore, stretching 
vibrations of N=Q=N, N–B–N, QBQ and BBB were shown 
at 1589, 1499, 1307 and 1144 cm−1 for PANIULTRA only. 
These are derived from vibrations of the main chain ske
leton. IR measurements confirm that the chemical struc
ture of the resultant polymer is in accordance with the 
fundamental structure of polyanilines prepared by the 
general method.

Reflection spectrum for PANIULTRA was examined. The 
spectrum shape was shown in Figure 4(b). A broad 
reflection was shown at ca. 600 nm as green color 
range reflection, confirming PANIULTRA has green color.

3.3. Cyclic voltammetry (CV)

CV measurements were obtained for PANIULTRA depos
ited on the stainless electrode in 0.1 M H2SO4aq. A Pt 
electrode was used as a counter electrode, and 
a saturated calomel electrode (SCE) electrode was used 
as a reference electrode. Figure 5 displays the CV results 
with a change in scan rate from 10 to 100 mV/s. The 
increase in scan rate increased the current density for 
PANIULTRA due to increased diffusion of ions in the elec
trolyte solution. The CV curve shows two oxidation sig
nals and two reduction signals in the redox cycle. The 
first set of a redox couple (Couple 1; Iox1 and Ired1) is 
associated with a change between leucoemeraldine 
base and oxidized emeraldine. The second set of redox 
current signals (Couple 2; Iox2 and Ired2) is associated with 
a change between emeraldine and pernigraniline 
form [16].Figure 3. Benzenoid and quinonoid units of polyaniline (PANI): 

(a) benzenoid structure and (b) quinonoid structure.

Figure 4. (a) IR spectra. (b) Reflectance spectrum of PANIULTRA.
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Plots of the oxidation peak current (Iox1, Iox2) and the 
reduction peak current (Ired1, Ired2) as a function of the 
square root of the scan rate for Couples 1 and 2 are 
shown in Figures 5(c-d), respectively. The plots of oxidation 
signals (Iox1, Iox2) and reduction signals (Ired1, Ired2) indicate 
that the signal currents increase with scan rate (v: velocity).

3.4. Electron spin resonance (ESR)

Figure 6 shows the results of ESR. PANIULTRA showed the 
signal derived from radicals in the conductive polymer. 
The g value was 2.00393, indicating that nitrogen 

radicals due to charge carrier polarons (radical cations) 
were present. Vapor-phase iodine-doped pollen was also 
measured for ESR. Pollen is known to induce allergic 
reactions when combined with car exhaust comprising 
NOx and SOx, and these materials attract electrons. 
Cryptomeria japonica (Japanese cedar, pollen) was 
doped with iodine. This doped pollen contained oxygen 
radicals (g value = 2.00637). Oxygen radicals may cap
ture pollen electrically by injecting electrons into the 
electrode. The cationic iodine-doped pollen can be 
adsorbed on the PANIULTRA in the emeraldine base (EB) 
state as in a half-doped form.

3.5. Electrical cleaning system

3.5.1. Pollen absorption in water medium
Electrical adsorption and desorption of pollen in water 
medium were conducted (Figure 7). Pollen (2 mg) was 
added to aqueous sulfuric acid (pH = 2). Porous polyani
line deposited on the stainless-steel electrode was set 

Table 1. IR absorption signalsa of PANIULTRA.

Wavenumber (cm−1)

νNH νCH δNH νN=Q=N νN-B-N νQBQ νBBB

aniline 3428 
3352

3036 1620

PANIULTRA 3171 — 1589 1499 1307 1144
aν = stretching vibration, δ = bending vibration.

Figure 5. Cyclic voltammetry (CV) result for PANIULTRA in 0.1 M H2SO4aq vs. saturated calomel electrode (SCE) reference electrode. (a) 
Entire CV curve. (b) Change in molecular structure in the redox. (c) Signal plots as a function of the square root of the scan rate for 
Couple 1. (d) Signal plots as a function of the square root of the scan rate for Couple 2.

Figure 6. Electron spin resonance (ESR) spectra of (a) PANIULTRA and (b) iodine-doped pollen.

DESIGNED MONOMERS AND POLYMERS 347



into a vial filled with H2SO4 aq. A stainless-steel electrode 
with no polyaniline was set into the vial filled with H2SO4 

aq. The distance between the electrodes was ca. 5 mm to 
face each other. First, a DC voltage of 1.5 V for 20 min 
was applied to capture pollen on the cathode side. Next, 
a voltage of 1.5 V for 20 min was applied to desorb 
pollen captured in the first step.

The electrode was observed by C-DIM in each step 
(Figure 8). Figure 8(a) shows electrical absorption of 
pollens. Figure 8(b) displays the pollen desorption after 

reversing the application of voltage. Figure 8(c) shows 
the SEM image of pollen used in this study. The diameter 
is ca. 25 µm.

3.5.2. Pollen absorption in atmosphere
Electric adsorption of pollen particles on PANIULTRA in the 
air was also conducted. Previous study suggested that 
diesel exhaust particles from vehicle and pollen affect 
allergic [17,18]. The pollen having free radical affects 

Figure 7. Electric adsorption of pollen particle onto PANIULTRA with voltages in water medium. We would like to change Figure 7. 
Please find revised Figure 7 and replace it.

Figure 8. C-DIM images of PANIULTRA: (a) Electrical adsorption step and (b) Electrical desorption. (c) SEM image of pollen used in this 
study.
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some allergic symptoms for people. The polyaniline 
modified electrode having pollen capture function may 
contribute to purification of air.

Porous polyaniline deposited on the stainless-steel 
electrode was set polyaniline on top and stainless-steel 
electrode with no polyaniline was set to the face each 
other. The distance between the electrodes was ca. 
5 mm. The outside was covered with transparent acrylic 
case. Pollen was set on the lower electrode. Then, a high 
AC voltage was applied (~20 kV) for about 20 seconds, 
and then the stainless-steel electrode with porous poly
aniline was taken out (Figure 9).

The electrode was observed by the C-DIM. Figure 10 
(a,b) shows the C-DIM image of PANIULTRA with pollens 
on the surface, which is deposited from the air by a high 
voltage electric field. PANIULTRA in the emeraldine base 

(EB) state as in a half-doped form captured cationic 
iodine-doped pollen. Figure 10(c) displays a computer 
graphic image processing to enhance the C-DIM image 
of the surface of PANIULTRA with adsorbed pollen parti
cles. The yellow and red areas in Figure 10(c) are holes 
and pollens, respectively, indicating that the pollens are 
captured by the holes on the porous surface.

4. Conclusion

Porous PANI was prepared by micro-bubble sonic- 
electrochemical polymerization. The process of micro- 
bubble sonic-electrochemical polymerization involves 1) 
generation of the O2 micro-bubble structure, 2) diffusion 
of bubbles on the surface of the electrode by depolariz
ing with the vibration of ultrasonic waves, and 3) 

Figure 9. Schematic diagram of electrical adsorption of pollen particles PANIULTRA with high voltage in the air.

Figure 10. C-DIM image of PANIULTRA: (a) electrical adsorption in the air (low magnification) and (b) electrical desorption (high 
magnification). (c) Computer graphic image processing to enhance the adsorption from a C-DIM image of the surface of PANIULTRA 

with pollen particles.
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electrochemical polymerization and deposition onto the 
electrode to form an electroactive polymer film with 
micrometer-sized pores on the surface. Thus, the PANI 
electrode was obtained with pores on the micrometer 
scale.

Porous PANI electrodes show reversible redox activ
ity. Electrical adsorption and desorption of pollens were 
successful. Therefore, cleaning systems utilizing this 
method may capture not only pollens but also pollens 
with oxygen radicals.
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