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The electrochemical behavior of zinc and polyaniline (PANI) obtained by the oxidative polymerization 

of aniline in 1.0 M aqueous HC1 by (NH4)2S2O8 were investigated in ZnCl2
 
+ NH4Cl (chloride 

electrolyte), (NH4)2SO4 + ZnSO4 (sulfuric acid electrolyte), and (NH4)2SO4 + ZnSO4 + (CH3COO)2Pb 

( acetic acid electrolyte) with the addition of Na-citrate and Na-malonate. Compared with sulfuric acid 

electrolyte and acetic acid electrolyte, zinc electrode shows the minimum of charge transfer resistance 

(Rct) and lower corrosion current densities, and polyaniline (PANI) keep high electrochemical activity 

in the chloride electrolyte at pH 4.0. The formation of zinc dendrite and the hydrogen evolution of the 

zinc electrode were suppressed in chloride electrolyte. The potentials were limited to 1.5 V for charge 

and to 0.7 V for discharge at 50 mA g
-1

, obtained the initial discharge specific capacity of 109.5 mAh 

g
-1

, the columbic efficiency remained at around 100% after 1000 times charge-discharge cycles. 
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1. INTRODUCTION 

Currently, along with the prevalent use of fossil fuels has led to many environmental problems. 

There is a pressing need to study for dependable green energy storage technologies to achieve a 

dependable and secure energy supply, such as a rechargeable battery and supercapacitors [1, 2]. The 

rechargeable batteries based on the aqueous electrolytes are attractive potentials compared with the 

expensive organic electrolytes due to their low cost, improved safety and environmental friendly [3, 4]. 

Moreover, high-rate performance can be obtained because of the high ionic conductivity in the 

aqueous electrolytes [5]. It is well known that lithium ion batteries has dominated the consumers and 

widely used. However, there are some disadvantages, such as high cost of lithium and lithium salts and 

easy burning or explosion result in disaster.  
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Zinc is the most widely used metal as the anodes of the primary batteries for its good 

electrochemical performances, abundant resource and low sensitivity to moisture [6, 7]. Zinc-based 

batteries are very attractive in both primary and secondary battery systems, such as Zn-MnO2, Zn-air 

and Zn-PANI batteries [8]. PANI is a conventional conductive polymer, which has attracted 

considerable attention because of its good redox reversibility, high conductivity and environmental 

stability [9-11]. These excellent features make it as an interesting candidate for electrode materials in 

electrical energy storage devices, including supercapacitors [12] and rechargeable batteries [13]. 

Zn/PANI rechargeable batteries showed many excellent characteristics compared with the 

conventional batteries, high reversible energy density (50–100Wh kg
−1

), good columbic efficiency 

(70–100%), low self-discharge rate and long cycle life [14-16]. However, the life-time of the Zn-PANI 

battery is highly dependent on the pH of the electrolyte [17]. For zinc electrode easily provoke 

corrosion in the pH <4.0 while the activity of the conducting polymers (PANI) is limited at higher pH. 

Therefore, the interval of pH 4.0 - 5.5 is generally chosen as a trade-off between a decreased 

electrochemical activity of PANI at higher pHs and increased Zn corrosion in acidic electrolytes [18, 

19]. On the other hand, the cycle-life of the Zn–PANI rechargeable battery is limited by the anode 

(zinc), the polarization resistance (Rp) of the Zn electrode increases with cycling [20]. In electrolytes 

containing only chloride, Zn electrodes usually easily formed dendrites during charge–discharge. Zinc 

dendrites can penetrate the separator and reach the counter electrode, which results in short-circuiting 

and decreased cycle life [21, 22]. At the same time, Zn electrode surface hydrogen evolution when 

using aqueous electrolytes (generally, pH<4) during cyclization [23]. If the corrosion on the Zn anode 

can be prevented, crucial improvements in the Zn/PANI rechargeable batteries will be achieved.  

Many organic anions can form complexes with the metal ions. Lee et al. [24] reported that the 

order of increase in hydrogen overpotential is tartaric acid > succinic acid > phosphoric acid > citric 

acid, and the prevention of dendrite formation follows the order of citric acid > succinic acid > tartaric 

acid > phosphoric acid in 8.5M KOH electrolyte. Jugović et al. [25] reported that the decrease of 

exchange current density and the increase of deposition overpotential, which result in lower rate 

dendrite formation and zinc corrosion, in chloride/citrate-contained electrolyte. 

In the present study, we further investigated the behavior of the zinc and PANI electrodes in 

chloride electrolyte, sulfuric acid electrolyte and acetic acid electrolyte containing the Na-citrate and 

Na-malonate at pH 4.0. The characteristic of Zn and PANI electrodes will be given. 

 

 

 

2. EXPERIMENTAL 

2.1 Materials 

Hydrochloric acid (HCl), ammonium persulfate and zinc sheet were purchased from group 

chemical reagent Co., LTD. Aniline (Shanghai Chem. Co) was purified through distillation under 

reduced pressure and stored in a refrigerator before use. All these chemicals were analytic grade and 

the water used for preparation of electrolytes were doubly distilled. 
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2.2 The Preparation of electrode 

PANI was prepared by chemical polymerization from a solution of 1.0 M hydrochloric acid, 

0.2 M aniline and the mole ratio of ammonium persulfate to aniline was 1. The mixtures were stirred 

by a magnetic stirrer and cooled to 0 - 5 
0
C, then (NH4)2S2O8 was slowly dropped into the aqueous 

solution at 0 - 5 
0
C. After stirring at 5 

0
C for 1 h, the temperature of the reaction system was gradually 

raised to room temperature. After 5 h of polymerization, the resulting precipitate was repeatedly 

filtered and washed to remove monomers by doubly distilled water, and the oligomers were removed 

by ethanol. The synthesized PANI was dried under vacuum at 80 
0
C for 48 h. Finally, the polyaniline 

was sieved through an 80 mesh stainless-steel sieve after grinding. 

The work of zinc electrode: First, cutting zinc sheet with 10 mm × 100 mm. Then, zinc sheets 

were mechanically polished with fine emery papers to remove oxides on its surface. Next, polished by  

alumina on the polishing cloths. Finally, the traces of polishing alumina were removed from the 

electrode surface in an ultrasonic bath in ethanol for 5 min.  

 

2.3 The Preparation of electrolyte 

All experiments were performed at ambient temperature in electrolytes composed of 0.5M 

(NH4) 2SO4 + 0.2M ZnSO4, or 0.5M NH4Cl + 0.2M ZnCl2 or 0.5M (NH4) 2SO4 + 0.2M (ZnSO4) + 

5 10
-4

M (CH3COO)2Pb) with the addition of the same concentration sodium citrate and sodium 

malonate, respectively. All used electrolytes prepared using doubly distilled water at pH 4.0. 

 

2.4 Preparation of the battery 

The negative electrode in the Zn-PANI rechargeable battery was consisted of a zinc sheet with 

a working area of 10 cm
2
. The positive electrode consisted of quantitative acetylene black, 

carboxymethyl cellulose (CMC) and PANI powder mixtures was pressed on the 50 mesh stainless steel 

(0.5 mm in thickness) at 10 MPa by using a flat vulcanizing machine. The electrodes were separated 

by the polypropylene non-woven fabrics and mounted in a transparent vessel containing electrolyte as 

a battery. The electrolyte in batteries was an aqueous electrolyte of 0.2 M ZnCl2 and 0.5M NH4Cl (pH 

4.0) with the addition of Na-citrate and Na-malonate. 

 

2.5 Apparatus 

Cyclic voltammograms (CV) and Tafel curves were recorded on a CHI 660D electroanalysis 

apparatus (CHI Instruments, USA) and electrochemical impedance spectroscopy (EIS) powered by an 

electrochemical workstation (AutoLab, Nova 1.9, Metrohm) was used to compare the electrochemical 

behavior of the zinc or PANI in chloride electrolyte, sulfuric acid electrolyte, and acetic acid 

electrolyte, respectively. The CV, Tafel curves and EIS were performed in a classical three-electrode 

cell. A Saturated calomel electrode (SCE), a zinc electrode or PANI electrode and a Pt foil was used as 
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reference, working and counter electrodes, respectively. All potentials are referred to the SCE. The 

cyclic voltammograms of the zinc electrode were recorded at 50 mV s
-1

 in the different electrolytes. 

The superimposed sinusoidal voltage signal was set up to 10 mV amplitude. Data were collected 

within the frequency range from 10
5
 to 10

-1
 Hz. Tafel curves were carried out at 50 mV s

-1
 in the 

different electrolytes within the potential range from -1.5 V to -0.4 V. The surfaces of the zinc sheet 

were observed by three-dimensional surface contourgraph scanning ( NanoMap - 500LS, AEP - 

Technology Inc) and the surface morphologies of the zinc sheet were confirmed using a scanning 

electron microscope (SEM, SUPRA 55-4828, Germany). 

 

 

 

3. RESULTS AND DISCUSSION 

3.1 Zinc electrode 

Figure1 shows the cyclic voltammograms (CVs) of the Zn electrodes in chloride electrolyte, 

sulfuric acid electrolyte, and acetic acid electrolyte, respectively. The potential range was from -1.4V 

to -0.9V at pH 4.0. It can be seen that three curves are somewhat similar in a shape and almost the 

same redox potentials in different electrolytes. Curve (a) and curve (b) has a similar enclosed area 

while the curve (c) was one well defined enclosed area with the maximum current peak, and better 

symmetry compared with other curves. Although, Grgur [26] thought that the improvement of zinc 

properties was due to zinc ions complexation with citrate in the electrolyte containing citrate. In fact, 

further research is needed for the real reason of improving zinc properties, which is not immediately 

clear exactly. It is advantageous for the secondary battery with large current response and good 

dissolving and deposition reversibility in chloride electrolyte. It is also beneficial to improve the 

performance of the Zn-PANI rechargeable batteries.  
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Figure 1. CV of Zn electrode in electrolyte: (a) (NH4)2SO4 + ZnSO4, (b) (NH4)2SO4+ ZnSO4 + 

(CH3COO)2Pb, (c) NH4Cl + ZnCl2. Scan rate: 50mV s
-1

. 

 

Electrochemical impedance spectra (EIS) can be considered to study electrode conductivity, 

structures and charge transport in electrode-electrolyte interface
 
[27]. Figure.2 represents the EIS of the 
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Zn electrode in chloride electrolyte, sulfuric acid electrolyte, or acetic acid electrolyte at pH 4.0. Each 

curve corresponds to a semicircle in the high frequency region. These semicircles could be used to 

evaluate the value of the electrochemical charge transfer resistance (Rct). The curve (a) with 

(NH4)2SO4 + ZnSO4 and curve (b) with (NH4)2SO4+ ZnSO4 + (CH3COO)2Pb electrolytes have the 

larger Rct, while the Rct value of the curve (c) with NH4Cl + ZnCl2 is much lower than others. The 

smaller Rct shows that the electrode surface reaction process is faster, which is more beneficial to the 

charge - discharge of the large current [28]. So it is more suitable as the zinc-polyaniline battery 

electrolyte.  
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Figure 2. EIS of Zn electrodes in electrolytes: (a) (NH4)2SO4 + ZnSO4, (b) (NH4)2SO4+ ZnSO4 + 

(CH3COO)2Pb, (c) NH4Cl + ZnCl2. 

   

Figure 3 shows the Tafel plots of Zn electrode in three electrolytes. Tafel plot plays an 

important role to characterize the anticorrosion of metal material, the higher the Ecorr (corrosion 

potential) and the lower Icorr (corrosion current) is, the anticorrosion of electrode material is the better 

[29]. According to Figure 3, corrosion potential, corrosion current and Tafel slopes were listed in the 

Table 1.  From Table 1 and Figure 3, the Zn electrode has obviously higher Ecorr and lower Icorr in the 

electrolyte (NH4Cl + ZnCl2) than what in the other two kinds of electrolytes. So the Zn electrode in 

the electrolyte (NH4Cl + ZnCl2) is more stable than that in the other two kinds of electrolytes.  
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Figure 3. Tafel plots of Zn electrode in electrolyte: (a) (NH4)2SO4 + ZnSO4, (b) (NH4)2SO4+ ZnSO4 + 

(CH3COO)2Pb, (c) NH4Cl + ZnCl2. 
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Table 1. Corrosion potential (Ecorr) , corrosion current (Icorr), Tafel slope of Zn electrode in different 

electrolytes 

Names 
ba 

 (dec·V
 -1

) 

bc  

(dec·V
 -1

) 

Icorr×10
4
 

(A) 

Ecorr  

(V vs. SCE) 

Curve a 28.5 13 3.21 -1.087 

Curve b 18.5 11 2.60 -1.061 

Curve c 17 14.5 1.32 -1.060 

ba (dec·V
-1

): anodic Tafel slope;  bc (dec·V
-1

): cathodic Tafel slope;  Ecorr (V vs.SCE): corrosion 

potential;    I corr (A ): corrosion current  

 

The micrographs of the Zn electrodes soaked in chloride electrolyte, sulfuric acid electrolyte, 

and acetic acid electrolyte were shown in Figure 4. The new polished the scratches on Zn surface is 

clearly observed (Figure 4 (a)). Figure 4 (b) is the sketches of Zn sheet soaked in three different 

electrolytes. Under the same conditions, the polished Zn sheets were soaked in different electrolyte for 

30days. The scratches of the Zn electrode soaked in electrolyte (ZnSO4 + (NH4)2SO4) can not be seen 

clearly (Figure 4 (c)); the scratches of the Zn electrode soaked in electrolyte (NH4)2SO4+ ZnSO4 + 

(CH3COO)2Pb is rather vague (Figure 4 (d)); However, the scratches of the Zn electrode soaked in 

electrolyte ZnCl2 + NH4Cl can be clearly seen (Figure 4 (e)). It is suggested that the Zn electrode 

soaked in electrolyte ZnCl2 + NH4Cl has the best corrosion resistance performance. 

 

 

Figure 4. Micrographs of new polished the Zn electrode (a) the polished of Zn electrode in the 

electrolyte (b) Zn electrode for 30d in the three different electrolyte: (c) ZnSO4 + (NH4)2SO4, 

(d) (NH4)2SO4+ ZnSO4 + (CH3COO)2Pb, (e) ZnCl2 + NH4Cl. 

 

3.2 PANI electrode  

The CVs of PANI electrodes were shown in Figure 5 in the potential range from 0.20 to 0.80 V 

(vs. SCE) at different aqueous electrolyte. It is seen from the Figure5 that all of them have one pair of 

redox peaks. Those curves exhibit a similar shape. Figure5 (c) has the largest enclosed area, indicated 
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that polyaniline has a relatively high charge-discharge specific capacity in the electrolyte (0.5 M 

NH4Cl + 0.2M ZnCl2) with pH 4.0. High specific capacity is very important for an aqueous Zn-PANI 

rechargeable battery.  
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Figure 5. CV of PANI electrode in electrolyte: (a) (NH4)2SO4 + ZnSO4, (b) (NH4)2SO4+ ZnSO4 + 

(CH3COO) 2Pb, (c) NH4Cl + ZnCl2.Scan rate: 50mV s
-1

. 

 

Figure 6 shows the Nyquist plots of the PANI electrode in three different electrolytes. All the 

Nyquist plots consist of a semicircle and a line. The semicircle in the high frequency region was 

mainly related to charge transfer resistance (Rct) and double-layer capacitance [30]. The straight line in 

the low frequency region is on behalf of the Warburg impedance of PANI, which indicates the reaction 

is controlled by interface diffusion between the electrolyte and the electrode [31]. As it can be seen 

that the charge transfer resistance of PANI in the electrolyte (NH4Cl + ZnCl2) is minimal. The smaller 

Rct shows that the faster electrode process, hence, the electrolyte (NH4Cl + ZnCl2) is more suitable 

used for aqueous Zn -PANI rechargeable battery. 
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Figure 6. EIS of the PANI electrode in electrolyte: (a) (NH4)2SO4 + ZnSO4, (b) (NH4)2SO4+ ZnSO4 + 

(CH3COO)2Pb, (c) NH4Cl + ZnCl2. 
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3.3 Charge and discharge of Zn/PANI rechargeable battery 

Figure 7 is the charge and discharge plots of the Zn-PANI battery in the 0.5 M NH4Cl + 0.2M 

ZnCl2 with the addition of Na-citrate and Na-malonate electrolytes. The PANI initial discharge 

specific capacity was 109.5 mAh g
-1

, which is higher than that of the polyaniline (89.9 mAh g
−1

, 

reported by Zhaoling Ma) [32] and the coulombic efficiency still kept about 100 % between 0.7 V and 

1.5 V for over 1000 cycles (Figure 7(A)), which shown that the battery possess good reversible in the 

electrolyte. 

 

 
 

Figure 7. The charge and discharge cycles on the performance of the Zn/PANI battery, (A) coulomb 

efficiency charge and discharge curve (B) 15th cycle, at a constant current of 50 mA g
-1

, pH 4.0. 

 

The surface micrographs of the zinc sheet was shown in Figure 8 over 1000 times charge and 

discharge cycles. It is seen from the Figure 8 that the zinc dendrite was obviously suppressed. It 

indicates that the chloride electrolyte containing Na-citrate and Na-malonate is more suitable as 

aqueous zinc-polyaniline rechargeable battery electrolyte. 

    

 
 

Figure 8. SEM images of the zinc electrode after charge and discharge 1000 times for the Zn-PANI 

battery  
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4. CONCLUSIONS 

Studies on the Zn and polyaniline electrodes clearly demonstrated that NH4Cl + ZnCl2 

electrolyte with addition Na-citrate and Na-malonate have potential advantages as Zn-PANI 

rechargeable battery electrolyte. The dendrite formation and the hydrogen evolution of the zinc 

electrode were suppressed in the chloride electrolyte containing Na-citrate and Na-malonate. 

Meanwhile, PANI electrode shows satisfactory electrochemical activity. The discharge specific 

capacity of the polyaniline is as high as 109.5 mAh g
-1

in the aqueous NH4Cl + ZnCl2 electrolyte. It 

means that the aqueous chloride electrolyte containing Na-citrate and Na-malonate is more suitable as 

zinc-polyaniline rechargeable battery electrolyte. 
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