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Abstract  

Doped polyaniline (PANI) was synthesized using low concentrations of Ag and Cu coinage 

metals in order to evaluate their impact on energy conversion and storage performances. During 

the preparation of PANI, a chemical oxidation polymerization process was followed by 

concurrent doping with Ag and Cu. The nanoparticles were found to have typical orientations 

when examined by scanning electron microscopy (SEM). X-ray diffraction (XRD) was used to 

examine the crystal structure of the synthesized doped PANI materials, which confirmed their 

crystalline nature. Ag-Cu-doped PANI samples demonstrated a more pronounced reduction in 

optical band gap as compared to other doped samples. Based on Fourier transform infrared 

spectroscopy (FTIR) analysis, it can be concluded that the synthesized materials possess large 
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functional groups. Compared to other enhanced PANI materials in an alkaline electrolyte, Ag-Cu 

enriched PANI exhibited superior oxygen evolution reaction (OER) and supercapacitor 

performances. The presence of the oxygen evolution reaction activity (OER) in a 1M KOH 

solution was observed at an overpotential of 340 mV at a current density of 10 mA/cm
2
. Using 

Ag-Cu doped PANI as the anode electrode material, asymmetric supercapacitors produced  

energy density of 211.75 Wh/kg at a current density of 4.5 A/g, demonstrating their superior 

performance. The obtained results described high cycle stability over 50000 galvanic charge-

discharge cycles at a current density of 4.5 A/g and a 102% capacitance retention rate was 

described by the electrode material. Despite low concentrations of Ag and Cu dopants, the 

coinage metals can be effectively used as dopants for the fabrication of next-generation practical 

energy storage devices.   

Keywords: Polyaniline, Silver and Copper, Oxygen evolution reaction, Asymmetric 

supercapacitor. 

Graphical abstract  

An expression of the simultaneous synthesis of doping Ag-Cu into PANI with a view to 

enhancing the electrochemical performance in asymmetric supercapacitors as well as oxygen 

evolution reactions.  
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1. Introduction  

Hydrogen, recognized for its high energy density, is considered one of the most critical energy 

sources [1]. Fuel cell vehicles use hydrogen to generate electricity and power without emitting 

greenhouse gases. Traditional methods of hydrogen production, such as coal gasification, steam 

reforming, plasma reforming, and pyrolysis of natural gases, result in brown or grey hydrogen 

with carbon dioxide emissions [2]. These methods can be integrated with carbon dioxide capture 

technology to produce blue hydrogen [3, 4]. For sustainable hydrogen energy utilization, 

developing effective methods to generate green hydrogen using renewable resources is essential. 

Solar-driven hydrogen production and electrolysis are potential processes for green hydrogen 

production, although the cost of these technologies is significantly higher than fossil fuel sources 

[5, 6, 7]. The water splitting process, which involves the oxygen evolution reaction (OER) at the 

anode and the hydrogen evolution reaction (HER) at the cathode, is crucial for hydrogen 

production [8, 9]. The OER process, due to its four-electron transfer and high energy input, is 

kinetically slower than the HER process. To address this, electrocatalysts have been designed to 
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facilitate OER at lower energy levels. Current state-of-the-art electrocatalysts for OER include 

noble metals like ruthenium (Ru) and iridium (Ir); however, their scarcity and high cost limit 

their commercial viability [10, 11]. There is an urgent need for efficient, earth-abundant 

electrocatalysts to advance green hydrogen production through water splitting. Renewable 

energy sources, with their attractive features, necessitate energy storage devices capable of 

harvesting, storing, and utilizing energy as needed [12]. Researchers have focused on developing 

energy storage and conversion systems such as supercapacitors, batteries, and fuel cells [13]. 

Supercapacitors are particularly notable for their high power density, excellent cycling stability, 

rapid charge and discharge rates, and low maintenance costs [14, 15]. Their performance lies 

between conventional capacitors and batteries, making them suitable for various applications, 

including memory backup devices, hybrid electric vehicles, and power grids [16]. 

Supercapacitors typically consist of a cathode, anode, separator, and electrolyte, with the 

electrode being a critical component. The performance of electrodes in supercapacitors depends 

on their electrochemistry of power storage systems such as microstructure, surface area, and 

porosity [17]. Electrodes with large surface areas and numerous redox active sites enhance 

electrochemical activity. In contrast, those with high porosity improve cycling stability by 

reducing strain during long charging and discharging cycles [18]. The interface between 

electrode and electrolyte also significantly impacts supercapacitor performance [14]. 

Material engineers and scientists prioritize electrode materials design, focusing on high specific 

capacitance, excellent cycling stability, and robust mechanical and structural stability [19]. 

Conducting polymers, carbonaceous materials, metal nitrides, and metal oxides have been 

employed in supercapacitor development [20]. Conducting polymers, such as polyparaphenylene 

(PPP), polyacetylene (PA), polythiophene (PT), poly(3,4-ethylenedioxythiophene) (PEDOT), 

polypyrrole (PPy), and polyaniline (PANI), are favored for their electrical conductivity, light 

weight, ease of synthesis, and low cost [20, 21]. Polyaniline (PANI) has been extensively 

researched due to its high specific theoretical capacitance, electrical conductivity, high energy 

density, electrochemical stability, and redox activity [22]. However, its poor structural and 

mechanical stability limits its use as an electrode material, as it exhibits volumetric instability 

and capacitance deterioration during repeated charging and discharging cycles. Pure PANI 

degrades above 50% capacitance retention after 1000 cycles [23]. To address this, PANI has 
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been integrated with metal oxides, resulting in improved cycling stability through a synergistic 

effect [24]. PANI has been considered with transition metal oxides due to their high power and 

energy density during supercapacitors development. Transition metal oxides, including NiO, 

Fe2O3, V2O5, RuO2, Co3O4, TiO2, MnO2, and Nb2O5, have been used with PANI to enhance 

supercapacitor performance [25]. Compared to their separate counterparts, composite electrode 

materials composed of conducting polymers and transition metal oxides demonstrate enhanced 

electrochemical activity [26]. PANI is synthesized using dopants like sulfonic acid and HCl acid, 

producing highly ordered crystals [24]. PANI's electronic properties can be tuned by doping with 

transition metals, which generate polarization on the chain, acting as ionic conductors and charge 

carriers [27]. Doping PANI with transition metals such as Ag
+
 and Fe

3+
 enhances supercapacitor 

performance by increasing surface area and electrical conductivity. Similarly, doping PANI with 

copper has increased electrochemical activity [28]. Separate studies have been carried out for 

evaluating the impact of Ag and Cu on the performance of PANI, however there is no study in 

the existing literature dealing with the simultaneous doping of Ag and Cu into PANI during 

chemical oxidative polymerization.  

The combination of silver (Ag) and copper (Cu) dopants in polyaniline with a finite quantities 

for enhanced oxygen evolution reaction (OER) and asymmetric device applications has not been 

previously investigated. Ag and Cu have been found to promote charge transport rates, surface 

area, and catalytic sites. Therefore, they are expected to provide excellent electrocatalysts for 

asymmetric devices and electrode materials. Ag and Cu doped into polyaniline for enhanced 

OER and asymmetric device applications have not previously been investigated. It has been 

demonstrated for the first time that Ag and Cu dopants together can improve the polyaniline 

based electrode material for energy conversion and storage device applications.  

2. Materials and Methods 

2.1.Chemical reagents 

Sigma Aldrich Karachi, Sindh Pakistan provided a variety of high analytical grade materials, 

including nickel foam, copper nitrate dihydrate, aniline (C6H6NH2), silver nitrate, hydrochloric 

acid, potassium persulfate (K2S2O8), potassium hydroxide, ethanol, and sulfuric acid (H2SO4). 

Aniline underwent a double distillation process before being synthesized. 

2.2.Synthesis of Ag-Cu doped PANI composites using chemical oxidation process 
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A variety of samples were prepared, including bare PANI, Ag-doped PANI, Cu-doped PANI, 

and Ag-Cu-doped PANI. An aniline solution 0.1 M in 0.1M HCl was prepared in one beaker, 

and potassium persulfate (K2S2O8) solution 0.1 M in 0.1M HCl was prepared in another beaker. 

A beaker containing 0.1 M of aniline was then slowly added drop-by-drop with 0.1 M K2S2O8, 

resulting in a dark color. The final observation was the appearance of dark green precipitates of 

PANI.  PANI precipitates were allowed to settle at the bottom of the beaker after the solution 

settled. The solution was filtered after six hours in order to collect the precipitates, which were 

washed several times using deionized water and absolute ethanol. For the preparation of Ag 

doped APNI, the same procedure as for PANI was followed, except that 0.3 mM silver nitrate 

was added dropwise to 0.1 M aniline solution in 0.1 M HCl, followed by 0.1 M potassium 

persulfate in 0.1 M HCl. Similar to the Ag doped PANI, the Cu doped PANI was fabricated 

using 0.3mM copper nitrate dihydrate. The Ag-Cu doped PANI was synthesized by adding 0.3 

mM silver nitrate and 0.3 mM copper nitrate dihydrate to PANI simultaneously, resulting in a 

dark green colored Ag-Cu doped PANI. Following the collection of the above materials, they 

were allowed to dry overnight at 65 °C, and then structural and electrochemical analyses were 

conducted.  

 

2.3.Structural characterization  

The shape of bare PANI and doped PANI materials was studied using a field emission scanning 

electron microscope (Zeiss GeminiSEM 500). As-synthesized materials were evaluated using 

powder X-ray diffraction (PXRD), X-ray spectroscopy, UV-visible spectroscopy, and Fourier 

transform infrared spectroscopy, applied on KBR disk, were used to examine optical properties, 

and Fourier transform infrared spectroscopy was employed to determine functional groups. 

2.4.Electrode fabrication using Ag-Cu doped PANI for various electrochemical tests 

Separate beakers were used to disperse the electrode materials in a mixture of ethanol and water 

containing 5 mg of electrode materials along with 5% Nafion. An ultrasonic bath was used to 

obtain a homogenous slurry over a period of 20 minutes. A 2x2 cm
2
 piece of nickel foam was 

then taken and washed several times with 2M HCl solution, followed by ethanol and distilled 
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water. After drying, the electrode material was dipped five to nine times in the slurry of electrode 

materials prepared above. Following sintered electrodes, the electrochemical performance of the 

electrodes was evaluated at 60 ºC for 20 minutes. The electrodes were loaded with a mass of 0.2 

mg each.  Under the conditions of 100 kHz to 0.1Hz, an amplitude of 5 mV and biasing the OER 

onset potential, several electrochemical modes were conducted, including linear sweep 

voltammetry (LSV), cyclic voltammetry (CV), chronoamperometry, galvanic charge-discharge 

(GCD) and electrochemical impedance spectroscopy. Under the given equations 1-3, the specific 

capacitance, energy density, and power density were calculated.  

C = I × Δt/ΔV × m     (1) 

                                                        E = [C × (ΔV)
2
]/7.2   ( 2) (5) 

  

                                                         P = [E × (Δt)]/3.6   (3) 

 

 

 

3. Results and Discussion  

3.1.Morphology, crystal structure, optical and functional group analysis of as 

synthesized PANI  

Based on SEM analysis, pure PANI exhibits an indefinite form that is typical of polymers 

(Figure 1a). Despite the doping with Ag, Cu, or both (Figure 1b, 1c, and 1d, respectively), the 

morphological aspect of the doped-PANI materials remains quite similar to that observed for 

pure PANI, possibly due to the low concentrations of the used dopants. In contrast, Ag-Cu-doped 

PANI shows a much greater porosity (Figure 1d). By powder XRD, Figure 2 illustrates the 

diffraction patterns of Ag-doped PANI, Cu-doped PANI, Ag-Cu-doped PANI, and bare PANI. 

Compared to the bare PANI all the doped samples show more intense and pronounced peaks at 

25.3°, with shoulder reflections occurring at 21.2° and 14.1°, corresponding to Miller indices of 

(200), (020), and (011), respectively. On the basis of these patterns, it appears that chemical 

oxidation polymerization has been successful in preparing PANI. XRD patterns of coinage 
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metallic ion-doped PANI were similar to those of bare PANI, indicating that the ions were 

present without altering the crystal structure. 

According to Figure 3a-c, FTIR analysis of coinage metallic ion-doped PANI provides 

information regarding chemical bonds. An IR spectrum of bare PANI was observed at 1600 and 

1480 cm
-1

, attributed to the quinone structure and the C=C stretching frequency of the benzene 

molecule. It is believed that the IR band around 1300 cm
−1

 is a consequence of C-N stretching. 

Observations of C-H bending vibrations in plane and out of plane were made at 1140 and 817 

cm
−1

, respectively. FTIR spectra of metal ion dopants in PANI showed similar shifts in the IR 

bands, suggesting that these dopants interact with PANI's covalent bonds. Following successful 

doping with coinage metallic ions, an FTIR analysis indicated that the structural characteristics 

of PANI had been retained. 

The UV-VIS spectra of bare PANI, Ag-doped PANI, Cu-doped PANI, and Ag-Cu-doped PANI 

are shown in Figures 4a-d. We found a characteristic band around 364 nm, which indicated the 

π-π transition of the benzenoid structure of PANI. However, metallic ion dopants from coinage 

showed a hypsochromic shift, indicating a strong interaction with PANI. Tauc's plots were used 

to calculate the optical band gap as shown in the inset of Figure 4a-d. The optical band gaps of 

PANI, Ag-doped PANI, Cu-doped PANI, and Ag-Cu-doped PANI are 2.72 eV, 4.48 eV, 2.44 

eV, and 2.35 eV, respectively. Coinage metallic ion doping may allow shallow states within the 

optical band gap, resulting in a decrease in optical band energy. 

 

3.2. Electrocatalytic activity of as synthesized coinage metals doped PANI 

  

As synthesized electrocatalysts, bare PANI, Ag-doped PANI, Cu-doped PANI, and Ag-Cu doped 

PANI were evaluated using linear sweep voltammetry (LSV) at 2 mV/s in 1.0 M KOH 

electrolyte. The assembly of this cell was based on the use of three electrodes. As shown in 

Figure 5a, Ag-Cu doped PANI displays superior OER activity in terms of low onset potential and 

overpotential in comparison to bare PANI, Ag-doped PANI, and Cu-doped PANI, indicating the 

synergetic impact of Ag and Cu on the synthesized Ag-Cu doped PANI material, which has 

improved the catalytic sites, charge transport, and redox activity. In our study, we determined the 

overpotentials of Ag-doped PANI, Cu-doped PANI, and Ag-Cu doped PANI at 10 mA/cm
2
 as 

410 mV, 380 mV, and 340 mV respectively, as shown in Figure 5b. The enhanced 
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electrochemical activity of PANI can be attributed to the fast charge transfer rate, improved 

redox activity, catalytic centers, and modified surface of the material caused by doping Ag and 

Cu. The synergetic effect of both coinage metals and PANI's structure resulted in a significant 

reduction in overpotential, resulting in excellent OER. As shown in Figure 5c, Tafel curves were 

fitted to the Tafel equation in order to evaluate the kinetics of OER. Tafel values of Ag-Cu doped 

PANI were relatively smaller than those of bare PANI, Ag-doped PANI, and Cu-doped PANI, 

with values of 126 mV/dec, 105 mV/dec, and 93 mV/dec, respectively. Due to the large surface 

area of Ag-Cu doped PANI, the fast charge transfer rate, and the modified surface, high density 

of reactive species such as H2O, OH
-1

, and others was facilitated during the OER process. As a 

result, Ag-Cu doped PANI demonstrated a faster OER kinetic than the other electrocatalysts 

shown in Figure 5c. In order to determine the enhanced rate of interfacial charge transfer, an 

electrochemical impedance spectroscopy experiment was conducted. For the Nyquist plots, an 

equivalent circuit with well-defined circuit elements, such as solution resistance (Rs), charge 

transfer resistance (Rct), and capacitance double layer (Cdl), is shown in Figure 5d. As compared 

to bare PANI, Ag-doped PANI, and Cu-doped PANI, Ag-Cu doped PANI exhibits the smallest 

semicircle arc, indicating that this electrocatalyst exhibits the least charge transfer resistance. In 

the case of bare PANI, Ag-doped PANI, Cu-doped PANI, and Ag-Cu doped PANI, the measured 

charge transfer resistance was 57.89 Ohm, 18.43 Ohm, 7.85 Ohm, and 3.79 Ohm, respectively. It 

is possible that the synergetic effect of Ag-Cu doping within the interfacial chemistry of the 

PANI may have enhanced the PANI's electrical conductivity. 

Water electrolysis is characterized by surface reactions followed by adsorption and desorption of 

reactive species on the electrocatalyst surface. Due to this, the estimation of the surface active 

sites is of utmost importance. A sample of as-synthesized material was subjected to non-faradic 

cyclic voltammetry (CV) measurements at varying scan rates, and their corresponding CV curves 

are shown in Supplementary Figure (S1). An electrocatalyst containing Ag-Cu was tested at a 

fixed current density using chronoamperometry, as shown in Figure 5e. It has been observed that 

the electrocatalyst has a high tendency to retain the overpotential at fixed current density without 

any potential drop, demonstrating outstanding durability that can be attributed to the modified 

surface area and porosity of the electrode, which made it possible for gaseous species to flow 

through easily. The stability of Ag-Cu doped PANI was evaluated by measuring the LSV curves 

before and after the durability test, as shown in Figure 5f. It is important to note that the Ag-Cu 
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doped PANI exhibits negligible shifts in onset potential and almost maintains the overpotential 

without any loss in current density, thereby demonstrating significant stability. According to the 

results of the durability and stability tests, Ag-Cu doped PANI may be used as an alternative 

electrocatalyst for electrochemical water splitting. Ag-Cu doped PANI could provide the multi 

catalytic centers for the adsorption of hydroxide ions, tunable charge transport, and facilitation of 

charge transfer at the electrode and electrolyte interfaces, modified surface properties and 

increased mechanical stability for the PANI structure through the induction of coinage metallic 

ions as dopant. The performance of OER activity was compared with the recent fabricated 

electrocatalysts as given in Supplementary Table (S1). It could be viewed that the proposed Ag-

Cu doped PANI material has superior or equal performance to many of the recent electrocatalytic 

materials in the alkaline media.  

3.2. Supercapacitor application of coinage metals doped PANI  

A cyclic voltammetry (CV) and galvanic charge-discharge electrochemical method was used to 

evaluate the performance of bare nickel foam, PANI, Ag doped PANI, Cu doped PANI, and Ag-

Cu doped PANI composites in 3.0M KOH electrolytic solution. For the CV measurements, we 

used a three electrode cell set up to determine the pseudocapacitance of the synthesized electrode 

materials. A series of scan rates from 10 mV/s to 100 mV/s was taken into consideration within 

the potential window of 0 -0.6V against Ag/AgCl. As shown in Figure 6, the area under CV 

curves increased linearly with scan rate due to the excellent electrochemical properties of 

coinage metal doped PANI that support the redox behavior of electrode materials. In the aqueous 

electrolytic solution, these observations confirm the distinctive electrochemical kinetics of the 

electrode materials presented. The high surface area, fast charge transfer rate, and modified 

surface of PANI might account for this attribution of high performance [34, 35, 36]. There is no 

doubt that the CV curves demonstrate obvious redox peaks suggesting successive faradic 

reactions with enhanced charge transfer rates. Compared to bare nickel foam and PANI, Ag 

doped PANI, Cu doped APNI, and Ag-Cu doped PANI significantly improved the redox peaks 

current. However, Ag-Cu PANI presented the highest redox characteristics as a result of the 

synergetic effect of simultaneous doping of Ag and Cu, which altered the surface properties of 

the electrode. In order to gain a deeper understanding of the charge storage mechanisms within 

the synthesized electrode materials, we examined the contributions of capacitive and diffusion-

controlled aspects using CV curves at different scan rates in accordance with equation [37]: 
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                                                 ip = k1v + k2v
1/2    

(4) 

 Here, K1 as slope and K2 as intercept being constant estimated from the linear correlation 

between i/v
1/2

 vs. v
1/2

.  

In Figure 6a-d, the relative quantitative values of K1 and K2 illustrate the contribution of 

capacitive and diffusion-controlled charge storage mechanisms to each electrode material could 

be calculated. According to Figure 7a-d, the relative contributions of capacitive and diffusion-

controlled processes can be determined using the estimated K1 and K2. 

The estimated contributions of capacitive and diffusion-controlled effects are presented in Figure 

7a-d for bare PANI, Ag doped PANI, Cu doped PANI, and Ag-Cu doped PANI. At slower scan 

rates, diffusion-controlled faradic processes dominate because electrolytic ions have sufficient 

time to penetrate into the electrode material and participate in the charge transfer process. As 

shown in Figure 8a-d, increasing the scan rate improves the surface-controlled interfacial 

capacitance contribution. For all of the electrode materials tested, it is evident from these CV 

analyses that the capacitive contribution gradually increases with increasing scan rates. It is 

possible that Ag-Cu doped PANI would exhibit improved capacitive contributions as a result of 

the synergetic effect of Ag and Cu being simultaneously incorporated into PANI, thus modifying 

the surface and improving the efficiency of the charge transfer. Furthermore, GCD 

electrochemical mode was applied to all electrode materials presented at varying current 

densities and with potential windows ranging from 0 to 400. Each electrode material was tested 

at the same set of varied current densities. In Figure 9a-e, the GCD curves demonstrate typical 

pseudocapacitor behavior with nonlinear characteristics. In accordance with the measurements of 

CV curves, the behaviors of each electrode material are highly consistent with GCD curves, 

which is consistent with the pseudocapacitive properties of polyaniline as an electrode material. 

Specific capacitance was calculated from GCD curves at different current densities using 

Equation 1. At fixed current densities, the specific capacitances of bare PANI, Ag doped PANI, 

Cu doped PANI, and Ag-Cu doped PANI 2.75, 3.75, 4.75, 5, and 10 F/g , respectively.  

 Figure 9f shows the specific calculations for each electrode material at different current 

densities. As a result of its high surface area, significant electroactive sites for redox reactions, 

fast charge transfer kinetics, and high adsorption of electrolytic ions, Ag-Cu doped PANI 

exhibited the greatest specific capacitance, which resulted in better charge storage. An analysis 
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of the electrochemical properties of different polyaniline-based composite electrode materials is 

presented in Supplementary Table (S1). As demonstrated by the relative specific capacitance of 

the present electrode material with that of the previous electrode materials, it is capable of 

storing a greater amount of energy than the previous electrode materials. Several factors 

contribute to the superior charge storage properties of Ag-Cu doped PANI electrode materials, 

including rapid charge transfer kinetics through simultaneous doping of Ag and Cu, as well as 

modified surfaces which are able to adsorb large amounts of electrolytic ions using doping 

precursors. Dopants added to PANI enhanced the penetration of electrolytic ions inside the 

electrode material, thus enhancing charge diffusion and improving charge storage efficiency. The 

brief summary of estimated results from GCD curves at various current densities for the three 

electrode are given in Supplementary Table (S2).  

3.3. Asymmetric device fabrication based on Ag-Cu doped PANI electrode material  

Two-electrode asymmetric supercapacitors (ASCs) were manufactured using rice husk-derived 

activated carbon (AC) as the cathode and Ag-Cu doped PANI as the anode. According to 

Supplementary Figure (S1), the CV curves of AC showed negligible farad properties at different 

scan rates. An electrolytic solution containing 3.0M KOH was applied to the cathode and anode 

electrodes. Figure 10a illustrates CV versus Ag/AgCl within a potential window of 0 to 1.6 V. 

The scan rate was varied from 10 mV/s to 150 mV/s. A typical rectangular pattern was evident in 

the CV curves at different scan rates, which indicates that the cell is set up to exhibit pseudo-

capacitive behavior. Although the scan rate was varied, CV curves remained unchanged, 

demonstrating ASC's excellent reversibility and redox performance. In Figure 10b, the GCD 

profiles are depicted at various current densities using a potential window of 0 to 1.6 V. Equation 

1 is used to calculate specific capacitance based on the GCD curves at different current densities. 

As for the ASC, the highest specific capacitance of 211 F/g was found at the lowest current 

density of 4.5 A/g, as depicted in Figure 10c. As shown in Figure 10d illustrates the calculated 

power  and energy densities at different current densities. By using coinage metals as dopants, 

the polyaniline was able to store energy at 4.5 A/g with enhanced performance. Possibly, this is 

due to the unique architecture, rapid charge transfer kinetics, and large surface area of the Ag-Cu 

doped PANI anode electrode. For the purpose of evaluating the cycling stability of the ASC 

device in terms of percentage capacitance retention, 50,000 repeatable GCD cycles were 

performed at a constant current density of 4.5 A/g at constant voltage to determine the cycling 
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stability of the device. Figure 10e illustrates the use of repeatable 50,000 GCD cycles for 

estimating the coulombic efficiency. As can be seen from the figure, a remarkable % of 

capacitance was retained, and a coulombic efficiency of 87.9% was achieved. In addition the 

enhanced charge transfer rate between the presented electrode material and electrolyte, numerous 

energy storage sites are present within Ag-Cu doped PANI resulting in the significant 

improvement in cycling stability of ASC [38]. These properties of the electrode material enable 

the device to store and release energy in repeatable cycles, resulting in improved capacitance. In 

a variety of applications, this excellent cycling stability confirms the promising, reliable, and 

long-term use of Ag-Cu doped PANI electrode material. A summary of obtained results is shown 

in Table 1. The electrochemical double layer capacitance (Cdl) was used to estimate the 

electrochemical active surface area (ECSA).  The non-faradic CV curves  of bare PANI, Ag 

doped PANI, Cu doped PANI and Ag-Cu doped PANI were recorded at different scan rates  as 

shown in Supplementary Figure (S2). The Cdl values in Figure 10f are derived from the slope of 

the linear fit of the difference between anodic and cathodic side currents of CV curves at 

sweeping scan rates and divided by 2. Among PANI materials, the Cdl values were 8.17 mFcm
-2

 

in the bare PANI, 10.36 mFcm
-2

 in the Ag doped PANI, 11.52 mFcm
-2

 in the Cu doped PANI 

and 12.19mFcm
-2

 in the Ag-Cu doped PANI, respectively. Due to the simultaneous doping of Ag 

and Cu, the surface of PANI was clearly modified, resulting in the highest active ECSA value. 

The charge storage performance of Ag-Cu doped PANI was highly enhanced owing to its 

modified surface for the rapid rate of adsorption of hydroxide ions, fast charge transfer rate, 

improved mechanical stability of molecular structure of PANI, and increased solubility of doped 

PANI, consequently an excellent electrochemical performance was demonstrated. The 

comparative analysis of ASC device was done with the reported ASC devices as given in 

Supplementary Table (S3). It was noticed that the proposed ASC device has superior specific 

capacitance, energy density and power density.  

 

 

4. Conclusions 

 

We synthesized coinage metal-doped polyaniline using chemical oxidative polymerization 

method. Coinage metals such as Ag, Cu were used as dopants in PANI. A variety of 
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spectroscopic techniques have been used to study the shape, size, crystallinity, chemical 

composition, and optical properties of the doped PANI, including SEM, XPS, XRD, FTIR, and 

UV-visible spectroscopy. As a result of adding coinage metals like Ag and Cu to PANI, a 

nanoparticle-like morphology was observed in PANI. Among the doped PANI samples, the Ag-

Cu doped sample was found to be the most efficient for both OER and asymmetric 

supercapacitors. A low overpotential of 340 mV was observed for Ag-Cu doped PANI at 10 

mA/cm
2
. PANI composites doped with Ag-Cu exhibit excellent pseudocapacitance properties, 

making them suitable for asymmetric supercapacitors. The specific capacitance of the ASC 

device is 642.86 F/g, the energy density is 211.75 Wh/kg, and the power density is 3465.0 W/kg 

at a fixed current density of 4.5 A/g. Further, the electrode material demonstrated outstanding 

cycling stability during 50,000 repeatable GCD cycles at a current density of 4.5 A/g, with a 

retention capacitance of 102%. The high performance of Ag-Cu doped PANI may be explained 

by the modification of the surface, the rapid charge transfer kinetics, and the synergetic effect of 

simultaneous doping with Ag and Cu coinage metals. Based on these electrochemical 

performance perspectives, coinage metals such as Ag and Cu could be considered potential 

dopants for the development of next-generation electrode materials for energy storage and 

conversion.  
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Figure Captions 

 

 

 

 

 

 

 

 

 

 

Figure 1: SEM images of a) pure PANI, b) Ag-doped PANI, c) Cu-doped PANI and d) Ag-Cu 

doped PANI. 
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Figure 2: Powder XRD diffraction patterns of bare PANI, Ag doped PANI, Cu doped PANI, and 

Ag-Cu doped PANI. 
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Figure 3: (a-c) FTIR spectra of different materials including Ag doped PANI, Cu doped PANI, 

and Ag-Cu doped PANI. 
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Figure 4:  (a-d) UV-visible absorption spectra bare PANI, Ag doped PANI, Cu doped PANI, 

and Ag-Cu doped PANI, and corresponding inset showing the Tauc plot with estimated optical 

band gap.  
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Figure 5: (a) LSV curves for bare PANI, Ag doped PANI, Cu doped PANI, and Ag-Cu doped 

PANI measured at san rate of 2 mV/s in 1M KOH aqueous solution, (b)  Bar graph 

representation of Ag doped PANI, Cu doped PANI, and Ag-Cu doped PANI, (c) Corresponding 

Tafel analysis, (d) Nyquist plots of bare PANI, Ag doped PANI, Cu doped PANI, and Ag-Cu 

doped PANI for exploration of charge transfer resistance, inset shown as fitted equivalent circuit 

with well-defined circuit elements. (e) Chronoamperometry test for 30 hours at fixed 

overpotential of 330m mV in 1M KOH solution  (f) LSV curves before and after durability test 

for 30 hours at 2mV/s for the illustrating stability of Ag-Cu doped PANI. 
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Figure 6: (a-e) CV profiles recorded in 3 M KOH electrolytic solution at different scan rates for 

bare nickel foam/PANI, Ag doped PANI, Cu doped PANI, and Ag-Cu doped PANI. 
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Figure 7: (a-d) Capacitive and diffusion contribution of bare PANI, Ag doped PANI, Cu doped 

PANI, and Ag-Cu doped PANI at fixed scan rate of 100 mV/s in 3M KOH solution.  
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Figure 8: (a-d) Bar graph representation  of capacitance and diffusion contribution  of bare 

PANI, Ag doped PANI, Cu doped PANI, and Ag-Cu doped PANI in 3 MKOH solution at 

various sweeping scan rates.  

 

Figure 9: (a-e) GCD curves at different current densities measured for bare nickel foam/PANI, 

Ag doped PANI, Cu doped PANI, and Ag-Cu doped PANI in 3 M KOH solution, (e) Calculated 

specific capacitance for each electrode material.  
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Figure 10: (a) CV curves of Ag-Cu doped PANI at various sweeping scan rate in 3M KOH 

during configuration of ASC device, (b) Corresponding GCD curves at various current densities, 

(c) Calculated specific capacitance, (d) Energy and power densities of ASC device, (e) 

Capacitance retention % and columbic efficiency of ASC, (f) Estimated ECSA values for the 

bare PANI, Ag doped PANI, Cu doped PANI, and Ag-Cu doped PANI. 
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Table 1: Brief information about the ASC device demonstration of Ag-Cu doped PANI. 

Material 

Specific 

Capacitance 

(F/g) 

Current 

Density 

(A/g) 

Energy 

Density (Wh 

kg
-1

) 

Power 

Density 

(W kg
-1

) 

Columbic 

efficiency % 

Ag-Cu doped 

PANI 

642.86 4.5 211.75 3465.00 

87.9% 

359.38 5 127.78 4000.00 

220.75 10 77.51 7950.00 

196.88 15 70.00 12000.00 

117.50 20 41.78 16000.00 
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Figure (S1): CV profiles of AC at different scan rates in  3 M KOH solution. 
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Figure (S2a-d): Non-faradic CV curves of bare PANI, Ag doped PANI, Cu doped PANI, and 

Ag-Cu doped PANI At various scan rates in 3M KOH electrolytic solution. 

 

 

 

Table (S1). A comparative study with other already reported results. 

Material Tafel slope 

(mV/dec) 

Overpotential 

(mV) 

Current 

density 

(mA cm
−2

) 

Reference 

NiO/MnO2@PANI 24 345 10 1 

CoPO 60.7 350 10 2 

Co/b-Mo2C@N-

CNTs 

67 356 10 3 

NiCo2O4/PANI 153 400 10 4 

CuCoS/PANI 55 200 10 5 

Fe90Nb10 50 340 10 6 

Co2.25Fe0.75O4 50 350 10 7 

NiFeG 74 320 10 8 

Ni0.25Cu0.75/C 80 400 10 9 

Ni0.25Co0.75 

(OH)2 

71 352 10 10 

Pr/Nd co-doped 

CeO2 

84 274 10 11 

(Sm)-doped 

NiMnO3 

109 321 10 12 

Ag-Cu 93 340 10 Here in 
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Table (S2): Summarized supercapacitor performance of bare nickel foam and PANI, Ag doped 

PANI, Cu doped PANI, and Ag-Cu doped PANI. 

Material 
Specific Capacitance  

(F/g) 

Current Density 

(A/g) 

Bare NF 

66.50 2.75 

65.01 3.75 

59.67 4.75 

48.87 5 

12.53 10 

Bare PANI 

96.28 2.75 

74.43 3.75 

62.06 4.75 

51.38 5 

32.58 10 

Ag-doped PANI 290.93 2.75 
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229.90 3.75 

101.44 4.75 

60.15 5 

27.57 10 

Cu-doped PANI 

866.56 2.75 

505.97 3.75 

294.79 4.75 

213.57 5 

147.87 10 

Ag-Cu doped PANI 

1667.32 2.75 

1354.90 3.75 

924.94 4.75 

448.62 5 

348.37 10 

 

 

 

 

 

 

Table (S3). The asymmetrical device performance of supercapacitors.  

Material 

Specific 

Capacitance 

(F/g) 

Energy 

Density (Wh 

kg
-1

) 

Power 

Density 

(W kg
-1

) 

Operating 

Voltage 

window 

Reference 

rGO/Fe3O4/PAN

I 283.4  

47.7 W h 

kg
−1

 550 
1.6 V 

1 
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NiCu(OH)2CO3//

AC 

 

476 

F g
−1

 

48.55 Wh kg
−1

 

541 W kg
−

1
 

0.6 V 

2 

RuO2//h-WO3 
47.59 F g

−1
 

16.92 W h 

kg
−1

 540 W/kg 
1.6 V 

3 

Co1Ni1//AC 
 

106 42.5 Wh kg
−1

 

849.7 W k

g
−1

 
1.7 V 

4 

MnO2/HCS-

30//HCS 74.5 F g
−1

 41.4 Wh kg
−1

 ------- 
2.0 V 

5 

NiCo2O4@MnO2

//AC 112 F g
−1

 

58.9 W h kg
−

1
 

400 W kg
−

1
 

1.5 V 
6 

MnCo2O4.5-40 

GQDs//rGO Ag 

QDs/ 200 F g
−1

 46 Wh kg
−1

 66 W kg
−1

 

1.3 V 

7 

NiMoO4//spore-

derived AC 120.5 F g
−1

 48.5 Wh kg
−1

 

212.5 

kWh kg
−1

 
1.7 V 

8 

ZnO@CoS//AC 
2438 mC cm

−

2
 45.2 Wh kg

−1
 

1039.1 W 

kg
−1

 
1.6V 

9 

CoMoO4@CoS//

AC 189.5 F g
−1

 

59.2 W h kg
−

1
 

799.8 W k

g
−1

 
1.7 V 

10 

NiCo–CH-

180//AC 125 

 

 

52 

 

 

1500 

W kg
−1 

1.7 V 

11 

Ag-Cu 642.86 211.75 3465.00 1.6V Here in 
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