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초록: 본 연구에서는 pH 센서의 우수한 전기화학적 성능을 위하여 1차원적 나노필라 어레이를 가진 유연한 폴리아              

닐린 필름 전극을 개발하였다. 소프트 리소그래피 방법을 사용하여 정밀하게 배열된 나노필라 어레이 기판을 제조             

하였다. 높은 전기적 전도성을 위해 스퍼터링 공정을 통한 나노필라 표면에 금을 증착시켰다. 이후, 금 나노필라 어               

레이 필름에 아닐린 단량체를 전기화학적으로 중합을 시켰다.  순환 전압전류법을 통한 폴리아닐린의 전기 증착은            

주사 속도 및 순환 횟수를 조절함으로써 체계적으로 연구되었다. 상기 최적화 실험을 통하여 정밀하게 배열된 폴리              

아닐린 나노필라 어레이 전극을 제조하였다. 제작된 전극은 민감도, 반복성, 선택성, 내구성을 포함하여 우수한 전기             

화학적 센서 성능을 나타내었다. 또한, 기계적으로 구부러진 상태에서 전극의 센서 성능이 유지됨을 확인하였다.

Abstract: We developed a flexible polyaniline film with a one-dimensional nanopillar array to achieve high elec-

trochemical performance of a pH sensor. Soft lithography was used to prepare a highly ordered nanopillar array substrate. 

Gold was deposited on the nanopillar surface using a sputtering process to provide high electrical conductivity. Elec-

tropolymerization of aniline monomers was next performed on the gold nanopillar arrays. The electrodeposition of poly-

aniline was systematically investigated by controlling the scan rate and cycle number using a cyclic voltammetry 

technique. Highly ordered nanopillar arrays of polyaniline films were obtained under optimized conditions. The as-

obtained electrode exhibited excellent electrochemical sensing performance, including sensitivity, repeatability, selec-

tivity, and long-term stability. In addition, the sensing performance of the electrode was maintained even under a mechan-

ically bent state. 

Keywords: polyaniline, nanopillar, electrochemistry, pH sensor, electropolymerization.

Introduction

For good health, the pH level in the human body is tightly 

maintained by the primary mechanisms of a buffer system, 

respiratory system, and renal control.1 The pH of the blood is 

in a range of 7.34-7.45, but the pH of the human body is dif-

ferent. For example, natural human skin is mildly acidic (pH 

4.7-5.75). The oral cavity has a pH of 6.8-7.5, whereas the pH 

of the stomach cavity is in the range of 1.5-2.0.2 Minor alter-

ations in these ranges have severe implications. Thus, vari-

ations in pH are indicative of physiological problems such as 

ischemia, atherosclerotic plaque development, inflammation, 

and tumor growth. In particular, in the rapidly growing cos-

metic industry, pH maintenance plays a major role in skin con-

ditions. The acidic environment of the skin mantle provides a 

protective layer that inhibits bacterial growth and facilitates 

wound healing. The imbalance of pH in the skin (e.g., alkaline 

range) leads to dry and hypersensitive skin, making it sus-

ceptible to infections and diseases (e.g., atopic dermatitis).3

Electrochemical potentiometry has been widely used in the 

detection of hydronium ions in solutions because of its simple 

operation, low cost, efficient maintenance, and reliable sensing 
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performance.4-6 The pH of solutions is measured by the dif-

ference in the electromotive force between the working and 

reference electrodes based on the Nernstian equation.5-10 A 

commercially available pH meter combined with a glass body 

can accurately measure the pH in various solution samples 

with a wide measuring range of pH 0-14 and a temperature 

range of 0-100 oC.11 However, this type of pH meter is too 

bulky and brittle, making it unsuitable for wearable human 

body sensors. Flexible polyaniline films have attracted con-

siderable attention as potential pH sensing materials. Simple 

and efficient electropolymerization of aniline monomers enables 

the deposition of polyaniline on gold or carbon-based elec-

trodes. The protonation and deprotonation of the polyaniline 

chains between emeraldine salt and emeraldine base forms 

induce pH-sensitive behavior in acidic or alkaline media.12,13

The resultant polyaniline electrodes are lightweight and flex-

ible and are thus suitable for wearable pH sensors on the 

human body. Considering the small sample volumes and 

curved surfaces of the human body, pH sensors should be more 

flexible and miniaturized to achieve high sensing perfor-

mance.14

Herein, we developed a method for preparing polyaniline-

deposited nanopillar array electrodes for high-performance pH 

sensors. Soft lithography was used to fabricate a highly flex-

ible nanopillar array of a polymer film. After gold (Au) was 

deposited onto the nanopillar using the sputtering process, 

electropolymerization of aniline monomers was performed on 

the Au nanopillar arrays. Our previous report described that the 

electrodeposited polyaniline electrode based on one-dimen-

sional array resulted in a high sensitivity for pH detection.15

However, this sensor suffered from reliability and repeatability, 

which are very important factors for the applications of pH 

sensors. In this work, the electropolymerization method and 

sensing performances were systematically optimized by con-

trolled cyclic voltammetry technique. The as-obtained poly-

aniline nanopillar array (PNA) electrode exhibited excellent 

electrochemical sensing performance, including sensitivity, 

reliability, repeatability, selectivity, and long-term stability. 

Experimental

Reagents and Materials. Aniline, sodium chloride, potas-      

sium chloride, calcium chloride, sulfuric acid, and polyure-

thane were obtained from Sigma-Aldrich (USA). Norland 

Optical Adhesive 63 (NOA63) was obtained from Norland 

Products, Inc., USA.

Fabrication of PNA Electrode. Before the PNA electrodes     

were prepared, Au-coated nanopillar array (ANA) films were 

fabricated by photo- and soft lithography according to the 

previously reported methods.16-18 A polymeric nanopillar film 

was prepared by spin-coating a mixture of polyurethane and 

NOA 63 onto a silicone nanohole master mold. Following UV-

assisted polymerization and curing, the polymer films were 

peeled off the mold. The as-obtained polymeric nanopillar film 

was coated with a gold layer using a sputtering process. The 

ANA films exhibited diameters of 500 nm and heights of 1.25 

μm. The PNA electrodes were prepared through electrochemical

polymerization of aniline monomers onto the surface of the 

ANA films. The polyaniline was electrochemically deposited 

on the ANA film using the cyclic voltammetry technique with 

a controlled number of scans (30 and 50 cycles) and scan rates 

(50 and 100 mV/s) at a potential of 0.2 to +0.8 V. A three-

electrode system was set up with an Ag/AgCl reference and Pt 

wire counter electrodes. A 0.5 M aniline monomer dissolved in 

1 M H2SO4 was used as an electrolyte.

Characterization. Scanning electron microscopy (SEM)    

images were obtained using a field-emission scanning electron 

microscope (JSM-6701F, JEOL, Ltd., Japan). Fourier-trans-

form infrared (FTIR) spectra were collected using a JASCO 

FTIR 4600 spectrometer (Japan). Each spectrum was recorded 

from 3000 to 500 cm-1. Electrochemical characterization was 

performed using a CHI 760E instrument (CH Instruments, 

Inc., USA). The pH sensing performances of the PNA elec-

trodes was investigated using a potentiometric technique. The 

electromotive force (EMF) signals between the PNA and Ag/

AgCl electrodes were measured at pH values of 4-10. Note 

that the use of different electrodes (i.e., PNA and Ag/AgCl) in 

electrochemical characterization affects EMF responses.

Results and Discussion

One-dimensional polyaniline-structured arrays of PNA elec-

trodes were prepared by electropolymerization of aniline 

monomers onto ANA films (Figure 1(a)). The Au substrate 

was fabricated using a combination of soft lithography and 

support processes. The polyaniline sensing materials were 

electrochemically synthesized on the ANA film by cyclic vol-

tammetry with a controlled number of scans (30 and 50 cycles) 

and scan rates (50 and 100 mV/s) at a potential of 0.2 to +0.8 

V under a 3-electrode cell (Figure 1(b)). As the CV scan 

increased, aniline monomers were gradually deposited on the 

ANA surface through oxidation and reduction reactions. These 
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prominent redox peaks indicated the successful synthesis of 

polyaniline films. To investigate the effect of the scan rate and 

number of cycles on the electrochemical performance of the 

PNA electrodes, the electrode samples were prepared based on 

the scan cycles of 30 and 50 cycles (fixed at a scan rate of 50 

mV/s) and a scan rate of 100 mV/s (fixed at a scan cycle of 

50). The resulting three polyaniline electrodes were labeled as 

30c-PNA, 50c-PNA, and 100m-PNA electrodes, respectively. 

Figure 1(c-e) shows typical SEM images of PNA films with a 

highly arranged one-dimensional morphology. Following elec-

trodeposition of polyaniline, the 30c-PNA electrode exhibited 

a thin and uniform polyaniline film with ordered nanopillar 

structures (Figure 1(c)). As the number of scan cycles 

increased, a thick film of polyaniline was deposited onto the 

nanopillar array (SEM image of Figure 1(d) for 50c-PNA). 

The increase in scan rate and number of cycles resulted in the 

undesirable deposition of polyaniline covering the nanopillar 

structure in the 100m-PNA electrode (Figure 1(e)).

Figure 2 shows the FTIR spectra of ANA (based on poly- 

urethane) and PNA films. Compared to the bare polyurethane-

based ANA film, the PNA film exhibited prominent peaks at 

1563, 1450, 1281, 1125, 1025, and 718 cm-1, which were 

assigned to C=C stretching in the quinoid ring, C=C stretching 

in the benzenoid ring, C-N stretching in the benzenoid ring, C-

N stretching in the quinoid ring, and C-H out-of-plane bend-

ing, respectively.19 Based on these bands, the synthesized poly- 

aniline had an emeraldine salt structure (inset of Figure 2). 

This result indicated that electropolymerization using cyclic 

voltammetry induced polymerization of aniline monomers 

onto the Au surface.

The pH sensing performances of the PNA electrodes were 

evaluated by measuring the potentiometric EMF responses of 

the electrodes immersed in a pH range of 4-10. A commercial 

Ag/AgCl electrode was used as a reference electrode. Figure 

3(a) shows the cascade EMF responses of the PNA electrodes 

with increasing pH. The stable EMF values obtained for the 

30c-PNA, 50c-PNA, and 100m-PNA electrodes were cali-

brated as a function of pH, as shown in Figure 3(b). Detailed 

Figure 1. (a) Scheme of preparation of an PNA electrode using the electrochemical deposition method; (b) CV curves of aniline monomers 

dissolved in 1 M H2SO4. SEM images of (c) 30c-PNA; (d) 50c-PNA; (e) 100m-PNA.

Figure 2. FTIR spectra of ANA and 50c-PNA electrodes. 
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EMF and sensitivity values for the different PNA electrodes 

are listed in Table 1. The 30c-PNA electrode exhibited a low 

sensitivity of 47.8 mV/pH with a poor coefficient of deter-

mination (R2=0.969). This is attributed to the inferior coating 

of polyaniline on nanopillar arrays. By contrast, the 50c-PNA 

electrode had an ideal Nernstian sensitivity of 56.0 mV/pH 

with high R2=0.999. With an increasing scan rate of 100 mV/

s, 100m-PNA exhibited a sensitivity of 54.2 mV/pH and R2= 

0.999. The decreased sensitivity value of 100m-PNA com-

pared to the 50c-PNA is attributed to the thick polyaniline 

layer and reduced surface area of 100m-PNA. Based on these 

results, for the 50c-PNA electrode, the optimal electropoly-

merization condition between the scan cycle and rate was 50 

cycles of cyclic voltammetry at a scan rate of 50 mV/s.

The 50c-PNA electrode was tested to investigate its repro-

ducibility, response time, repeatability, selectivity, and long-

term stability. Five samples of 50c-PNA were tested with 

results showing an average sensitivity of 54.8 mV/pH with a 

small standard deviation of 0.0004 (Figure 4(a)). The response 

time of 50c-PNA was tested by measuring the EMF signals at 

pH values in a range of 4 to 8 (Figure 4(b)). The response time 

of 10 s received a higher evaluation, indicating a fast sensing 

response for the pH sensors. Figure 4(c) shows the pH titration 

cycles of the 50c-PNA electrode at pH values of 4, 6, 8, and 

10. Following the titration cycles, the EMF signals were suc-

cessfully recovered to their initial values, indicating good 

repeatability of the 50c-PNA electrode. In general, the pH sen-

sor should accurately and selectively measure the pH levels in 

the presence of interfering ions. The selective ability of the 

50c-PNA electrode was evaluated by measuring the EMF 

responses of 50c-PNA by adding interfering ions of NaCl, 

KCl, and CaCl2 (0.1 M) in a pH 4 buffer solution (Figure 5(a)). 

After other ions were added, the 50c-PNA electrode did not 

affect the electrochemical sensing performance. The 50c-PNA 

Figure 3. (a) EMF responses; (b) calibration curves of 30c-PNA, 50-cPNA, and 100m-PNA electrodes for pH values increasing from 4.0 to 

10.0. 

Table 1. EMF, Eo, and Sensitivity Values of PNA Electrodes 

Measured at Different pH Solutions

Sample
pH4 
(mV)

pH6 
(mV)

pH8 
(mV)

pH10 
(mV)

Eo

(mV)
Sensitivity
(mV/pH)

30c-PNA 96.3 29.6 -73.9 -207.4 280.7 -47.8

50c-PNA 213.0 98.5 -12.9 -123.2 435.9 -56.0

100m-PNA 218.6 104.1 -5.2 -106.2 432.2 -54.2

Figure 4. (a) pH calibration curves of 50-cPNA electrodes (N=5) measured with pH values increasing from 4.0 to 10.0; (b) response time 

and repeatability of the 50-cPNA electrode. 
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electrode responded spontaneously with a pH buffer solution 

of decreasing pH from 4 to 2. Finally, the sensing stability of 

the 50c-PNA was tested by measuring the change in the EMF 

signals over a long period of 10 h. The 50c-PNA electrode 

exhibited a small change in the EMF signal (0.049 mV/h), 

indicating good long-term stability. 

In general, the 50c-PNA electrode should be simultaneously 

sensitive and flexible for application as a pH sensor in wear-

able devices. The electromechanical properties of the 50c-PNA 

film were investigated by measuring the resistance change in a 

range of bending angles of 0-180o (Figure 6(a)). The 50c-PNA 

film exhibited small resistance variations of 1.04, 1.04, and 

1.06 for 0, 90, and 180o, respectively. The change in the sens-

ing performance of the 50c-PNA electrode was investigated by 

evaluating the sensitivity of the 50c-PNA electrode under dif-

ferent mechanical deformations of normal and bent states (Fig-

ure 6(b)). The 50c-PNA electrode exhibited nearly overlapping 

EMF responses under different mechanical states. The sen-

sitivities of the 50c-PNA electrode were evaluated as 51.1 and 

51.2 mV/pH under normal and bent states, respectively. The 

variation in sensitivity under both mechanical states of the 50c-

PNA electrode was 0.11. 

Conclusions

We developed a highly flexible polyaniline electrode based 

on a conductive nanopillar array film for use in high-per-

formance pH sensors. The polyaniline sensing materials were 

electrochemically deposited onto the surfaces of the nano-

pillars with a uniform and conformal coating. The electro-

chemical sensing performance of the as-obtained PNA 

electrodes were investigated by measuring the EMF responses 

of the PNA and Ag/AgCl reference electrodes using a poten-

tiometric technique. The 50c-PNA electrode exhibited excel-

lent potentiometric performance in detecting pH levels in 

solution, including sensitivity, response time, selectivity, 

Figure 6. (a) Resistance change of the 50-cPNA electrode with different bending angles of 0-180o; (b) EMF responses of the 50-cPNA elec-

trode under mechanically normal and bent states. 

Figure 5. (a) Selectivity test of the 50-cPNA electrode when interfering ions of 0.1 M NaCl, 0.1 M KCl, and 0.1 M CaCl2 are added to a 

pH 4 buffer solution; (b) EMF responses of the 50-cPNA electrode measured in pH 8 for 10 h. 
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repeatability, reproducibility, and stability. In addition, the 

sensing performance of the 50c-PNA electrode was main-

tained even under a mechanically bent state. The electro-

chemical and mechanical properties of PNA electrodes thus 

show great potential for use in wearable and flexible pH sen-

sors. 
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