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Abstract
This work used a simple electrochemical reduction method to secondary construct the reduced nickel base (rNi Base) on 
nickel foam with a nano-core structure. The secondarily constructed base has a large specific surface area, which can increase 
the mass utilization of the active material. The rNi Base was used as a base for the reduction of nickel on Na+, K+, andNH+

4
 , 

respectively. MnO2 was electrodeposited under three different cation pre-intercalation treatments, and the mechanism of 
the effect of different monovalent cations to guide the growth of MnO2 materials was investigated. Finally, rNi/MnO2&Na+ 
electrode with a special nano cauliflower structure was obtained. The special nanostructure of the electrode enhances its 
electrochemical performance, possessing 598 F g− 1 ultra-high specific capacitance at a current density of 1 A g− 1 and a 
high specific capacitance of 307.5 F g− 1 at a high current density of 20 A g− 1, and high specific capacitance maintenance 
rate of 92.7% after 500 cycles of charging and discharging at a current density of 2 A g− 1. In addition, the symmetrical 
supercapacitor assembled with this electrode has a very high specific capacitance (401.1 F g− 1 at a current density of 1 A 
g− 1) and energy density (80.22Wh kg− 1 at a power density of 599.99 W kg− 1).
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1  Introduction

The problems of energy shortage and environmental pollu-
tion in the 21st century have stimulated the desire for clean 
and renewable energy [1, 2]. In order to effectively allevi-
ate the problem of unstable wind and solar power genera-
tion, energy storage technology is facing unprecedented 
challenges [3]. As a new type of energy storage element 
between conventional capacitors and chemical batteries, 
it is widely used in portable electronic devices, electric 
vehicles, etc. [3, 4]. Supercapacitors have the advantages 
of high discharge power, large electric capacity at Farad 
level, high energy, wide operating temperature range and 
extremely long service life, maintenance-free, economic 
and environmental protection, etc., and have received more 
and more attention in recent years [5–7]. Supercapacitors 
have double-layer capacitance and Faraday pseudocapaci-
tance two energy storage mechanisms. The former mainly 
generates stored energy by adsorption of pure electrostatic 
charges on the electrode surface; the latter mainly gen-
erates Faraday pseudocapacitance by rapidly reversible 
redox reactions on and near the surface of the electrode 

material, resulting in higher energy density [8–11]. Elec-
trode materials are the core components that affect the 
performance of supercapacitors. Transition metal oxides 
are widely used as electrode materials for supercapacitors 
[12–15]. Among many types of transition metal oxides, 
manganese oxide MnO2 is considered the most promis-
ing next-generation supercapacitor electrode material 
with abundant reserves, low cost, non-toxic and non-pol-
luting, and high theoretical specific capacity (1370 F g− 1) 
[16–18].

The electrodeposition method has many advantages 
over the conventional methods of MnO2 preparation. 
First, Faraday reactions mainly occur at the electrode 
surface and inside the shallow bulk phase not exceeding 
500 nm [19], so in order to approach the theoretical spe-
cific capacitance of MnO2, the MnO2 film thickness should 
tend to be infinitesimal, which can accelerate electron and 
electrolyte ion transport and ensure that the MnO2 active 
material is fully applied to energy storage [20]. The use 
of electrochemical methods for deposition of MnO2 elec-
trodes can well control the film thickness and increase the 
material mass utilization as much as possible, which in 



477Electronic Materials Letters (2022) 18:475–488	

1 3

turn improves the electrode specific capacitance. Secondly, 
the preparation of MnO2 electrode materials by electro-
chemical methods does not require the introduction of con-
ductive agents or binders, which avoids the introduction 
of excess mass to reduce the specific capacitance of the 
material [21]. Unique designed materials are benefit for 
improving the properties the prepared materials [22–26]. 
In the preparation process of MnO2 electrode materials 
with the electrodeposition method, different combina-
tions of manganese oxygen octahedral [MnO6] units can 
form various crystalline forms, including α, β, γ, λ and 
various morphologies, including nanoparticles, nanowires, 
nanosheets, and nanoflowers, in which different morpholo-
gies correspond to different specific surface areas as well 
as ion migration paths, thus exhibiting different electro-
chemical properties [27–31]. Moreover, the electrodeposi-
tion method can grow nanomaterials directly from conduc-
tive three-dimensional porous skeletal materials as a base 
to obtain electrodes with high surface area and hierarchical 
structure. Additionally, with electrodeposition method, the 
three-dimensional porous scaffolds with high conductiv-
ity can be used as the substrate-based nanoparticles for 
growth, thus obtaining electrodes with high surface area 
and hierarchical structure. The three-dimensional porous 
scaffolds with high conductivity can not only provide suf-
ficient binding sites for the loading electroactive material, 
thus alleviating the shedding of active materials due to 
volume changes of the electrodes during the charge/dis-
charge cycle, but also accelerate insertion and desertion 
of electrolyte ions on the electrode/electrolyte interface, 
improving the surface reaction rate [25]. Lang prepared a 
100 nm thick nanoporous gold film that facilitated ion dif-
fusion between MnO2 and electrolyte and provided bilayer 
capacitance [32]. Zhang used self-assembled opal as a 
template to electrodeposit nickel to obtain a bicontinuous 
electrode, and the removal of the template resulted in a 
nickel-inverse opal (with a porosity of about 74%), which 
prevents the electrolytic active material from conformal 
deep into the structure discontinuous ion paths generated 
by deposition, thus improving the charge/discharge rate 
[32]. However, the scarcity of precious metals and the tedi-
ous preparation process limit the application of both in 
large quantities, respectively.

In this work, we report a simple method to secondary 
construct refined three-dimensional nickel foam bases with a 
large specific surface area, which increases the mass utiliza-
tion of the active material, and the high conductivity network 
of this structure, which facilitates the transport of electrons 
and electrolyte ions. The three-dimensional nickel foam as a 
base was electrically reduced in NiSO4 that mixed solution 
to construct a nickel foam on reduced nickel base (rNi Base) 
with a nano-core structure. Subsequently, rNi Base was 
used as a base to electrodeposit MnO2 under three different 

monovalent cation pre-intercalation treatment conditions of 
Na+, K+, NH+

4
 , and finally rNi/MnO2&Na+ electrode with 

special nano cauliflower structure was obtained. This elec-
trode has an excellent performance in supercapacitors.

2 � Experiment

2.1 � Preparation of Electrode

First, the three-dimensional porous foam Ni base (3*2 cm2) 
was placed into dilute hydrochloric acid, deionized water, 
and anhydrous ethanol for 15 min of ultrasonic cleaning to 
remove nickel oxides and oil stains on the surface of the 
nickel base, and the electrooxidation of anhydrous ethanol 
can guide the rapid and uniform deposition of the active 
material, which makes the film thickness more uniform 
and controllable and the utilization of the active material 
higher [34, 35]. Subsequently, the reduced nickel base (rNi 
Base) on nickel foam was obtained in an ultrasonic-assisted 
three-electrode system (France BioLogic electrochemical 
workstation, nickel foam as the working electrode, saturated 
Ag/AgCl as the reference electrode, and Pt electrode as the 
counter electrode) by using an electrochemical reduction 
method with 0.06 mol L− 1 NiSO4, Na2SO4 (200 mL, AR, 
CHRON CHEMICALS) mixed solution as the precursor 
solution, the deposition voltage and deposition time were 
− 1 V and 100 s, respectively. The reactions occurring during 
the preparation of rNi Base by electroreduction are shown 
in Eq. (1).

Then the two groups of bases (Ni base, rNi Base, rZn 
Base) were ultrasonically cleaned in deionized water and 
put into a vacuum drying oven for drying, and the masses 
of the bases were weighed and recorded after drying. Sub-
sequently, each base was used as a working electrode in a 
three-electrode system with ultrasonic assistance in pre-
cursor solutions containing three different cations of Na+, 
K+, NH+

4
 (0.06 mol L− 1 MnSO4, Na2SO4 mixed solution, 

0.06 mol L− 1 MnSO4, K2SO4 mixed solution, 0.06 mol L− 1 
MnSO4, (NH4)2SO4 mixed solution) were pre-intercalated 
and electrodeposited to obtain six sets of electrode sam-
ples (Ni/MnO2&Na+, Ni/MnO2&K+, Ni/MnO2&NH+

4
 ; 

rNi/MnO2&Na+, rNi/MnO2&K+, rNi/MnO2&NH+
4
 ). The 

MnSO4, Na2SO4, K2SO4, (NH4)2SO4 we used were pur-
chased from CHRON CHEMICALS Company, and the 
purity was analytical grade (AR). The introduction of ultra-
sonic oscillation during the deposition process can effec-
tively reduce the concentration polarization caused by the 
rapid consumption of metal ions at the electrode attachment, 
making the deposition more uniform [34], the deposition 

(1)Ni2+ + 2 e− = Ni
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process occurs with the reaction as follows (2)[36],The 
deposit, on process is shown in Fig. 1.

The samples were dried and weighed. The mass differ-
ence between the two weighing results was the mass of the 
active material of the electrode sheet, as shown in Table 1.

(2)Mn2+ + 4OH−
_
MnO2 + 2H2O + 2 e−

Each electrode sheet was directly stamped into a 14 mm 
electrode sheet using a punching machine, and the two 
stamped electrode sheets were used as the positive and neg-
ative electrodes, ONKK-MPF30AC-10 as the diaphragm, 
1 mol L− 1 Na2SO4 solution as the electrolyte, and CR2016 
type battery cases as the positive and negative cases for the 
assembly of each symmetrical capacitor. Figure 2 exempli-
fies the preparation process of rNi/MnO2 & Na+ symmetrical 
capacitors.

2.2 � Material Morphology Characterization

The surface morphology and microstructure of each base 
and electrode were observed by scanning electron micros-
copy (SEM, Zeiss ULTRA 55 SEM), and the transmission 
electron microscopy (TEM, FEI Tecnai G2 F20) was used to 
observe the fine structures of the rNi/MnO2 & Na+, and the 
XPS technique was used to determine the rNi/MnO2 & Na+ 
elemental valence distribution on the surface.

Table 1   Active material quality of sample electrodes

Electrode Quality(mg)

Ni/MnO2  & Na + 1.7
Ni/MnO 2 & K+ 1.5
Ni/MnO 2 & NH+

4
1.3

rNi/MnO2  & Na+ 1.3
rNi/MnO2 & K+ 1.1
rNi/MnO 2 & NH+

4
1.0

Fig. 1   The deposition process 
of rNi/MnO2 & Na+

Fig. 2   Preparation process of 
symmetric supercapacitor
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2.3 � Electrode Electrochemical Performance Test

The electrode electrochemical performance tests were per-
formed through chronoamperometry (CA), cyclic voltam-
metry (CV) in a three-electrode system (each MnO2 elec-
trode as the working electrode, Ag/AgCl as the reference 
electrode, and Pt electrode as the counter electrode) on a 
French BioLogic electrochemical workstation by using 1 mol 
L− 1 Na2SO4 solution as the electrolyte. According to the 
galvanostatic charge/discharge curve and cyclic voltamme-
try curve, which were obtained from the test, the follow-
ing Eqs. (3) and (4) were applied to calculate the materials’ 
mass-specific capacity Cm and area-specific capacity Cs , 
respectively [37, 38].

In Eq.  (3), I g represents the mass current density for 
charging and discharging, Δ represents the charging and 
discharging time, m represents the mass of the MnO2 elec-
trode sheet, and Δ represents the voltage change of complete 
charging and discharging.

In Eq. (4), s represents the area of the MnO2 electrode 
sheet, Δv represents the scan rate, V represents the scan 
interval, and ∫ represents half of the area of CV curve 
integral.

2.4 � Symmetric Supercapacitor Electrochemical 
Performance Test

The assembled symmetrical supercapacitors were rested 
for 12 h, French Biologic electrochemical workstation was 
used for AC impedance testing of symmetrical supercapaci-
tors, with a frequency range from 0.01 Hz to 100 kHz and 
an amplitude of 5 m V. The device was then under cyclic 
voltammetric testing with a scan rate of 5 mV-s-1 to deter-
mine the voltage window of each device for constant current 
charging and discharging Testing. According to the constant 
current charge and discharge curve of the supercapacitor and 
formula (3), the mass-specific capacitance Cm of the device 
can be calculated, then the following two formulas (5) and 
(6) can be used to calculate the energy density of the elec-
trode under different current densities (E ) (Wh kg− l) and 
power density (P) (W kg− 1) [37].

(3)Cm =
Q

V ⋅m
=

IgΔt

ΔV ⋅m

(4)Cs =
∫ IdV

s Δv V

(5)E =
CmΔV

2

2 × 3.6

 where ΔV represents the voltage window during charging 
and discharging, and Δt represents the device discharge time.

3 � Result and Analysis

3.1 � SEM and TEM Analysis

In order to systematically investigate the mechanism of the 
role played by the electrode material base and cation pre-
intercalation in the growth process of MnO2 nanomaterials, 
scanning electron microscopy (SEM) was used to observe 
the samples and bases. Figure 3 shows the SEM photographs 
of each base and electrode material. First, it is observed 
that the rNi base constructed after electrochemical reduc-
tion treatment shows a nano-core structure compared to the 
normal Ni base. Moreover, the base morphology has a sig-
nificant influence on the deposition process of the electrode 
material, and the growth of MnO2 nanomaterials shows a 
staggered nanorod structure in the normal Ni Base, while the 
secondary constructed rNi Base shows a nano cauliflower 
structure formed by fine nanospheres encapsulated on the 
surface of the irregular core base. As shown in Fig. 4, on the 
one hand, because the surface of the irregular core structure 
of rNi Base provides more active sites for the growth of 
MnO2, the bond between the MnO2 film growing on the sites 
and the base is tighter and less likely to fall off, which can 
enhance the electrode cycling performance. On the other 
hand, due to the unevenness of the irregular core-shell struc-
ture of rNi Base, the core-shell protrusions are more likely to 
accumulate charges, guiding the growth of MnO2 nanorods 
for spherical structure aggregation.

In addition, the electrode morphology obtained from the 
deposition of different species of cations after pre-interca-
lation treatment is quite different, which is related to the 
ionic radius of the cation and the transport capacity [39]. 
Compared with Na+ and NH+

4
 , K+ has a larger ionic radius, 

and its transport capacity is also lower. Hence, the MnO2 
deposited by K+ pre-intercalation on each base is not as uni-
form as that deposited by Na+ and NH+

4
 pre-intercalation, 

and the electrodes deposited by NH+
4

 pre-intercalation shows 
a tip aggregation effect of growth, which is attributed to the 
low ionic radius of NH+

4
 , and the high conductivity syn-

ergistically makes it easier to transport aggregation to the 
negative electrode resulting in the concentration of power 
lines. Compared with Ni/MnO2 & NH+

4
 electrode deposited 

on a normal base (Ni Base) after NH+
4
 pre-intercalation treat-

ment, the Ni/MnO2 & NH+
4
 electrode deposited on rNi Base 

exhibits a rime structure due to the interaction between the 

(6)P =
E

Δt
× 3600
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surface microscopic morphology of rNi Base and rNi Base 
and the tip effect caused by NH+

4
.

In order to further determine the microstructure of the 
electrodes, transmission electron microscopy (TEM) was 
used to observe Ni/MnO2&Na+, and electron diffraction 
(SAED), element mapping, and high resolution-transmission 
electron microscopy (HR-TEM) analyses were performed. 
The results are shown in Fig. 5. Combined with the results in 
Fig. 5a, a nano-embroidered ball structure of MnO2 nanoma-
terials uniformly wrapped on the surface of Ni core can be 
observed on the rNi/MnO2&Na+ surface, and this structure 
as a unit constitutes the nano cauliflower structure in the 
SEM photo, which is beneficial to provide more Faraday 
redox reaction sites. Figure 5c, d shows the HR-TEM pho-
tographs of rNi/MnO2&Na+ electrodes, where the lattice 

stripes of the material can be observed with crystal plane 
spacing of d1 = 0.172 nm, d2 = 0.202 nm, d3 = 0.206 nm, and 
d4 = 0.226 nm, corresponding to the (501), (202), (401), and 
(002) crystal planes of MnO2, respectively [40]. In addition, 
the results of element mapping show that Mn, O, and Na 
are uniformly distributed on the Ni element surface, which 
further indicates that the MnO2 material is encapsulated on 
the Ni core surface while confirming the successful pre-
insertion of Na+ into the rNi/MnO2 electrode.

3.2 � XPS Analysis

To further investigate the oxidation state and chemical com-
position of the sample surface, rNi/MnO2&Na+ were deter-
mined by X-ray photoelectron spectroscopy technique, and 
the results are shown in Fig. 6.

Figure 6b shows the Ni2p spectrum of rNi/MnO2& Na+ 
electrode. Due to the multiple splitting property of Ni, there 
are 10 characteristic peaks, which can be divided into three 
groups of peaks, Ni Metal, NiO, and Ni(OH)2 in general. 
Among them, 852.5 eV, 871.3 eV are the 2p3/2 and 2p1/2 
peaks of Ni Metal, respectively [41, 42], 854.0 eV, 860.7 eV, 
873.1 eV, 878.9 eV are the 2p 3/2, 2p3/2 satellite, 2p 1/2, 2p3/2 
satellite peaks of NiO, respectively [43–45], 855.8 eV 
862.5 eV, 876.2 eV, 881.1 eV are the 2p3/2, 2p3/2 satellite, 
2p1/2, 2p3/2 satellite peaks of Ni(OH)2, respectively [45]. Fig-
ure 6 (c) shows the Mn2p spectrum of rNi/MnO2&Na+ elec-
trode with two characteristic peaks at 653.2 eV and 641.4 eV 
with a spin energy interval of 11.8 eV corresponding to 
Mn3+ [46, 47], 640.4 eV is the Auger generated from Ni base 
[44], and 645 eV is the peak of MnSO4[48]. The spectrum 
of O1s in Fig. 6d can be divided into two peaks. The peak at 

Fig. 3   SEM pictures of base and electrodes

Fig. 4   rNi/MnO2 growth mechanism diagram
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529.5 eV can be attributed to its association with Mn-O-Mn, 
Ni-O [49, 50], while the other peak at 531.2 eV corresponds 
to C = O, which may be caused by CO2 in the air. The pres-
ence of one peak in the high-resolution Na1s spectrum is a 
characteristic peak of Na2SO4, which can be further com-
bined with TEM elemental mapping to indicate the smooth 
pre-insertion of Na+ into the rNi/MnO2 electrode.

3.3 � The Electrode Electrochemical Performance

The electrochemical properties of the prepared sample elec-
trodes were tested by the constant current charge/discharge 
method and linear cyclic voltammetry. The reaction equa-
tion during electrochemical charging and discharging can be 
expressed by Eq. (7) [51, 52].

Figure 7a shows the curve of electrodeposition prepara-
tion of electrodes, and it can be seen that the values of cur-
rent in the deposition decreased as the resistance increased 
due to the generation of MnO2. The electrodeposition 
process is carried out with the help of ultrasonic vibra-
tion, which leads to a small jitter of the deposition current. 
Figure 7b–d display the constant current charge/discharge 
curves of each electrode at current density of 1, 2 and 5 A 
g− 1 respectively. (e) shows the constant current charge/dis-
charge curve of rNi/MnO2 & NH+

4
 at the current density of 

10 and 20 A g−1 respectively. First, it can be observed that 
the GCD curve of the electrodes deposited on rNi Base was 
more similar to the form of an equilateral triangle, compared 

(7)MnO2 + Na+ + e− ↔ MnOONa

Fig. 5   TEM, HR-TEM, TEM mapping photos of rNi/MnO2&Na+ electrode
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to those normal electrodes deposited on rNi Base deposited, 
indicating that they have highly reversible redox reactions 
[39], significantly longer discharging times and lower IR 
drop, which can be attributed to the larger specific surface 
area of the electrodes deposited on the core-shell structure 
of rNi Base. The high specific surface area morphology not 
only provides more redox reaction sites, thus increasing the 
electrode pseudocapacitance, but also possesses a smaller 
resistivity, which reduces the electrode series equivalent 
resistance (ESR) and ultimately results in a lower IR drop 
[53, 54].

Secondly, the electrodes deposited after the construction 
of ion channels by different cation pre-intercalation layers 
exhibit different charging and discharging properties, which 
are closely related to the surface structure of the electrode 
materials. Due to the tip effect played by the synergistic 
effect of the low ionic radius and high mobility of NH+

4
 , 

NH+
4
 guides the MnO2 growth to be more uniform and flat-

ter, conferring a lower resistance to the electrode. However, 
when NH+

4
 , guided MnO2 was deposited on the rNi Base, the 

uneven core-shell structure of the base exacerbated the tip 
aggregation effect of NH+

4
 , forming a rime structure of the 

rNi/MnO2 & NH+
4
 electrode. Moreover, the Faraday redox 

reaction occurs mainly near the electrode surface. The rime 
structure of this electrode has a larger film thickness, leading 

to the coverage of most of the active material and low poros-
ity reduction mass utilization between MnO2, which ulti-
mately makes the electrodeless specific capacitance. It is 
worth mentioning that the GCD curves of rNi/MnO2&Na+ 
exhibit the longest discharge time among all the electrodes, 
which is attributed to the unique three-dimensional nano-
cauliflower structure of this electrode. The high specific 
surface area and high porosity of this structure can provide 
more Na+ embedding and de-embedding sites, and the mass 
utilization of active material is improved, which makes this 
electrode possess ultra-high specific capacitance at current 
densities of 1,2,5,10,20 A −1 current densities of 598, 484.6, 
402.2, 349.2, and 307.5 F g−1, respectively. (see Table 2 for 
comparison with previous studies). The high specific capac-
ity and good discharging performance of the electrode are 
attributed to its microporous nano-cauliflower structure, 
which has open spaces between the single nanorods that 
make up the nanospheres to facilitate electrolyte penetration 
into the inner regions of the electrode. Also, the high specific 
surface area and overlapping nanowire structure can shorten 
ion oxidation and electron diffusion pathways and provide 
more active sites for electrochemical reactions. [55, 56]

Cyclic voltammetry is a critical means to examine the 
performance of electrode materials, as shown in Fig. 7g–i. 
First, the appearance of a set of symmetrical redox peaks in 

Fig. 6   a XPS survey spectra of rNi/MnO2&Na+ b Mn2p XPS spectra of rNi/MnO2&Na+, c O1s XPS spectra of rNi/MnO2&Na+ d S2p XPS 
spectra spectra of rNi/MnO2&Na+, e C1s XPS spectra of rNi/MnO2&Na+, f C1s XPS spectra of rNi/MnO2&Na+
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the interval between 0.6 and 0.9 on a rectangular shape CV 
curve is typical capacitive behavior of MnO2. The energy 
storage is contributed by the surface adsorption/desorption 
of electrolyte cations (H+, Na+) on the nickel foam network 
and MnO2, and the insertion of Na+ into MnO2 from the 
electrolyte through reversible redox reactions [57, 58]. With 
the increasing sweep rate, the area capacity decreased, which 
was caused by a late reaction. All samples have a pair of dis-
tinct redox peaks at around 0.6–0.9 V. Moreover, compared 

Fig. 7   a shows the current time curves of electrode deposition prepa-
ration. b, c and d present constant current charge/discharge curve(s) 
for each electrode at current density of 1, 2, 5 1,2, and 5  A g− 1 
respectively. e  displays high current charge/discharge curves of rNi/
MnO2&Na+. f shows the mass-specific capacity of each electrode. g, 

h and i present CV curves of each electrode at different voltage scan 
rates. j displays the area-specific capacity of each electrode at a cur-
rent density of 5 mV s− 1. k shows the long-term cycling performance 
of each electrode at a current density of 2 A g− 1. l presents capaci-
tance retention of each electrode at a current density of 2 A g− 1

Table 2   Comparison of electrode specific capacity

Specific capacitance Current density Electrode Reference

347 F−1 1 A g− 1 MnO 2/RGO [60]
292 F−1 1 A g− 1 3D-MnO 2/Ni [61]
426.4 F−1 0.5 A g− 1 MO25 [62]
598 F−1 1 A g− 1 rNi/MnO2 & Na+ Our work
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to the electrodes deposited on a normal base, the absolute 
value of the ratio of the redox peak magnitudes was closer to 
1 for the electrodes deposited on two secondary constructed 
bases of rNi Base, which indicates a more reversible redox 
reaction for this electrode [49]. The area ratio capacitance 
of each electrode was derived from the CV test results com-
bined with Eq. (4), as shown in Fig. 7j. The area-specific 
capacitance of the rNi/MnO2&Na+ samples is the highest 
among the groups, reaching 141 mF cm− 2, thanks to the 
ultra-high specific surface area nano-cauliflower structure. 
The cycling performance of each electrode was obtained 
by the GCD method with a current density of 2 A g− 1 in 
1 mol L− 1 Na2SO4 for 500 cycles of charge and discharge 
(Fig. 7k, l). The decrease of capacitance performance in the 
initial phase is mainly due to the dissolution of manganese 
dioxide in Na2SO4 solution. In fact, during the test phase, we 
also observed that the sodium sulfate solution turned brown. 
Thanks to the structural stability of rNi/MnO2&Na+, MnO2 
has more contact with the base and is more viscous, thus 
obtaining high cycle retention rates of 92.7%. Furthermore, 
we can conclude that the electrodes exhibit a battery-type 
capacitive behavior based on the characteristics of the CD 
and CV curves. Because the concept of Farad (abbreviated 
F) did not apply to the pure behavior of Faraday rotation 

[59], we supplemented the mass-specific capacity of the 
electrodes. The specific capacities of rNi/MnO2&Na+ elec-
trodes at current density of 1, 2, 5, 10, and 20 A g− 1, were 
166.1, 134.6, 111.7, 97.0 and 85.4 mAh g− 1, respectively.

Electrochemical impedance is one of the crucial means to 
study the reaction kinetics and mechanism of supercapacitor 
electrode materials. The electrochemical reaction process 
of the electrode is shown in Fig. 8a, which can be divided 
into the Faraday process and the double-layer capacitance 
process, where the Faraday process can be further divided 
into charge transfer and concentration polarization result-
ing in the material transfer process, and produce charge 

Fig. 8   a The electrode electrochemical reaction process, b The fitting circuit and the variation of impedance modulus with frequency, c Bode 
plot of each MnO2 film electrode, d Nyquist plot of each MnO2 film electrode

Table 3   The values of Rct and R Ωfor sample electrodes

Electrode Rct (Ω) R Ω(Ω)

Ni/MnO2 & Na+ 1.25 0.83
Ni/MnO 2 & K+ 1.44 0.97
Ni/MnO 2 & NH+

4
1.14 0.87

rNi/MnO2 & Na+ 1.08 0.83
rNi/MnO2 & K+ 1.16 0.82
rNi/MnO2 & NH+

4
1.15 0.85
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transfer resistance Rct and Warburg impedance Zw, respec-
tively. The overall reaction process of the electrode can be 
abstractly represented as the equivalent circuit shown in 
Fig. 8b (where RΩ is the resistance between the electrode 
material and the electrolyte, C is the double layer capaci-
tance, and Zf is the Faraday impedance due to the redox 
reaction, Zf = Rct + Zw). Figure 8c shows the Bode diagram 
of each MnO2 film electrode, and the impedance decreases 
with increasing frequency, reflecting the capacitive charac-
teristics of the electrode. In the Bode phase angle diagram 
of the supercapacitor in the ideal state, the phase angle in the 
low-frequency region is supposed to be close to 90° and the 
phase angle in the high-frequency region is supposed to be 
close to 0°. The phase angle deviating from the ideal capaci-
tor in the low-frequency region is 90°, which is thought to 
be related to the porous structure of the film [63]. Accord-
ing to Fig. 8(d), the impedance modulus of each electrode 
decreases with increasing frequency and is even only about 
2Ω in the high-frequency region, which exhibits a typical 
capacitive behavior. In the high-frequency range, the elec-
trode reaction kinetics is mainly controlled by the charge 
transfer process, and the impedance spectrum exhibits a 
semicircle with an intercept of RΩ on the semicircle and the 
real axis, and the diameter of the circle is the charge trans-
fer resistance (Rct) [64]. It resembles a straight line in the 
low-frequency range and corresponds to the Warburg (Zw) 
impedance of the reactants diffusing from the solution to the 
electrode reaction interface [65].

Based on the results of the Nyquist plot, we performed a 
component fit to obtain the values of Rct and RΩ (shown in 
Table 3). rNi/MnO2&Na+ has a lower Rct and RΩ, which is 
attributed to the high specific surface area of the electrodes 
and is consistent with the SEM analysis.

4 � Symmetric Supercapacitor 
Electrochemical Performance

The performance of the symmetrical supercapacitor assem-
bled with Ni/MnO2 &Na+and rNi/MnO 2&Na+ electrodes 
is shown in Fig. 9. Figure 9a shows the cyclic voltammetry 

curves of each symmetrical device. First, it can be seen that 
the symmetrical device composed of electrodes deposited 
on rNi Base obtains a larger CV curve area for the same 
cation pre-intercalation treatment, which indicates that the 
area specific capacitance of the device is improved. It can 
be attributed to the high specific surface area of the elec-
trodes with the nano-cauliflower indicated morphology. 
Secondly, each electrode has a pair of redox peaks in the 
− 0.2–1 V voltage interval, so we performed the devices in 
the − 0.2–1 V voltage interval with 1, 2, 5, 10, 20 A g− 1, and 
obtained the GCD curves and rate performance of the two 
devices, as shown in Fig. 9b, c, respectively. rNi/MnO2&Na+ 
symmetrical devices possess ultra-high specific capacities of 
401.1, 289.9, 194, 159.1, and 124.5 F g− 1 at 1, 2, 5, 10, and 
20 A g− 1 current densities.

The power density (P) and energy density (E) are also 
critical electrochemical properties of supercapacitors, 
and the results are calculated from the GCD curves using 
Eqs. (6), (7) are shown in Fig. 9d. The rNi/MnO2&Na+ 
capacitor has a higher energy density (80.22Wh kg− 1 
at 599.99 W kg− 1 power density). Even at a high power 
density of 11997.98 W kg−1 the energy density can reach 
24.90 Wh kg− 1. The cycling performance of each device 
shown in Fig. 9e was obtained by charging and discharg-
ing at a constant current density of 2 A g− 1 for 500 times. 
The overall performance was similar to the electrode 
cycling performance test, and the decrease in capacitance 
performance of the same device at the initial stage was 
mainly due to the dissolution of MnO2 in the Na2SO4 
electrolyte. The symmetrical supercapacitor composed 
of rNi/MnO2&Na+ as electrodes benefits from the high 
specific surface area of rNi base, more contact between 
MnO2 material and base, which improves the adhesion 
strength of MnO2, and at the same time, the structural sta-
bility is stronger, and high cycle retention rate of 84.8% is 
obtained. Using the same three rNi/MnO2&Na+ symmetri-
cal supercapacitors in series as the power supply driver, 
an LED lamp with a rated voltage of 3 V was successfully 
lit, as shown in Fig. 9f.
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5 � Conclusions

In summary, a simple electrochemical reduction method 
was used to secondary construct the reduced nickel base 
(rNi Base) on nickel foam with a nano-core structure, and 
the secondary constructed base has a large specific surface 
area, which can increase the mass utilization of the active 
material. MnO2 was electrodeposited under three different 
monovalent cation pre-intercalation treatments of Na+, K+, 
and NH+

4
 using rNi Base as the base, and the mechanism 

of action of different cations guiding the growth of MnO2 

materials was investigated. SEM and TEM results show 
that the rNi/MnO2&Na+ electrode obtained by electro-
deposition on rNi Base after pre-intercalation of Na+ has 
a special nano-cauliflower structure. Moreover, the elec-
trode has a high specific capacitance (598 F g− 1 at a cur-
rent density of 1 A g− 1), low solution resistance (1.08Ω) 
and charge transfer resistance (0.82 Ω), even at a high 
current density of 20 A g− 1 at high current densities, the 
specific capacitance is still as high as 3307.5 F g− 1, and 
after 500 cycles of charging and discharging at a current 
density of 2 A g− 1, the specific capacitance maintenance 
rate is as high as 92.7%. In addition, the symmetrical 

Fig. 9   a. the cyclic voltammetry curves of symmetrical devices, b. 
GCD curves devices, c. rate performance of the two devices, d. power 
density (P) and energy density (E) of supercapacitors, e. The cycling 

performance of devices, f Three rNi/MnO2&Na+ symmetrical devices 
are connected in series to light the 3 V LED lamp
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supercapacitor assembled with this electrode has a very 
high specific capacitance (401.1 F g− 1 at a current density 
of 1 A g− 1) and energy density (80.22 Wh kg− 1 at a power 
density of 599.99 W kg− 11), even at a high power density 
of 11997.98 W kg− 1, the energy density can reach 24.90 
Wh kg− 1.
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