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Electrochemical Study:

Preparation of electrodes: Electrochemical performance was systematically evaluated through 

cyclic voltammetry (CV), galvanostatic charge–discharge (GCD) and electrochemical 

impedance spectroscopy (EIS) to assess the charge storage behavior, rate capability and 

resistance characteristics of the fabricated electrodes. Measurements were carried out in a 

conventional three-electrode cell configuration, employing Ag/AgCl as the reference electrode, 

a platinum wire as the counter electrode and the prepared material-coated Ni-foam as the 

working electrode. The working electrodes were fabricated via the doctor blade technique. 

Specifically, the active material, Super P conductive carbon and polyvinylidene fluoride 

(PVDF) binder were homogenously mixed in a weight ratio of 80:10:10 using N-methyl-2-

pyrrolidone (NMP) as the dispersing solvent to obtain a uniform slurry. The resultant slurry 

was uniformly spread onto pre-cleaned Ni-foam substrates and subsequently dried in a vacuum 

oven at 60 °C for 8 h to ensure complete removal of residual solvent and proper adhesion of 

the coating. After drying, the electrodes were pressed lightly to enhance contact between the 

active material and the current collector. Aqueous 3 M KOH solution served as the electrolyte 

for all electrochemical evaluations.

For practical device fabrication, an asymmetric coin-cell supercapacitor was assembled using 

the electrode material as positive and carbon black (CB) as negative electrode. The preparation 

of electrodes was done as discussed above. Whattmann filter paper wetted with 3M KOH 

solution was used as separator and was placed between the two electrodes. The electrodes were 

balanced according to the charge-balance principle q+ = q–. The required mass ratio of positive 

and negative electrodes is:

(Eq. 1)
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Where,   -  capacitance of each electrode obtained from three electrode system.   - 𝐶 + / ‒
𝑠𝑝 ∆𝑉 + / ‒

potential window used for each electrode.   - mass of active material on each electrode.𝑚 + / ‒

Capacitance Evaluation: The following equation is used to determine the specific capacitance 

of the electrode from cyclic voltammetry graph:

(Eq. 2)
𝐶𝑠𝑝 =  
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Here, I represent the current, v denotes the scan rate, m corresponds to the integrated area under 

the CV curve,  △V indicates the applied potential window.

The specific capacitance of the electrode was evaluated from the Galvanostatic Charge 

Discharge plot using the equation:

(Eq.3)
𝐶𝑠𝑝 =  

𝐼 ×  ∆𝑡
∆𝑉 × 𝑚

where I - applied discharge current, Δt - discharge time, ΔV - potential window and m - mass 

of the electroactive material (optimized to 1 mg) coated on the current collector. 

The CV and GCD measurements were carried out at scan rates of 10, 20, 40, 60, 80 and 100 

mV s⁻¹ and at current densities of 1, 2, 3, 5 and 10 A g-1, respectively, to evaluate the rate 

capability and charge storage behavior of the electrode. EIS was performed in the frequency 

range of 105 to 0.01 Hz with an applied AC perturbation of 5 mV amplitude. All 

electrochemical experiments were conducted under ambient room temperature conditions.

Efficiency Evaluation: For the asymmetric supercapacitor device, the energy and power density 

were calculated using the following formula:

(Eq.4)
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(Eq.5)
𝑃 =  

𝐸
∆𝑡

 ×  3600

Where  is the specific capacitance obtained,  is the potential window,  is the discharge 𝐶𝑠𝑝 ∆𝑉 ∆𝑡

time from the GCD profile.

Charge storage mechanism: Power-law model is used to analyse the reduction and oxidation 

reactions of FZMn-15 electrode. 

(Eq.6)𝑖𝑝 = 𝑎 ×  𝜈𝑏

Here,  denotes the peak current (A), represents the scan rate (V s-1), a is a constant and b is 𝑖𝑝 𝑣 

the exponential factor that indicates the charge storage mechanism. 

The modified power law was employed to deconvolute the relative contributions of diffusion-

controlled and capacitive-controlled processes occurring at the electrode/electrolyte interface. 

The relationship is expressed by the following equation:

(Eq.7)𝑖𝑝 = 𝑘1𝜈 +  𝑘2𝜈1/2

 (Eq.8)𝑖𝑝/𝜈1/2 = 𝑘1𝜈1/2 +  𝑘2

The overall current response is the sum of two contributions: the diffusion-controlled process𝑖𝑝 

 and the capacitive-controlled process . 𝑘2𝜈1/2 𝑘1𝜈



Figure S1: (a) XPS survey spectrum and (b) deconvoluted C 1s spectra of the FZMn-15 

sample

Figure S2: Deconvoluted Fe 2p spectra of the FeOOH sample



Figure S3: (a) EIS spectra (inset: equivalent circuit) and (b) long-term cycling stability of the 

FZMn-15 electrode in three electrode system

Cycling stability:

Figure S2b depicts the long-term cycling stability of all the prepared electrodes over 5000 

charge/discharge cycles. The decreased capacitance retention of 63% for FZMn–0 and 67% for 

FZMn–1 can be seen (Figure S2b), which may be attributed to their poor electrical conductivity 

and limited electroactive surface area. These factors lead to higher internal resistance and 

sluggish ion diffusion during repeated charge–discharge processes, resulting in rapid fading of 

coulombic efficiency. In the stability plots of FZMn–5, FZMn–10, and FZMn–20, the 

capacitance retention found to be 70%, 77%, and 87%, respectively. This gradual decrease can 

be ascribed to structural degradation of the electrode material, partial agglomeration of Mn 

species at higher loadings, and loss of electrochemically active sites during prolonged cycling. 

While FZMn–5 and FZMn–10 show moderate retention, indicating reasonably stable 

electrode–electrolyte interfaces, the relatively better retention in FZMn–20 suggests that 

although excessive Mn incorporation increases initial capacitance, it also partially blocks ion 

transport pathways, leading to capacitance loss over long-term cycling. Among the series, 

FZMn–15 exhibited outstanding performance, retaining a high percentage of its initial 

capacitance even after extended cycling, along with nearly 100% coulombic efficiency, 

confirming excellent reversibility. FZMn–15 demonstrates exceptional long-term cycling 

stability, maintaining 90% of its initial capacitance even after 5000 continuous charge–

discharge cycles. This remarkable retention highlights the robustness of the electrode structure, 

which effectively withstands repeated ion intercalation and deintercalation without undergoing 

significant degradation or loss of active sites.



Figure S4: Comparison CV curve of Activated carbon and FZMn-15 electrode in the three-

electrode system

Figure S5: Ragone plot of the FZMn-15 electrode with previously reported results



Figure S5 shows the post-cycling X-Ray Diffraction studies of FZMn-15@Ni-Foam. The 

dominant diffraction peaks marked as # belongs to Ni foam. the absence of sharp peaks 

suggests the absence of bulk phase transformation during cycling. The inset image shows the 

peaks in the range 20° to 60°, the weak and broad peaks observed in this range can be attributed 

to FZMn-15 sample. The broadness of the peaks indicates that the sample has turned partially 

amorphous due to repeated cycling, which is typical for electrochemically reconstructed 

oxyhydroxide-type phases. The post-cycling XRD indicates that the electrode maintains the 

structural integrity, while the active phase might have undergone surface reconstruction rather 

than forming a new crystalline phase. 

Figure S6: XRD spectra of after cycling FZMn-15 electrode 

Figure S6 shows the Scanning Electron Microscopic images of FZMn-15 sample post-cycling. 

The SEM image shows the electrode surface with aggregations and the absence of pronounced 

grains, which indicates that the material has undergone electrochemical surface reconstruction 

as suggested by XRD. At higher magnification, the structure appears more porous with loosely 

packed nanograins, indicating partial amorphization or formation of an oxyhydroxide layer. No 



major cracks or delamination are observed, confirming that the electrode retains structural 

integrity after cycling.

Figure S7: SEM image of FZMn-15 post cycling.

Table S1: Comparison of the electrochemical performance of the present work with previously 

reported results in a three-electrode system

S.No. Electrode Material Electrolyte
Current 

Density (A/g)

Specific 

Capacitance (F/g)
Ref.

1 (Ni,Co)OOH/CNTs 2 M KOH 1 460 [S6]

2 MnOOH/GF 1 M  LiClO4/PC 1 1156 [S7]

3 EA-CoOOH 6 M KOH 1 832 [S8]

4 NCM/CC 6 M KOH 3 707 [S9]

5 CNTs/α-MnOOH 0.1 M Na2SO4 0.65 202 [S10]

6 MnOOH/graphene 6 M KOH 0.5 268 [S11]

7 CoOOH 3 M KOH 0.1 198 [S12]

8 VOx(OH)y/CNT/rGO 1 M  LiClO4/PC 0.5 414 [S13]

9 FeOOH QDs/FGS 1 M Li2SO4 1 365 [S14]

10 FeOOH 2 M KOH 1 1066 [S15]

11 α-FeOOH 1 M Na2SO4 1 224.6 [S16]

12 FeOOH@MWCNT 0.5 M Na2SO4 1 345 [S17]

13 FeOOH@Gr 2 M KOH 3 1150.3 [S18]

14 FeOOH/MnO2 1 M Na2SO4 0.5 350.2 [S19]

15 FZMn–15 3 M KOH 1 1531 This 
work



Table S2: Comparison of the electrochemical performance of the FZMn–15||AC device with 
previously reported results

S.No. Device Electrolyte
Current 

Density (A/g)

Specific 

Capacitance (F/g)
Ref.

1 Ni60Co40 600//AC 1 M KOH 1 42 [S20]

2 FeOOH//MnO2 1 M Li2SO4 0.5 51 [S21]

3
MnO2@SBA-

C//FeOOH@SBA-C
1 M Na2SO4 0.5 70.9 [S22]

4
MnOOH/NiAl-

LDH//AC
6 M KOH 1 75.63 [S23]

5 MnOOH/CC//AC 0.5 M LiNO3 1 81.1 [S24]

6
MnOOH/3D-

rGO//AC
1 M Na2SO4 0.8 96.1 [S25]

7 FZMn–15||AC 3 M KOH 1 92
This 

work
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