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Abstract  

 The present article report on synthesis and electrochemical supercapacitor application 

of bismuth oxide (Bi2O3) deposited on stainless still (SS) substrate using alow cost and 

simplest electrodeposition methods. The structural analyses of the produced samples reveal 

polycrystalline with a tetragonal crystal structure. It has been obtained to synthesized linked 

adherence and compact surface morphologyand TEM reveals nanoplates-like surface 

appearance. Electrochemical supercapacitive concert of Bi2O3 thin film electrode has been 

performed through cyclic voltammetry (CV), charge-discharge (CD), and impedance 

spectroscopy (EIS) in aqueous 1M KOH electrolyte. The Bi2O3 thin film electrode obtained 

the highest specific capacitance (SC) of 1227.5 F/g at 2 mV/Sec scan rate in 1M KOH. 

Obtained maximum value of specific energy (SE) and specific power (SP) was 191.14 

Wh/Kg and 4.8 kW/kg at 18 mA/cm
2
 in 1M KOH electrolyte respectively. 93.29 % 

capacitance retention after 3500 CV cycles 
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1. Introduction 

 Supercapacitors, which are low-cost and ecologically benign energy storage 

alternatives, are developing demands in today's technology world. With unique 

pseudocapacitive charge storage processes, several transition metal oxides, such as RuOx, 

SnO2, NiOx, MnO2, IrOx, TiO2, Co3O4, and Bi2O3, have been demonstrated to be effective 

electrode materials [1].The utilization of RuO2 has the most success, although it is limited 

because of its expensive cost and scarcity. As a result, renewable, nontoxic, low-price, and 

non-noble metal oxides for supercapacitor electrodes are required. Bismuth oxide is a 

reduced hazardous transition metal oxide that has piqued the interest of researchers due to its 

broadband gap, photoconductivity, dielectric permittivity, high oxide ionic conductivity, and 

high refractive index [2].Lately, there has been a lot of interest in creating the cathode 

material for an electrolytic supercapacitor using nano crystallographic bismuth oxides. 

Nanocrystalline and highly distributed materials have a large surface area and a low diffusion 

route length for ions that can contribute significantly to supercapacitor performance 

development [3]. 

 Bi2O3electrodeshave been prepared by numerousmethods such as electrodeposition, 

Successive ionic layer adsorption and reaction (SILAR), spray pyrolysis [4], atomic layer 

deposition, and chemical bath deposition (CBD). A few reports have occurred for the Bi2O3 

as a supercapacitor thin film electrode. Gujar et al. have createda Bi2O3electrode via the ED 

method and describedthehighest SC of 98 F/g [5]. Ambare et al. have successfully 

synthesized Bi2O3 via the spry pyrolysis method and reported the obtained highest SC of 

322.5 F/g at 5 mV/Sec in 1M Na2SO4 [4]. Zheng et al. created hierarchical rippling 

electrochemically synthesized Bi2O3 Nano belt electrodes having an optimum SC of 250 F/g 

and outstanding electrochemical durability [6]. Wang et al. reported graphene nanosheets and 



Electro-Synthesized Bismuth Oxide Nanomaterials on Flexible Substrate Electrode 

forSupercapacitor Application 

Section A-Research paper 
 

2541 
Eur. Chem. Bull. 2023,12(12), 2539-2557 
 

Bi2O3composite electrode created via a simplistic solvothermal techniqueshowsoutstanding 

rate ability and glowing recycling stability with the SC of 757 F/g at 10 A/g [7]. 

 The current study focused on the electrodeposition (ED) approach for generating 

Bi2O3 thin films from an aqueous solution being a potential technology due to its 

simplification, low price, and lack of sophisticated equipment. X-ray Diffraction (XRD) and 

field emission scanning electron Microscopy were used to characterize the acquired film (FE-

SEM). Electrochemical investigations such as CV, CD, and EIS have also focused on using 

Bi2O3 thin film cathode electrodes for supercapacitor applications. 

2. Experimental  

2.1. Materials  

 All of the contaminants and solvents employed in this study, such as nitric acid and 

bismuth nitrate (S.D. Fine-Chem. Ltd.), were used without further purification. Before thin 

film deposition, a stainless-steel substrate (grade 46) was acquired locally, highly polished 

using zero-grade polish paper, and rinsed in an ultrasonic bath with double-distilled water 

(DDW) for 15 minutes. 

2.2 Electrodeposition of Bi2O3 

 Double-distilled water was used to create consistent quantities of (0.1 M) Bi(NO3)3 

(S.D. Fine-Chem. Ltd.). High-grade stainless steel (SS) (grade 46) substrate with 99% purity 

(1.5 × 5 cm
2
) were selected as substrates. Substrates were subsequently polished using fine-

grade polish paper before being etched in 10% H2SO4 for 20 seconds. Lastly, before 

deposition, they were ultrasonically washed in DDW. Bi2O3 depositions were performed for 

15 minutes at a constant voltage of 1.6 V to develop functioning electrodes. Electrodes 

constructed at consistent concentrations were labelled as ED1 (0.1M) [8]. On the stainless 

stile (SS) substrate, a white bismuth hydroxide layer was produced. The obtained thin film 
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was annealed at 573 K for 60 minutes before being employed for structural, morphological, 

and electrochemical investigations. 

2.3 Characterization details 

 Structural analysis of Bi2O3 thin film electrodes was made using an XRD Rigaku 

D/max 2550Vb, Cu-kα in the range of diffraction angle 2θ from 10
0
 to 100

0
. The surface 

morphology of the thin film was investigated by using anFE-SEM: Hitachi S 4800. A 

wettability study was made using a Holmark contact angle meter. TEM: Manufactured 

Hitachi (H-7650) Electron source-LaB6, Accelerating voltage- 80 ~ 120 kV, Point resolution 

(nm)-0.36, Line resolution (nm): 0.24, Magnification - HC mode - x200 ~ x200,000, HR 

mode – x 4,000 ~ x600,000, Field rotation: ±90
0
 (15

0
 step) for a magnification range of 

x1,000 to x40,000.The electrochemical studies were made using a computer-controlled 

potentiostat HCH 600D SPL electrochemical analyzer/workstation with standard three 

electrodes.  

3. Results and Discussion 

3.1 Film formation reaction kinetics 

 Electrolysis of Bi(NO3)3 in DDW. Bi(NO3)3 salt solution was prepared in DDW.  

Possible Ionizations: 

Bi(NO3)3 → Bi
3+

 + 3N𝑂3
− 

                                    H2O → 2H
+
 + O

2-    

H2O → H
+
+ OH

- 

In an aqueous electrolytic reaction, H2 was produced at the cathode and O2 was produced at 

the anode as the N𝑂3
−, N is in the highest possible oxidation state (+5). 

 N
0
 = 1s

1
 2s

2
 2p

3 

 N
5+

 = 1S
2
 2S

0
 2P

0
 

Possible Mechanism: 
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 Bi(NO3)3(s) + 5H2O(aq)→ Bi(OH)3↓ + 2H2↑ + O2↑ + 3HNO3(aq) 

Calcination reaction of obtained thin film 

 2 Bi(OH)3  

573𝑘
    Bi2O3 + 3H2O↑ 

So obtained electrode of Bi2O3 was extremely steady against chemical humidity and 

corrosion. 

3.2 Structural analysis 

 To examine the structural estimation of thin film electrode, XRD was scrutinized as 

shown in Fig.1. The diffraction peaks at 27.95
0
, 32.73

0
, 45.16

0
, 46.28

0
, 48.46

0
, 54.30

0
, 55.51

0
, 

59.68
0
, 62.17

0
, 68.54

0
, 70.91

0
, and 74.54

0
 correspond to the (221), (400), (511), (402), (003), 

(223), (621), (403), (551), (800), (820) and (623) planes of tetragonal Bi2O3 (JCPDS 29-

0236). Moreover, SS peaks are attributed to the stainless-steel substrate's distinctive peaks. 

The intensity and width of their distinctive XRD patterns were used to determine the 

crystallinity of Bi2O3 thin films. This is reliable with the findings of Raut et al. [9]. The 

average crystallite size of Bi2O3 was discovered to be ∼33.38 nm.  

3.3 Surface morphological and TEM analysis 

 FE-SEM images were used to investigate the surface morphology of as-deposited 

Bi2O3 films on SS at various magnifications. Fig.2(a-b) shows FE-SEM images of ED1 

electrodes at different magnifications shows several well-dispersed nanomaterials on the SS 

substrate. It shows adherence and compact morphology. The resultant porous network of 

linked nanomaterials increases the volume of electroactive establishes for electrochemical 

reactions and shrinks the ion transportation route, leading to a greater kinetic for 

electrochemical processes [10]. Fig.2(c) Displays the contact angle of bismuth oxide (Bi2O3) 

thin films placed on stainless steel substrates. The contact angle demonstrates the hydrophilic 

nature of the material. The contact angle is determined by the material's surface shape and 

chemical composition. The thin yellow layer was scraped out and appropriately disseminated 
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in alcohol by resilient ultrasonic treatment before TEM evaluation since the Bi2O3 nanoplates 

were synthesized on the FTOsubstrate. Although some nanosheets were interconnected, as 

illustrated in Fig.3(a & b) similar results reported by Wang et al [11], the nanocrystals were 

almost homogeneous. Nanoplates typically have a diameter of ∼ 29.87 nm. 

3.4 Supercapacitive performance 

 CV was utilized to investigate the electrochemical properties of a Bi2O3 cathode 

electrode. The CV of a Bi2O3 film electrode in aqueous 1.0 M KOH was investigated in the 

voltage range of -1.0 to 0.7 V at varied scan rates ranging from 2 to 100 mV/s, as shown in 

Fig. 4(a). In 1.0 M KOH, the impact of scan rate on electrodeposited bismuth oxide was 

investigated throughout a voltage range of 2 to 100 mV. The current under the curve 

gradually grows as the scan rate rises. This demonstrates because the voltammetric currents 

are precisely proportional to the scan rate, indicating optimal capacitive performance [12]. 

Fig.4(b) depicts the fluctuation of individual capacitances with scan rate. As this scan rate is 

raised from 2 to 100 mV/Sec, the specific capacitances fall from 1227.5 F/g to 80.34 F/g. At 

2 mV/Sec, the highest SC obtained was 1227.5 F/g. The greatest specific capacity reached in 

this investigation is greater than that stated in the literature, as shown in Table 1.The potential 

window and current density also expand with increasing scan rate, and curves begin to drift 

towards a positive potential end. Because Bi2O3 supports the higher scan rate for increased 

redox activity, the oxidation-reduction peaks demonstrate enhancement for higher scan rates. 

It can be challenging to continue the redox transition at higher scan rates because the charge 

and mass transfer resistance of material species diminishes due to IR drop [4].  The reduction 

in capacitance has been linked to the existence of innermost active sites, which are unable to 

completely maintain the redox transitions at greater scan rates. This is most likely owing to 

the proton's diffusion action within the electrode [13]. The declining trajectory of capacitance 

shows that at significant charging-discharging rates, sections of the electrode's surface are 
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impenetrable. As a result, the SC attained at the lowest scan rate is thought to be nearest to 

that of complete electrode material use. The redox peaks are due to the oxidation and 

reduction reactions takes place in the material. The reduction and the oxidation peak potential 

appeared in KOH electrolyte was similar to the reported Bi2O3 in hydroxide electrolyte [14]. 

The all CV curves shows the mixed capacitive behaviours. The detailed mechanism behind 

the oxidation and reduction process is described by Nithya et al. [14] for Bi2O3. During the 

reduction process, the following reaction takes place, 

𝐵𝑖𝑂2
−   𝐵𝑖𝑂2 (𝑎𝑑𝑠 )

−  

𝐵𝑖𝑂2  𝑎𝑑𝑠  
− + 𝑒−   𝐵𝑖𝑂2 (𝑎𝑑𝑠 )

2−  

3𝐵𝑖𝑂2
2− + 2𝐻2𝑂  

𝐷𝑖𝑠𝑝𝑟𝑜𝑝𝑜𝑟𝑡𝑖𝑜𝑛𝑎𝑡𝑖𝑜𝑛
                 2𝐵𝑖𝑂2

− + 4𝑂𝐻− + 𝐵𝑖0 

𝐵𝑖(0)  𝐵𝑖(𝑚𝑒𝑡𝑎𝑙 ) 

During oxidation process, the following reaction takes place 

𝐵𝑖(𝑚𝑒𝑡𝑎𝑙 )  𝐵𝑖+ +  𝑒− 

2𝐵𝑖+
𝐷𝑖𝑠𝑝𝑟𝑜𝑝𝑜𝑟𝑡𝑖𝑜𝑛𝑎𝑡𝑖𝑜𝑛
               𝐵𝑖3+ + 2𝐵𝑖(𝑚𝑒𝑡𝑎𝑙 ) 

3𝑂𝐻− + 𝐵𝑖3+  𝐵𝑖 (𝑂𝐻)3 

𝐵𝑖 (𝑂𝐻)3   𝐵𝑖𝑂𝑂𝐻 +  𝐻2𝑂 

 Fig. 4. (c) Depicts the CD behavior of a Bi2O3 thin film electrode. CD behavior is not 

perfectly triangular for varied current densities of 18, 22, and 25 mA/cm
2
, indicating the 

participation of the redox reaction mechanism in the Bi2O3 cathode electrode. The discharge 

profile typically consists of two parts: a resistive factor (linear section parallel to the y-axis) 

reflecting the voltage change attributable to internal resistance and a capacitive component 

(curved portion) indicating the voltage variation owing to energy shift within the capacitor 

[15]. CD technique were with increase in current density, charge-discharge time decreases, 
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showing inclination towards linear behavior.Additionally, the optimum SE and SP attributed 

to materials were estimated at approximately 191.14 Wh/kg and 4.8 kW/kg at 18 mA/cm
2
 

correspondingly. Fig. 4. (d) Depicts the change in energy and power with an appropriate 

current for the ED1 electrode.The CD curve causes a reduction in potential drop (ohmic 

drop), indicating the participation of pseudocapacitive behaviour. All CD curves exhibit IR 

drop, and the charging curve first increases before declining with extended plateaus. This is 

the beauty of Bi2O3, as proven by the fact that its discharge signatures differ from those of 

other materials. The polarisation effect may be affected by irreversibility in a system [4]. 

 The stability curve results reveal that electrodeposition was used to create an 

extremely durable material. The system can tolerate over 3500 cycles without substantial 

capacity loss. This indicates the material is appropriate for energy purposes. The specific 

capacitance (SC) decreases only a little with cycling, as seen in Fig.4(e). According to this 

data, the specific capacitance of all electrodes decreases rapidly during the first 500 cycles 

but then remains nearly constant (until 3500 cycles). 93.29 % capacitance retention after 

3500 CV cycles. Throughout the initial charge-discharge cycles, the active material may be 

lost due to disintegration and separation [16]. 

The electrochemical impedance of an annealed ED1 cathode was measured. The 

Nyquist graph with real and imaginary impedance values, the frequency range from 1 Hz to 1 

MHz, measured at -0.60453 V open circuit potential (OCP), is shown in Fig.5. (a)  The 

boundary point of the maximum frequency with an actual component of an impedance at high 

frequencies is the composition of electrolyte impedance, inherent substrate resistance, and 

contact resistance among the active material and the current collector. Interior resistance was 

around ∼0.81 Ω. The significantly curved line structure with the gradient was diagnostic of 

ion diffusion into the thin film electrode materials in the intermediary frequency band. The 

continuous line component inclined additional towards the imaginary axis in the low-
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frequency region, suggesting that the cathode electrode material had good capacitive 

performance [17, 18]. Fig.5(b) Depicts the Bode curve for the ED1 sample carried at 5 mA 

amplitude in 1M KOH. The graph shows that such phase angle increases with frequency, 

with capacitive nature dominating at knee frequency. The phase angle diminutions as 

frequency rise, demonstrating that resistance nature may predominance, i.e., at high-

frequency entity material confirmed resistive existence and at lowest frequency domain 

material inveterate capacitive nature. Fig. 5(c) Displays the matched Nyquist plot of sample 

ED1 (Bi2O3) thin film electrode. The Nyquist plot for sample ED1 (Bi2O3) electrode attained 

via experiment and ordinary curves fit analyzed by ZsimpWin simulation software. The inset 

of Fig.5(c) Displays matched equivalent circuit for sample ED1 (Bi2O3) electrode having 

circuitry parameters viz charge transfer resistance R1 = 0.9061 Ω, R2 = 33.74 Ω, R3 = 29.24 

Ω, R4 = 162.5 Ω, Q1 = 0.0173 F, Q2 = 0.0419 F, and C1 = 0.0378 F.  

4. Conclusions 

 The simple and minimal electrodeposition approach was used to effectively produce 

Bi2O3 thin film electrode. The tetragonal phase of the Bi2O3 thin film is shown by structural 

investigation. Interconnected adherence and compact morphology with nanoporous nature 

result in good electrochemical characteristics such as 1227.5 F/g specific capacitance with a 

good energy density of 191.14 Wh/kg ata power density of 4.8 kW/kg. Superior rate 

performance, 93.29 % retention after 3500 CV cycles. All of the abovementioned advantages 

demonstrate that our inventive strategy is promising in a wide range of nanoscale 

engineering. 
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Figure: 

 

Fig. 1.XRD pattern of Bi2O3thin film on SS substrate. 
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Fig. 2.(a), (b) FE-SEM images of the Bi2O3thin film (ED1) at two different magnifications.c)Wettability 

   images of ED1, of Bi2O3 thin films deposited on SS substrates. 

 

 

 

 

 

 

 

 

 

 

Fig. 3. TEM images of sample ED1 (Bi2O3) at (a) lower magnification 200nm, (b) higher magnification 

100nm. 
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Fig. 4. (a) CV curves at different scan rate in 1M KOH electrolyte with potential windo (-1.0 to 0.7 V) Vs 

Ag/AgCl.(b) Variation of specific capacitance and scan rate of ED1 electrode in 1M KOH electrolyte.(c) 

Charge-discharge curve at different current densities in 1M KOH electrolyte. (d) Variation of energy and 

power with current density of ED1 electrode.(e) Variation of capacity retention with the number of cyclesat 

100 mV/Sec scan rate of ED1 electrode. 

 

 

 

 
 

Fig.5. Sample (ED1) scanned in 1 M KOH impedance study(a) Nyquist plot (b) Bode plot, (c) 

matched Nyquist plot.  
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Table 1: The comparison of electrodeposited bismuth oxide on stainless steel substrate with 

other reported bismuth oxide electrode in aqueous electrolyte.

Working 

Electrode 
Synthesis Method Electrolyte 

Specific 

Capacitance 

(SC) in F/g 

Stability References 

Bi2O3 Spray Pyrolysis 1M Na2SO4 322.5 

92% retention 

after 5000 

cycles. 

[4] 

Bi2O3 Electrodeposition 1M NaOH 98 ----------- [5] 

Bi2O3/graphene 
Solvothermal 

Method 
6M KOH 757 

65% retention 

after 1000 

cycles. 

[7] 

Bi2O3 
Electrospinning 

Technology 
1M Na2SO4 786.2 mF/g 

87% retention 

after 2000 

cycles. 

[19] 

Bi2O3 Anodizing Method 1M Na2SO4 25.2 

65% retention 

after 1000 

cycles. 

[20] 

Bi2O3 
Precipitation 

Method 
6 M KOH 1350 

94.9 % 

retention after 

6000 cycles. 

[21] 

Sr2Bi2O5 

Impregnation- 

calcination 

method 

6M KOH 1228.7 

75.1 % 

retention after 

3000 cycles. 

[22] 

Bismuth oxide/ 

carbon dots 

Solvothermal 

method 

 

3M KOH 1046 

83.5 % 

retention after 

1500 cycles. 

[23] 

Bi2O3 
Electrodeposition 

Method 
1M KOH 1227.5 

93.29 % 

retention 

after 3500 

cycles. 

In this 

work 
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