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ABSTRACT
Manganese and Nickel oxides were electrodeposited onto Nickel foam by poten-
tiodynamic (10, 25 and 50 cycles), potentiostatic and galvanostatic modes and the 
effects of different electrodeposition techniques on the elemental compositions 
and their supercapactive behaviour were studied to optimise the most appropri-
ate electrodeposition technique for supercapacitor application. The structural 
properties, morphology and elemental analysis were studied by X-ray Diffraction 
(XRD), Scanning Electron Microscopy (SEM) accompanied by Energy-Disper-
sive X-Ray Analysis (EDX). The electrodes’ functional groups were analysed via 
Fourier Transform-Infrared Spectroscopy (FT-IR). Their electrochemical super-
capactive performance were assessed by calculating the areal capacitance from 
cyclic voltammograms (CV), from Galvanostatic charge-discharge Curves (GCD), 
and their behaviour was accessed by Electrochemical impedance spectroscopy 
(EIS) analyses in 0.1 M KOH. The electrochemical results specified among the 
different electrode MN10, MN25, MN50 (potentiodynamic electrodeposition), 
MNCA (electrodeposition via chronoamperometry) and MNCP (electrodeposi-
tion via chronopotentiometry); MN25 delivered the highest areal capacitance 
areal capacitance 256.08 F cm−2, with energy density 12.81 Wh cm−2 and power 
density 150.71 W cm−2 with the capacitance retention percentage of 80.5% at 5 
Acm−2 after 5000 cycles.
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1 Introduction

The start of the twenty-first century witnessed the 
hike in fossil fuel consumption due to the rapidly ris-
ing global economy leading to serious environmental 
issues like pollution and global warming. These criti-
cal issues necessitate the urgent need for alternative 
energy sources and storage and energy conversion, 
green, sustainable, yet efficient [1–5]. Among them, 
Supercapacitors, i.e. electrochemical energy storage 
(EES) devices, are the most sought after and were 
first introduced in the 1970s by NCE to provide 
backup power for computers [6–8]. Over the years, 
researchers have manufactured modified superca-
pacitors to play a crucial role in applications such as 
portable electronic devices, especially in the mobile 
technology and also to enhance the battery or fuel 
cell system in hybrid electric vehicles owing to their 
characteristic properties such as excellent power 
density compared to batteries, fast charging and dis-
charging rate and long cyclic stability. EES comprises 
two electrodes divided by a separator immersed in 
an electrolyte. Thus, research is going on to develop 
highly effective yet low cost, environment-friendly 
electrode materials as they play a vital role in achiev-
ing super capacitive properties [9–12]. Attributing 
to large specific surface area, apt pore size & their 
physicochemical properties; transition metal oxides 
with various valence states such as MnO, RuO, NiO 
etc. are intriguing materials for supercapacitor elec-
trodes having pseudocapacitive behaviour [13–15]. 
Transition metal oxides as active electrode materi-
als with varying morphologies are synthesised by 
chemical as well electrochemical methods. Chemical 
methods techniques like sputtering, impregnations 
etc. are multistep processes which give uncontrolled 
structures and require high temperatures and also 
have impurities in the synthesised materials [16]. 
For large scale applications, electrodeposition has 
been considered as they are economical, can be pre-
pared via simple and low-temperature processing 
with controlled and uniformly dispersed morphol-
ogy by varying the electrochemical parameters [17, 
18]. The different electrodeposition techniques for 
the synthesis of electrocatalysts are potentiodynamic 
electrodeposition, potentiostatic electrodeposition 
as well as galvanostatic electrodeposition. The cur-
rent is kept constant in galvanostatic electrodepo-
sition, in potentiostatic electrodeposition method; 
the potential is applied for a certain time and in 

potentiodynamic electrodeposition; the potential of 
is varied at a particular rate by applying current [19].

Ruthenium oxide as supercapacitor material is con-
sidered because of their significantly higher specific 
capacitance, however due to their high cost; alterna-
tives are sought after [20]. Manganese dioxide (MnO2), 
first reported by Lee and Goodenough in 1999; owing 
to their simple preparation process, low toxicity, good 
electrochemical activity as well being cost effective 
have gained tremendous attention from research-
ers worldwide as potential supercapacitor material 
[20–24]. Their further development was however lim-
ited due to poor ion diffusion constant, low conduc-
tivity and weak stability [25, 26]. In order to enhance 
the electrochemical properties, MnO2 accompanied 
by other metal oxides can be uniformly modifies onto 
porous electrodes such as carbon material, Ni foam 
[27]. Such porous electrodes act as stable current col-
lector and are highly conductive due to ion diffusion 
through their porous structure [28–31]. Metal oxide-
based supercapacitors utilize Potassium hydroxide 
as common alkaline electrolyte, while sulphuric acid 
is the common acid electrolyte among aqueous elec-
trolytes owing to their ionic conductivity leading to 
increased power density and reduced internal resist-
ance. This is due to involvement of hydroxide ions and 
hydrogen ion in proton transport/hopping. However 
acid electrolytes lead to corrosion and thus is not com-
monly used. Among other alkaline electrolytes like 
NaOH and LiOH, KOH, the K+ ion exhibits the high-
est ionic conductivity 73.5 Scm2mol−1 while Na+ has 
50.11 Scm2mol−1 and Li+ has 38.69 Scm2mol−1 respec-
tively [32–34]. In aqueous solution, Li+ ion showcases 
the highest hydrated radius which leads to restricted 
mobility and hence lowering faradaic current com-
pared to K+ and Na+. Though high concentration of 
KOH can lead to larger peak area and broader cyclic 
voltammograms which indicates improved capacitive 
performance; the downfall of higher concentration is 
corrosion of the working electrode as well as current 
collector which deteriorates the devices overall perfor-
mance. Hence for this work the authors have chosen 1 
M KOH to do the supercapactive studies.

The aim of the present investigation is the electro-
deposition of manganese and nickel oxide on nickel 
foam using potentiostatic, potentiodynamic and gal-
vanostatic modes. Nickel oxides is considered since 
they enhance electrochemical properties by the con-
verting Ni to Ni (II),having many oxidation states, 
validating more faradaic processes leading increased 
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psuedocapacitance [35–37]. The nickel foam which is 
macroporous assist as conductive pathway as well as 
backbone for both Manganese and nickel oxides. The 
effects of the three electrodeposition techniques on 
morphological, structural as well as supercapactive 
properties of the fabricated composite on nickel foam 
have been investigated in this work.

2 �Experimental section

2.1 �Materials

Manganese acetate tetrahydrate [≥ 99.9%], Nickel sul-
phate hexahydrate [ACS reagent, ≥ 98%], Potassium 
hydroxide [ACS reagent, ≥ 85%, pellets], sulphuric 
acid (reagent grade) were procured from Merck India. 
Milli-Q water was used to make the aqueous solutions. 
Nickel foam was used for the electrodeposition with 
dimension of 2.5 cm height, 1 cm width, and 1 mm 
thickness.

2.2 �Instrumentations

The morphology was examined using scanning elec-
tron microscopy (SEM) images along with the elemen-
tal distribution of the modified electrodes were done 
using JCM-7000 NeoScope Benchtop. X-ray diffrac-
tion (XRD) analysis was carried out with PANalyti-
cal X’Pert PRO equipped with an X’Celerator position 
sensitive detector with Cu K radiation of wave-
length = 1.5401 Å, where the crystalline structure of 
manufactured electrodes was examined. ATR-FTIR 
spectroscopy was used to investigate the functional 
groups of the electrodes in the wave region between 
4000 and 400 cm−1 using the ATR- FTIR Spectrometer 
PerkinElmer Spectrum two. The electrochemical per-
formance of electrodeposited electrodes were tested 
utilising the OrigaLys-OFG500 electrochemical work 
station.

2.3 �Electrochemical measurements

Electrochemical deposition and supercapactive stud-
ies were carried out using the OrigaLys-OFG500 elec-
trochemical work station with three electrode setup. 
Nickel foam is used as the working electrode, Ag/AgCl 
is used as the reference electrode, and platinum wire 
is used as the counter electrode in this configuration. 
Nickel foams were utilised as current collectors, and 

they were cleaned for 5 min in an ultrasonic bath with 
acetone and deionized water. They were then soni-
cated for 10 min in a 4 M HCl solution, rinsed with 
distilled water and 100% ethanol, then dried for 2 h in 
a vacuum oven at 60 °C [38]. Manganese and Nickel on 
Nickel Foam electrodes electrodeposited via different 
cycles of cyclic voltammetry, chronoamperometry and 
chronopotentiometry in 0.1 M KOH and were stud-
ied for their supercapactive behaviour, charge transfer 
resistance and stability.

2.4 �Electrodeposition manganese and nickel 
on nickel foam

The cleaned Nickel foam was placed in 0.1 M of 
((CH3COO)2 Mn.4H2O) in 0.1 M of Na2SO4 in 100 mL 
of deionised water and was electrodeposited via cyclic 
voltammogram at scan rate of 10 mVs−1 in the voltage 
window 0 to 1.2 V; for chronoamperometry, a constant 
voltage of 1.2 V was applied and; for chronopotenti-
ometry, a constant current at 8mA was maintained for 
10 min. For the deposition of Nickel, the Manganese 
deposited electrode was immersed in 0.2 M NiSO4 in 
0.1 M H2SO4 and chronoamperometry, chronopoten-
tiometry and cyclic voltammetry were carried out in 
the potential window of 0 to 0.6 V.

3 �Results and discussion

3.1 �Structural studies

The structural analysis of electrodeposited Manganese 
and Nickel oxide on Nickel foam electrodes were stud-
ied with X-ray diffractometer by varying the diffrac-
tion angles 2θ from 10 to 95 in the Fig. 1. The peaks 
44.69°, 52.14° and 76.74°can be indexed to the (111), 
(200) and (220) planes corresponding to Nickel of 
Nickel foam substrate (PDF #04-0850) and the shoul-
der peaks at 44.75°, 76.8o can be indexed to (200) and 
(311) planes of NiO (PDF # 47-1049) indicating that 
MnO2 particles are in the amorphous phase. Owing 
to the easy diffusion of the electrolyte ions through 
electrode material making the amorphous phase of 
oxide materials apt for supercapacitor behaviour [28].

3.2 �FTIR studies

The molecular vibrational spectra of MNC10, MN25, 
MN50, MNCA and MNCP by Fourier Transform 
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Infrared Spectroscopy is seen in Fig. 2. The adsorp-
tion band observed at 540 cm−1 is ascribed to Mn–O 
bending mode mainly due to the distortions in MnO6 
octahedra and weak band at 461 cm−1 belong to the 
Ni–O stretching. The adsorption peak at 2017 cm−1 
occurs because of the degree of H2 bonding within 

the electrode indicating the probable presence of 
the adsorbed moisture among the oxides which fur-
ther enhances diffusion of ions, increasing capaci-
tance. [39] Table 1 depicts the IR band assignments of 
MN10,MN25,MN50,MNCA and MNCP.

3.3 �Surface morphological studies

The surface morphologies of the different elec-
trodeposited electrodes were investigated by 
scanning electron microscopy and EDAX in 
Figs. 3a–e and 4a–d. Ni foam has a porous framework 
3-dimensional structure and as observed from the SEM 
images had uniformly distributed porous structures 
whose roughness increased with the increase in elec-
trodeposition cycles as well as by varying the electro-
deposition method leading to densely packed MnO2 
as well Nickel oxide onto the Nickel foam framework. 
The deposited mass load is thus increased. The pos-
sible mechanism can be attributed to the nucleation 
process leading to the stable linked MnO2–NiO. This 
is followed by progressive nucleation, which grows 
on top of the already produced nuclei. Manganese 
and Nickel deposited electrode was observed to have 
a porous as well as crumbled architecture which could 
enhance the surface area, thereby increasing the Areal 
capacitance of the electrode. Table 2 gives the com-
parative table of elemental weight% of MN10, MN25, 
MN50, MNCA and MNCP. When the electrodeposi-
tion cycles are too less as well as quite high, it would 
affect the diffusion rate of electrolytes through the 
pores of the Nickel foam, thereby decreasing Areal 
capacitance of electrode materials.

3.4 �Electrochemical measurements

The electrochemical performance of the elec-
trodeposited electrodes were evaluated by cyclic 
voltammetry with asymmetric three electrode setup 
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Table 1   IR band assignments of MN10,MN25,MN50,MNCA 
and MNCP

Band frequency (cm−1) Band assignment

540 Mn–O bending mode
461 Ni–O stretching
≈ 2000 Degree of H2 bond-

ing due to adsorbed 
moisture



J Mater Sci: Mater Electron (2023) 34:2018	 Page 5 of 17 2018

in 0.1 M KOH electrolyte. Cyclic voltammogram 
Curves of the Ni foam electrodes electrodeposited 
with Manganese and Nickel oxides via potentio-
dynamic methods with varying deposition cycles; 
10, 25 and 50 ( MN10, MN25, MN50), potentiostatic 
(MNCA) as well as galvanostatic methods (MNCP) at 
varying scan rates of 5, 10, 20, 50, 100 and 200 mVs−1 
in the voltage window of 0 to 600 mV are presented 
in Fig. 5.

The possible electrochemical mechanism of the 
formation of MnO2 and NiO on Nickel foam is as 
follows:

There are two possible electrodeposition mecha-
nism for MnO2 formation [40]:

Mechanism 1:

Mechanism 2:

(1)Mn
2+
bulk

→ Mn
2+
ads

(via diffusion),

(2)Mn
2 +

ads
→ Mn

3 +
+ e

−
,

(3)Mn
3+

+ 2H
2
O → MnOOH + 3H

+
,

(4)MnOOH → MnO
2
+ H

+
+ e

−
.

(5)Mn
2 +

bulk
→ Mn

2 +

ads
(via diffusion),

(6)Mn
2 +

ads
→ Mn

4+ + 2e
−
,

Fig. 3   a Scanning electron microscopy (SEM) image of MN25,  b enlarged area of SEM, c energy-dispersive spectrum, d comparative 
table of elemental weight%, e elemental mapping images of Mn, Ni, and O
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(7)Mn
4+ + 4H

2
O → Mn(OH)

4
+ 4H

+
,

(8)Mn(OH)
4
→ MnO

2
+ 2H

2
O.

NiO formation mechanism [41]:

(9)NiCl
2
0.6H

2
O + H

2
O → Ni(OH)

2
+ 2HCl + 5H

2
O,

(10)Ni(OH)
2
→ NiO +H

2
O.

Fig. 4   SEM image and energy-dispersive spectrum of a MN10, b MN50, c MNCA and d MNCP
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The synthesised electrodes exhibited slightly differ-
ent electrochemical behaviour due to the characteris-
tics of interface of the electrode–electrolyte and the 
transport rate of ions to and fro the surface of elec-
trodes. It can be seen that the CV response exhibits 
anodic and cathodic peaks around 0.5 V and 0.4 V, 

respectively, implying the occurrence of two reversible 
faradic processes resembling the surface redox pseu-
docapacitive behaviour.

The possible mechanism regarding the charge stor-
age of both Manganese and Nickel Oxide

Equation (1) depicts the adsorption and desorption 
of potassium ion K+ onto the surface of MnO2 ( non-
faradaic process), Eq. (2) shows the intercalation and 
removal of the K+ on MnO2’s interstitial sites ( fara-
daic process) and Eq. (3) The capacitive behaviour of 

(11)MnO
2surface

+ K
+ + e

−
↔ MnOOK

surface
,

(12)
(

MnO
2

)

+ K
+ + e

−
↔

(

MnO
−
2
K
+
)

,

(13)NiO +OH
−
↔ NiOOH + e

−
.

Table 2   Comparative table of elemental weight% of MN10, 
MN25,MN50, MNCA and MNCP

Mn wt% Ni wt% O wt%

MN10 0.04 95.57 4.39
MN25 0.14 96.01 3.85
MN50 0.24 95.32 4.43
MNCA 0.59 92.33 7.08
MNCP 23.80 21.55 54.65

Fig. 5   CV curves of a MN10, b MN50, c MNCA and d MNCP at varying scan rates of 5, 10, 20, 50, 100 and 200 mVs−1
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NiO in an alkaline solution is caused by the storage of 
charge in an electrical double layer at the electrolyte/
electrode interface and redox reactions on the surface 
of electroactive nickel oxide and their dependency on 
hydroxide ion concentration. [42].

From the CV profiles versus reference electrode Ag/
AgCl with increasing scan rates, the current density of 
all the synthesised samples also increased. However, 
the deviation in the CV curve shape can be attributed 
to lack of effective interaction between electrode and 
ions since there isn’t enough time for the diffusions of 
ions into the electrode material at higher scan rates. To 
determine supercapactive behaviour of the electrodes 
under investigation, the comparison of cyclic voltam-
mogram of MN10, MN25, MN50, MNCA and MNCP 
in 0.1 M KOH at 5 mVs−1 is shown in Fig. 6.

Its observed that initially the peak current density 
increases with increase of electrodeposition cycles, 
however, for electrodeposition via 50 cycles the cur-
rent density decreased indicating lower diffusion 
rate of cations on the Manganese and nickel oxide-
based electrodes because their dense and compact 
structure.

Equation 4 can be used to calculate the Areal capaci-
tance (Csp) for each composite based on the CV curves

At 5 mVs−1 scan rate, the calculated Areal capaci-
tance values of MN10, MN25, MN50, MNCA and 
MNCP electrodes were 179.24, 188.1, 61.24, 97.88 
and 122.41 F cm−2, respectively. The better Areal 

(14)C
sp

=
1

vΔV ∫ i(V )dV .

capacitance of MN25 is due to amorphousness (from 
XRD) and a well-distributed mesoporous structure 
with little agglomeration (from SEM).

GCD curves of MN10, MN25, MN50, MNCA and 
MNCP electrodes at varying current densities from 
0.5 to 20 Acm−2 versus reference electrode Ag/AgCl 
is observed in Fig. 7. GCD curves of all the elec-
trodes exhibited distorted triangular shapes due to 
metal oxides which are psuedocapacitance materials 
[43, 44]. The GCD profile comprised of a resistive 
component resulted from a sudden voltage drop 
(iR drop because of the internal resistance of both 
MnO2 and NiO, a capacitance component resulting 
from ions separation in the double layer region at 
the electrode interface, and a faradaic component 
resulting from MnO2 charge transfer reaction in the 
extended time region. Comparision of charge dis-
charge curves of MN10, MN25, MN50, MNCA and 
MNCP in the potential range between 0 and 600mV 
at a current density of 0.5 Acm− 2 was presented in 
Fig. 8. Among the different electrodeposition meth-
ods, charging and discharging time is more for the 
potentiodynamic electrodeposition for 10 and 25 
cycles compared to potentiostatic as well as galva-
nostatic electrodeposition leading to higher Areal 
capacitance.

The Areal capacitance values were calculated from 
the GCD graphs using the Eq. (5).

 where, Cs: Areal capacitance (F cm−2), I (mA): applied 
current density A : area of the working electrode, Δt 
(s): discharging time, ΔV (V): potential window to dis-
charge. Areal capacitance of the MN10, MN25, MN50, 
MNCA and MNCP are 211.33, 256.08, 73.65, 99.3 and 
99.42 F cm−2 at 0.5 Acm−2 current density. The compari-
son of the Areal capacitance value from GCD curves 
is depicted in the bar graph in Figs. 9 and 10 depicts 
the areal capacitance vs. varying current densities of 
MN10, MN25,MN50, MNCA and MNCP.

From the Areal capacitance value, it can be seen 
that deposition cycle of 25 is the optimum to deposit 
Manganese and Nickel oxides proven by its highest 
Areal capacitance compared to the other electrodep-
osition cycles and methods. The deposited layer got 
thicker when deposition period on Nickel foam was 
increased, same was observed for both MNCA and 
MNCP slowing the electrolyte ions diffusion into 
electrode materials and lowering Areal capacitance.

(15)Cs =
I × Δt

A × ΔV
.

Fig. 6   Comparison of cyclic voltammogram of MN10, MN25, 
MN50, MNCA and MNCP in 0.1 M KOH at 5 mVs−1
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Fig. 7   GCD curves of a MN10, b MN50, c MNCA and d MNCP at electrodes at varying current densities of 0.5, 1, 2, 3, 4, 5, 10 and 20 
Acm−2

Fig. 8   Comparison of GCD curves of MN10, MN25, MN50, 
MNCA and MNCP in 0.1 M KOH at current density of 0.5 
Acm−2

Fig. 9   Comparison of areal capacitance value of MN10, MN25, 
MN50, MNCA and MNCP
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To separate the capacitive properties where the 
capacitance and inverse of capacitance are plotted 
against scan rate v−1/2 and v1/2, Trasatti method is fol-
lowed [45, 46]. The data is plotted to extrapolate the 
capacitance value at i = 0 and v = ∞. Capacitance at zero 
mV/s showcases the total capacitance and at infinite 
shows the charge stored at the surface. Surface charge 
capacitance is studied from the plot capacitance vs. 

v−1/2. On assuming semi-infinite linear diffusion, lin-
ear correction is expected for the plot of capacitance 
versus inverse square root of scan rate. In higher scan 
rates they deviate from linearity due to ohmic drops 
caused by the resistance of Manganese and Nickel 
oxides. The total maximum capacitance is plotted from 
the inverse of capacitance vs. v1/2. Thus, the main aim 
of following the Trasatti method is to understand the 
capacitance contribution of EDLC and psuedocapaci-
tance [12]. 

 

 

Figure 11 (a) shows the plot of inverse of capaci-
tance (C−1) vs. square root of scan rate (v1/2), (b) plot 
of capacitance vs. inverse of the square root of scan 
rate, We could conclude with Trasatti method, MN25, 
which the electrode material showing the highest 
capacitance among the others has 24.85% EDL capaci-
tance and 75.15% psuedocapacitance from Fig. 11c.
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The charge contribution is examined by studying 
the dependence of scan rate on current by Conway 
and Dunns method [47, 48]. The current measured is 
due to the MnO2 and NiO surface double layer charg-
ing as well as the pseudocapacitive current associated 
with faradaic reaction on the surface of Manganese 
ion surfaces. As the combination of these two mecha-
nism, one could understand the current behaviour at 
a particular potential.

On dividing both sides with square root of scan 
rate;

 where i(V) is the current response at a particular 
potential, v is a scan rate, k1 and k2 are scan rate-inde-
pendent constant, k1v correspond to the contribu-
tion of current from EDLC and k2v1/2 corresponds to 

(19)i(v) = k
1
v + k

2
v

1

2 .

(20)
i(V )

v

1

2

= k
1
v
1∕2 + k

2
.

pseudocapacitive current. Figure 12a shows the plot of 
i(V)/ν1/2 vs. ν 1/2 for MN25 at the potential 0.31 V. One 
can determine k1 and k2 from the slope and the inter-
cept point on the y axis due to the linear nature of the 
graph. Figure 12c shows the comparison of contribu-
tion by diffusion control current and capacitive cur-
rent at 0.31 V for MN25 at varying scan rates. It is also 
observed that there is an evident change in the charge 
storage mechanism as we go at higher scan rates due 
to the fast charge and discharge process; increasing the 
capacitive current. On comparing the EDLC current 
and pseudocapacitive current, 78%, 76%, 69%, 58%, 
49% and 41% of the total charge stored at scan rated 5, 
10, 20, 50, 100 and 200 mVs−1 belongs to faradaic cur-
rent. The capacitive contribution of MN25 at 5 mVs−1 is 
exhibited in Fig. 12b and we can confirm that the dou-
ble-layer charging as well as the faradaic contribution 
are in accordance i.e. calculation via Dunn’s method 
matches with the calculation via Trasatti method.

The equation i = avb also is utilised to determine 
the b value which gives information about the 

Fig. 12   a Plot of i(V)/ν1/2 
vs. ν1/2 of MN25 at 0.31 V. 
b Capacitive contribution of 
MN25 at 5 mVs−1. c Total 
charge storage contribution 
from EDLC and psuedoca-
pacitance for MN25 with 
0.31 V at varying scan rate
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0.02

0.03

0.04

iV
-1

/2

V1/2(mVs-1)1/2

iV-1/2=0.00179 V1/2+0.01741 Capaci�ve 

c)

b)a)



	 J Mater Sci: Mater Electron (2023) 34:20182018 Page 12 of 17

electrode material mechanism, where i is the peak 
current density obtained from the CV curves, a & 
b are adjustable parameters and v is the scan rate 
(mV/s). b value is derived from the slope of plot of 
log (i) vs. log (v). The mechanism is capacitive if 
the value is 1 and diffusion controlled if the value 
is 0.5. Figure 13 showcases the plot of log (i) vs. log 

(i) plot of the synthesised electrodes with the b val-
ues of MN10, MN25, MN50, MNCA and MNCP are 
0.754,0.74, 0.641,0.712 and 0.668, respectively. indi-
cating the charge storage mechanism involves both 
the diffusion and capacitive process. Table 3 gives 
the comparison of the b values of the electrodes with 
the reported literature.

Fig. 13   Plot of log (i) vs. log (v) plot of a MN10, b MN25, c MN50 d MNCA and e MNCP
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The energy density (Wh/cm3) and power density 
P (W/cm3) of the electrodeposited electrodes are 
obtained from the two electrode system based on 
Eqs. (21) and (22)

(21)E =
0.5 ∗ C ∗ ΔV2 ∗ 1000

3600

,

 where C : Areal capacitance, ΔV (V): potential win-
dow, and the Δt (s) : discharge time. It is observed that 
highest power density of 35.88 Wcm−3 was observed at 
the energy density range of 3.05 Whcm−3 for MN25 at 
charging rate 0.5 Acm−2 among other electrodes.

Ragone plot of MN25 at the charging rate 0.5, 1, 
2, 3, 4, 5, 10 and 20 Acm−2 is displayed in Fig. 14. 
Table 4 shows the comparison of the Areal capaci-
tance value, energy and power density of the elec-
trodeposited electrode materials.

EIS studies in the frequency range of 100 kHz to 
1 mHz are used to explore the electrochemical char-
acteristics of the electrode/electrolyte interface. The 
Nyquist plots for MN10, MN25, MN50, MNCA and 
MNCP in 0.1 M KOH are observed in Fig. 15. Cor-
responding electrical circuit of MN25 was created 
by fitting the impedance data. The interfacial charge 
transfer resistance (Rct) occurs at the interface between 
the electrode and the electrolyte due to the electrical 
charge transfer in the redox process of the electrode 

(22)P =
E ∗ 3600

Δt
,

Table 3   Comparison of b values of synthesised electrode with 
reported literature

Electrode material b value Reference

MN10 0.754 This work
MN25 0.74 This work
MN50 0.641 This work
MNCA 0.712 This work
MNCP 0.668 This work
α-MnO2 0.5–0.7 [24]
MnO2-TEA 0.82 [52]
MnO2-C 0.75 [53]
NHMO-5 0.73 [54]
MnO2/CNT//AC 0.63 [55]
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Fig. 14   Ragone plot of MN25 electrode

Table 4   Comparison of 
Areal capacitance from CV 
and GCD, Energy density 
and Power density of the 
electrodeposited electrodes

Areal capacitance  
[CV] (F cm−2)

Areal capacitance 
[GCD] (F cm−2)

Energy density 
(Wh/cm3)

Power density 
(W/cm3)

MN10 179.24 211.33 2.52 35.75
MN25 188.1 256.08 3.05 35.88
MN50 61.24 73.65 0.88 35.69
MNCA 97.88 99.3 0.28 35.59
MNCP 122.41 99.42 4.97 35.71

Fig. 15   Nyquist plots for MN10, MN25, MN50, MNCA and 
MNCP in 0.1 M KOH; inset of enlarged Nyquist plot and equiva-
lent circuit of MN25
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materials. The total of electrode materials’ intrinsic 
resistance, the electrolyte’s ionic resistance and the 
contact resistance at the electrode material and cur-
rent collector interface is the internal resistance (Rs). 
To account for capacitance, constant phase element 
was applied. Based on the fitted EIS results, the val-
ues of Rs of MN10, MN25,MN50, MNCA and MNCP 
are calculated to be 5.669 Ω, 5.52 Ω, 9.71 Ω, 9.87 Ω and 
11.07 Ω and Rct values are 1.78 Ω, 0.2 Ω,1.2 Ω,0.117 Ω 
and 3.03 Ω respectively. From the Nyquist plot, the 
charge-transfer resistances of MN25 is the least reveal-
ing the improved ion and charge transfer along with 
the conductivities of the electrode material.

Among the synthesised electrode, since MN25 
exhibited higher Areal capacitance; the stability was 
assessed by Galvanostatic Charge Discharge curves 
(GCD). Capacitance retention plot of MN25 at cur-
rent density of 5 Acm−2 before and after 5000 cycles 
shows 80.5% of discharge time was retained even 
at 5000th cycle as seen in Fig. 16. From literatures, 
its proposed that the decrease capacitive retention 
with cycling is caused by the partial dissolution 

of manganese oxide to formation of soluble Mn2+. 
Another possible reason is due the active materials’ 
gradual detachment from Nickel foam due to the 
continuously increasing number of cycles leading 
to reduced specific capacitance [49–51]. Table 5 dis-
plays the comparison of areal capacitance of different 
metal oxides w.r.t. MN25.

4 �Conclusion

Manganese and Nickel oxides were successfully 
deposited onto Nickel foam substrate via different 
electrodeposition. The scanning electron microscopy 
images along with EDX indicated how the morphol-
ogy and deposition is affected due to potentiody-
namic, potentiostatic and galvanostatic methods. 
XRD pattern exhibited significant peaks of Nickel 
foam with shoulder peaks belonging to NiO indi-
cated the amorphous phase of MnO2. Variations in 
the electrochemical behaviour was revealed in the 
cyclic voltammograms, GCD curves with the change 
in the mode of electrodeposition, Among them, 
electrodeposition potentiodynamically for 25 cycles 
(MN25) showcased higher areal capacitance 256.08 
F cm−2, energy density 12.81 Wh cm−3 and power 
density 150.71 W cm−3 compared to MN10, MN50, 
MNCA and MNCP. MN25 also showed cyclic stabil-
ity of 5000 cycles with 80.5% of capacitance retention 
percentage at 5 Acm−2. Charge transfer resistance 
was also observed to be relatively lower for MN25 
compared to other electrodes thus having better 
conductivity, ionic transfer thus behaving as an apt 
supercapacitor electrode material.
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Fig. 16   Cyclic stability of MN25

Table 5   Comparison of areal 
capacitance of different metal 
oxides w.r.t. MN25

Different metal 
oxides/combinations

Current 
(mA/cm−2)

Synthesis method Areal capacitance Reference

MnO2/MoS2 0.1 Magnetron sputtering 224 mF cm−2 [56]
NiCo2O4 0.133 Sol–ge1 method 40.6 mF cm−2 [57]
NiCo2O4/MnO2 1 Hydrothermal 5.3 Fcm−2 [58]
ZnCo2O4/Ni(OH)2 2 Electrochemical deposition 4.6 Fcm−2 [59]
MN25 0.5 Electrodeposition 256.08 F cm−2 Present work
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