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A B S T R A C T   

In this work, MnO2/NiO nanocomposite electrode materials have been synthesized by a cost- 
effective hydrothermal method. The effect of the concentrations (0, 1, 3, 5, and 7 wt%) of NiO 
nanoparticles on the surface morphology, structural properties, and electrochemical performance 
of the nanocomposites was characterized by different characterization techniques. The scanning 
electron micrographs (SEM) reveal that the as-prepared NiO nanoparticles are well connected and 
stuck with the MnO2 nanowires. The transmission electron microscopy (TEM) analysis showed an 
increase in the interplanar spacing due to the incorporation of NiO nanoparticles. The different 
structural parameters of MnO2/NiO nanocomposites were also found to vary with the concen-
tration of NiO. The MnO2/NiO nanocomposites provide an improved electrochemical perfor-
mance together with a specific capacitance as high as 343 F/g at 1.25 A/g current density. The 
electrochemical spectroscopic analysis revealed a reduction in charge transfer resistance due to 
the introduction of NiO, indicating a rapid carrier transportation between the materials interface. 
The improved electrochemical performance of MnO2/NiO can be attributed to good interfacial 
interaction, a large interlayer distance, and low charge transfer resistance. The unique features of 
MnO2/NiO and the cost-effective hydrothermal method will open up a new route for the fabri-
cation of a promising supercapacitor electrode.   

1. Introduction 

The record-setting world economic growth and human civilization over the past decades are coming at the expense of fossil fuels 
and environmental deterioration, which results from the emergence of the energy crisis [1,2]. The lack of alternative sustainable 
energy and their storage has become one of the major concerns of the world [3–5]. To resolve this global crisis, extensive research has 
been carried out, which has helped us to understand the underlying science of energy storage kinetics and has improved the energy 
storage in different kinds of devices such as fuel cells, batteries, solar cells, supercapacitors, and many other electrochemical devices 
[6–11]. Among these energy storage devices, supercapacitors have proven themselves a promising energy storage candidate due to 
their superior characteristics, such as higher power and energy density, excellent cycle performance, and faster charge/discharge 

* Corresponding author. 
E-mail address: rakibul@phy.buet.ac.bd (M.R. Islam).  

Contents lists available at ScienceDirect 

Heliyon 

journal homepage: www.cell.com/heliyon 

https://doi.org/10.1016/j.heliyon.2024.e26631 
Received 4 November 2023; Received in revised form 31 January 2024; Accepted 16 February 2024   

mailto:rakibul@phy.buet.ac.bd
www.sciencedirect.com/science/journal/24058440
https://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2024.e26631
https://doi.org/10.1016/j.heliyon.2024.e26631
https://doi.org/10.1016/j.heliyon.2024.e26631
http://creativecommons.org/licenses/by-nc/4.0/


Heliyon 10 (2024) e26631

2

efficiency compared to batteries and other energy storage devices [12–15]. Current research focuses on the synthesizing of innovative 
and highly efficacious nanostructured electrode materials with desired electrochemical properties since the efficiency of the super-
capacitor relies highly on the dimensionality, geometry, and surface properties, chemical, mechanical, and thermal stabilities of the 
electrode materials [16–18]. Recently abundant and non-precious metal oxides such as Co3O4, Fe3O4, MnO2, NiO, ZnO, and CuO 
nanostructures have attained great attention from many researchers as electrode materials due to their high porosity and large specific 
surface area [19–23]. Along with other factors, these two key components can provide superior specific capacitance and high energy 
density in these metal oxide electrode-based pseudocapacitors [24]. Concerning these, current research focuses on one-dimensional 
metal oxide nanostructures e.g., nanotubes, nanofibers, nanorods, nanowires, etc., owing to their large active surface area [25]. 
Among those metal oxides, MnO2 is considered one of the most attractive electrode materials due to its high theoretically predicted 
specific capacitance (~1370 F/g), abundance, low manufacturing cost, eco-friendly, diverse structures and oxidation states, thermal 
stability, and wide potential window and for its use in neutral electrolytes [26,27]. In the MnO2 electrode, the intrinsic electronic 
conductivity and the diffusivity of the electrolyte cation into the lattice determine the pseudocapacitance of the electrode materials 
[26,28]. 

Despite the appealing characteristics/properties of pristine MnO2, low electronic conductivity (10− 5-10− 6 S cm− 1), larger diffusion 
paths, dissolution in aqueous electrolytes, and irreversible crystal volume expansion result in poor electrochemical response in terms of 
capacitance, cycling stability, and rate capability, which limits the practical application of pristine MnO2 as an efficient electrode 
material [29–32]. 

To overcome these issues and improve the capacitive performance of MnO2-based electrodes, numerous techniques have been 
developed. According to the literature, fabrication of MnO2-based organic and inorganic nanocomposites is the common technique to 
elevate the capacitive performance of the MnO2 electrodes [33–35]. Recently, metal oxide-incorporated MnO2 nanocomposites have 
attracted much attention since they have demonstrated better collective pseudocapacitance contributions as well as cyclic stability 
[36,37]. Among them, nickel oxide (NiO) nanoparticles can be considered as one of the promising transition metal oxides for the 
suitable incorporation with MnO2 nanostructures due to its high theoretically predicted specific capacitance (2584 F/g), thermal 
stability, low cost and availability, benign nature to the environment and impressive reversible redox reaction [38,39]. Even though 
the supercapacitive behavior of the individual NiO and MnO2 nanostructured electrode materials have been studied thoroughly [28, 
40,41], the capacitive performance of the integrated nanostructures by these two materials is still in its infancy. However, recently, it 
has gained some research interest, and according to the available reported literature, it is expected that this NiO-integrated MnO2 
hybrid nanocomposite can be the desired electrode for high-performance supercapacitors. For example, J. P. Liu et al. [42] and Y. H. Li 
et al. [43] fabricated NiO/MnO2 hybrid nanostructures and hierarchical nanosheet matrices on steel and carbon fiber paper, 
respectively, which improved specific capacity. M. AlAnazi et al. [44] have investigated several physical properties of multilayered 
MnO (n)/NiO (p) heterojunction thin film for supercapacitor applications. This heterojunction increases electrical conductivity, re-
duces bandgap and raises overall carrier density. The specific capacitance of two and four alternative layers are 3.6 × 103 and 5.8 ×
103 F g− 1 and capacitance retention of 14.8 and 12.9%. X. Zhao et al. [45] developed MnO2@NiO nanosheets@nanowires and used as 
binder-free electrodes. The MnO2@NiO integrated structure exhibits capacitive performance 374.6 F g− 1 at a current density of 0.25 
Ag− 1 with excellent cyclic stability. N. Zhang et al. [46] have synthesized porous flowers like MnO2–NiO anode material for lithium-ion 
batteries. The nanostructured NiO inhibits the volume expansion of MnO2 during cyclic charging and discharging and demonstrates 
specific capacitance 2981 mAh⋅g− 1 at a current density of 100 mA g− 1 that is much higher than pure MnO2. M. Arunpandian et al. [47] 
reported rGO-decorated MnO2@NiO nanohybrids reveal improved specific capacitance. Y. Bi et al. [48] found superior cyclic stability 
and specific capacitance retention of 140% for 1500 cycles in their microwave-synthesized NiO/MnO2 nanocomposite electrodes. T.-F. 
Yi et al. [49] have prepared a 3D spherical core-shell NiO/MnO2 structure on nickel foam and observed improved cycle performance 
and rate capability, attributed to the strong interfacial interaction between multi-components of the 3D structure. K. M. Racik et al. 
[50] found good electrochemical performance in their MnO2/NiO electrodes while KOH is used as an electrolyte. M. Zhange et al. [51] 
reported high specific capacitance (529 F/g at 1 A/g) in their electrodeposited MnO2 supercapacitor on 3D porous Ni foam. From this 
discussion, it is clear that the incorporation of NiO improves the electrochemical performance of MnO2. For device applications, it is 
essential to know the optimized concentration of NiO that may provide the best performance. Therefore, it is necessary to understand 
the effect of the concentration of NiO on the electrochemical performance of MnO2. In this article we aim to study the effect of the 
concentration of NiO nanoparticles on the electrochemical performance of MnO2. 

Designing hierarchical three-dimensional (3D) architectures and complex core-shell structures can offer a higher surface area but 
often experience interfacial contact resistance, affecting the charge transport kinetics [36,37]. Furthermore, the fabrication process of 
these hierarchical architectures and core-shell structures is relatively time-consuming and complicated but provides low yield. 
Therefore, it is desirable to fabricate MnO2-based nanocomposites in a very simple and cost-effective way that can offer better elec-
trochemical performance. Considering these, the synthesis of MnO2 nanowires and the incorporation of NiO nanoparticles into it by a 
facile and low-cost hydrothermal process may address these issues. The incorporation of NiO nanoparticles may introduce structural 
defects along with more active sites for ion diffusion. Furthermore, two different kinds of oxides (MnO2 and NiO) may create an energy 
barrier, providing a shorter diffusion path for the ions and electrons [52–54]. Consequently, fast redox reaction and enhanced rate 
capability from nanocomposite electrodes can be expected. 

Here, we report the fabrication of MnO2/NiO nanocomposite as advanced supercapacitor electrode materials via a simple hy-
drothermal method. We incorporated different concentrations of NiO nanoparticles onto the nanowires shape MnO2 to prepare the 
composite structures. The effect of NiO concentration on various physical and electrochemical properties of the synthesized electrode 
materials has been investigated by a standard characterization approach and is summarized in this study. Our MnO2/NiO nano-
composite electrode demonstrated improved electrochemical performance, which is attributed to the larger surface area, shorter 
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diffusion path for the ions and electrons, and enhanced conductivity. We believe that our nanocomposite materials prepared by the 
cost-effective method can be employed in supercapacitor applications and will enrich the current library of energy storage electrode 
materials. 

2. Experimental section 

2.1. Materials 

With no further refinement, chemical reagents of analytical purity were used. Both Dimethyl sulfoxide (C2H6OS) and Manganese 
sulfate monohydrate (MnSO4.H2O) were obtained from Merck in Darmstadt, Germany. Thiourea (CH4N2S), Urea (CH4N2O), Polyvinyl 
alcohol (PVA) (C2H4O)x, Sodium sulfate (Na2SO4), Nickel nitrate hexahydrate (Ni(NO₃)₂6H₂O), Urea (CH4N2O) and Amonia water 
(NH4OH) were collected from SRL and Research Lab in India, respectively. 

2.2. Synthesis of MnO2 nanowires 

A certain amount of MnSO4.H2O was added to 140 ml deionized (DI) water, and then a specific amount of KMnO4 was to the 
previous solution. After 30 min of continuous stirring, the solution was put into a 200 mL Teflon tube autoclave and heated at 140 ◦C 
for 12 h. Afterward, the brown precipitate was centrifuged and repeatedly cleaned with ethanol and DI water. Finally, the resulting 
brown powder was calcined in a furnace for 3 h at 300 ◦C, yielding the MnO2 nanowire. 

2.3. Preparation of NiO nanoparticles 

A similar synthesis method was employed to prepare NiO nanoparticles. At first, an appropriate amount of Ni(NO₃)₂6H₂O was 
dissolved into 50 ml distilled water under continuous magnetic stirring. At this time, the solution of CH4N2O dropwise was added to the 
previous solution and stirred for proper mixing. Afterward, NH4OH was added for maintain the PH level under 8, and then the solution 
was stirred for 30 min. Then, the solution was poured into a Teflon line stainless steel autoclave and kept at 180 ◦C for 24 h. After 
cooling down the autoclave to room temperature, the precipitate was collected by centrifuge and followed by a few times washing it 
with distilled water and ethanol. Then, the obtained product was dried overnight at 60 ◦C, and the powder calcined at 400 ◦C for 3 h to 
get NiO nanoparticles. 

2.4. Fabrication of MnO2/NiO nanocomposite 

A facile hydrothermal synthesis technique was used to fabricate the MnO2/NiO nanocomposite. For example, to synthesize 1 wt% 
NiO incorporated MnO2 nanocomposite, an appropriate amount of prepared NiO nanoparticles was dispersed into 50 ml distilled water 
by bath sonication. In another beaker, 70 ml solution of KMnO4 and MnSO4.H2O were mixed and continued vigorous stirring for 30 
min. When the solution became homogenous, the above NiO dispersion solution was added to it and followed by vigorous magnetic 
stirring for an hour. After that, the mixture was poured into a Teflon-lined autoclave and placed in an oven at 140 ◦C for 12 h, followed 

Fig. 1. FESEM image of (a) NiO nanoparticles, (b) MnO2 nanowires, (c) MnO2/NiO (1%), (d) MnO2/NiO (3%), (e) MnO2/NiO (5%), and (f) MnO2/ 
NiO (7%) nanocomposites. 

M.R. Islam et al.                                                                                                                                                                                                       



Heliyon 10 (2024) e26631

4

by natural cooling down to room temperature. The obtained product was then centrifuged to collect the precipitate from the super-
natant and washed several times with distilled water and ethanol. The collected washed clay was then dried at 60 ◦C for a few hours in 
an air oven to obtain the desired MnO2/NiO nanocomposite. This prepared nanocomposite was termed MnO2/NiO (1%) and a syn-
thesis scheme of such composite materials is shown in Fig. 1. In this research work, different concentrations of NiO such as 1%, 3%, 5%, 
and 7% was fabricated and used for studies which are labeled as MnO2/NiO (1%), MnO2/NiO (3%), MnO2/NiO (5%) and MnO2/NiO 
(7%), respectively. 

2.5. Electrode preparation 

The working electrodes were fabricated using a method reported in our earlier work [5]. At first, a slurry mixture of active 
nanomaterials (70 mg) was prepared by mixing it with polyvinyl alcohol PVA (4 wt% of the active materials) and dimethyl sulfoxide 
(DMSO), where these two serve as the binder and solvent, respectively. In order to obtain a good slurry, the mixture was sonicated for 
around 60 min. Afterward, this slurry was deposited 0.4 mg on previously cleaned modified graphite electrodes by micropipette. 
Finally, the electrodes were dried at 60 ◦C for a few hours, and it served as the current collector in electrochemical measurements. 

2.6. Characterizations 

The surface morphology of the prepared MnO2/NiO nanocomposites was investigated by a JSM 7600 field emission scanning 
electron microscope operated at an accelerating voltage of 5 kV, while the micromorphology of the synthesized electrode materials 
was assessed using a JEOL 2100F high-resolution transmission electron microscope (HR-TEM). For HR-TEM studies, a transparent 
holey carbon-coated standard copper grid was used. The crystal structure and different parameters of the synthesized MnO2 nanowires 
and MnO2/NiO composites were determined using CuKα radiation (λ = 1.5406 Å) in a Philips 3040XPert Pro X-ray diffractometer. To 
probe the vibrational structure of the prepared materials, a red laser (λ = 785 nm) (HORIBA MacroRam) equipped with a CCD/InGaAs 
photodetector was employed to record the Raman spectra. 

Electrochemical properties of the MnO2 and MnO2/NiO composites were examined using a CS310 electrochemical workstation 
(corrtest, china). A conventional three-electrode configuration was employed to perform the electrochemical measurements, where 
modified graphite was the working electrode, a 1 cm × 1 cm platinum plate was the counter electrode, and the reference electrode was 
silver/silver chloride (Ag/AgCl). The performance was measured using 0.5 M Na2SO4 aqueous solution as the neutral electrolyte. 

3. Result and discussion 

3.1. Scanning electron microscopy analysis 

The surface morphology of the prepared samples was studied by scanning electron microscope (SEM), and the recorded SEM 
images for pristine NiO, MnO2, and MnO2/NiO composites are presented in Fig. 1(a–f). Fig. 1(a) depicts grown NiO nanoparticles 
(NPs), which are non-uniform in size, randomly oriented, and possess rough surfaces. These NPs are aggregated, leading to the 

Fig. 2. HR-TEM image of (a) MnO2, (b) MnO2/NiO (1%), (c) MnO2/NiO (3%), 
(d) MnO2/NiO (5%), and (e) MnO2/NiO (7%) nanocomposiotes. 
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formation of clusters, which are attributed to the nucleation centers available during the hydrothermal synthesis process [55]. Fig. 1(b) 
revealed that the as-prepared MnO2 nanowire is very thin, having an average diameter of 40–50 nm and elongated up to several 
microns, therefore termed a nanowire (NWs). These nanowires are quite similar in size, transparent, and randomly oriented in different 
directions. Fig. 1(c–f) illustrates the SEM images for the increasing concentration of NiO in MnO2 NWs. It is noticed that at low 
concentrations of incorporated NiO (1% and 3%), it is rarely stuck and covers a very tiny portion of MnO2 NWs. Further increase in NiO 
incorporation started to cover a larger portion of MnO2 NWs. The largest coverage is achieved for 7% NiO incorporation. In addition, 
with incease of the concentration of NiO nanoparticles, the porosity and pore size of all nanocomposites reduced. It is evident from 
Fig. 1(f) that although the NiO NPs are randomly oriented, they are well connected, stuck with the MnO2 NWs, and distributed 
throughout the composite materials. Moreover, increasing the NiO concentration increases the irregularity in MnO2 NWs and provides 
a rougher surface by sticking onto MnO2 NWs. These features (enhanced irregularity, well interconnections of NiO clusters with MnO2 
NWs, enhanced rough surface) may provide higher porosity and larger surface area and thus can be expected to show improved 
electrochemical performance for this 7% NiO incorporated electrode material. 

3.2. Transmission electron microscopy 

To obtain further insights into the structure of the pristine and NiO-incorporated MnO2 nanocomposite materials, high-resolution 
transmission electron microscopy (HR-TEM) studies were carried out and are presented in Fig. 2(a–e). From the HR-TEM image (Fig. 2 
(a)) of pristine MnO2 nanowires, the average interplanar spacing is found to be 0.21 nm, which is consistent with the (211) plane of 
MnO2 nanowires [56]. For the incorporation of 1%, 3%, 5%, and 7% NiO nanoparticles into MnO2, the d-spacing was obtained as 0.34, 
0.33, 0.34, and 0.36 nm, respectively. Thus, increasing the doping concentration of NiO increases the interplanar spacing in the MnO2 
nanostructures. This increase in d-spacing is owing to the lattice mismatch and the creation of defects in the MnO2 host lattice by the 
NiO nanoparticles. 

3.3. X-ray diffraction 

The crystal structure of the prepared electrode materials was analyzed by XRD. Fig. 3 illustrates the XRD pattern of the studied 
materials. The diffraction peaks for pristine MnO2 nanowires at 2θ values 12.8◦, 18.4◦, 28.6◦, 37.7◦, 49.5◦, 60.6◦, and 69.8◦ which 
correspond to (110), (200), (310), (211), (301), (411), (521), (541) planes of the tetragonal structure (a = b = 0.979 nm and c = 0.328 
nm) of MnO2 crystal (JCPDS card number 24–0735). The narrow (211) peak confirms the good crystallinity of synthesized pristine 
MnO2 NWs. No characteristic diffraction peaks of NiO have been detected in the XRD pattern of the composite materials. This may be 
due to the low concentration of the incorporated NiO in the MnO2 crystal. However, the main reflection plane, i.e. (211) peak intensity, 
decreases as well as broadened with the increasing NiO concentration, owing to the poor crystallization due to lattice mismatch and 
defects. Furthermore, the (211) peak is shifted to the higher 2θ values for the increasing concentration of incorporated NiO, which 
suggests the contraction of lattice cell volume. It might seem unusual that a dopant (Ni2+) with a larger ionic radius (0.7 nm) than the 
ionic radius of Mn4+ (0.67 nm) decreased the lattice parameters and cell volume. However, a theoretical study by Duan et al. con-
ducted on Fe3+ (0.69 nm) doping into MnO2 illustrated the contraction of cell volume due to the reduction of average M − O bond 
length [57]. M. Lube et al. experimentally observed a similar reduced cell volume when MnO2 was incorporated with (Ni2+) [58]. 

The (211) reflection peak has been used to determine the average crystalline size (L) by using Debye-Scherrer’s formula [59], 

L=
0.94λ

β cos θ
.

Fig. 3. XRD patterns of MnO2 nanowire and MnO2/NiO nanocomposites.  
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Here, λ is the wavelength of the used X-ray, β is the full width at half maximum, and θ is the diffraction angle at the highest intensity 
peak. The determined crystallite size (L) was further used to calculate the dislocation density [60], 

δ=
1
L2 .

Also, the microstrain (ε) and lattice constants (a, b, and c) of the MnO2/NiO composites were determined by the following formulae 
respectively [60,61], 

ε= β
4 tan θ  

1
d2 =

h2 + k2

a2 +
l2

c2 .

Here, d is the interplanar spacing, and (hkl) is the Miller indices. Fig. 4 represents the calculated structural parameters of all 
nanocomposites. Fig. 4 shows that the atomic spacing, lattice constants, and nanocrystal size are reduced with increasing NiO con-
centration. We expect that the reduction of these parameters may enhance the active site and material efficiency. A reduction in the 
crystallite size also suggest an increase of surface area due to the incorporation of NiO nanoparticles. Furthermore, this may limit the 
volume and expansion during the charging/discharging process, which might result in good cyclic stability of the MnO2/NiO (7%) 
composite. 

3.4. Raman analysis 

Structural defects and local distortion in our synthesized composite materials were probed by Raman spectroscopy and are pre-
sented in Fig. 5. For MnO2-based nanomaterials, theoretically, it is expected to observe a total 15 spectroscopic modes (6Ag, 6Bg, and 
3Eg). However, in the polycrystalline MnO2 sample, some of these modes are poorly polarizable, and a few of them are incompletely 
resolved overlapped modes, which hinders the observation of the above 15 Raman modes [62]. Here, in our prepared pristine MnO2 
materials, two sharp peaks at about 574 and 634 cm− 1 and three weak bands at 295, 346, and 494 cm− 1 have been recorded (Fig. 5). In 
this Raman spectroscopy, three Raman bands at 346, 574 and 634 cm− 1 are assigned to Ag symmetry. In particular, 346, 574, and 634 
cm− 1 correspond to the stretching vibration of Mn–O in the basal plane of the MnO6 group, the vibration of the O–Mn–O–Mn chains in 
the octahedral planes, and the symmetric vibration stretching of O–Mn–O perpendicular to the direction of the octahedral double 

Fig. 4. Effect of various concentration of NiO nanoparticles on the structural parameters of MnO2/NiO nanocomposites.  
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chains of MnO2, respectively [62,63]. Here, it is worth mentioning that in MnO2, Raman peaks are the collective vibration mode of 
octahedron MnO6 [64]. The two peaks at 574 and 634 cm− 1 in the higher wavenumber region are attributed to the displacement of the 
oxygen atom relative to the Mn atom along the octahedral chains since oxygen is 4 times lighter than manganese [65]. 

Meanwhile, the weak bands at around 295 and 494 cm− 1 correspond to the phonon density of states instead of allowed zone- 
centered Raman phonons. This happens because the presence of lattice distortion and crystal defects in the materials confine the 
phonons [65]. We observe tiny peaks in our pristine MnO2 sample, and these peaks do not undergo significant changes up to 5% NiO 
incorporation. Further increase in NiO concentration (7%) strengthened the peak at 295 cm− 1. This result demonstrates that this 
amount of NiO incorporation has enhanced the confinement of phonons by creating more lattice distortion and crystal defects, which 
agrees well with our SEM and XRD results. 

Furthermore, with the incorporation of NiO, variation of peak strength and broadening have been observed for the Raman active 
peaks at around 346, 574, and 634 cm− 1 with a tiny shift to the lower frequency. The peak strengthening and broadening occurred for 
7% NiO incorporated MnO2 NWs is higher. These results clearly indicate the distortion of structural lattice parameters, which matches 
our XRD data. Similar contorted and structural rearrangements of lattice have been reported in Fe-doped MnO2 composite materials 
due to oxygen displacement and vacancies [65]. 

From the above Raman analysis, it is evident that the cooperative interaction between the incorporated 7% NiO and MnO2 is larger, 
which can provide lattice distortion and defects involving oxygen displacement and vacancies without structural phase transition. So, 

Fig. 5. Raman spectra of MnO2 and MnO2/NiO nanocomposites.  

Fig. 6. Cyclic voltammetry curve of (a) MnO2, (b) MnO2/NiO (1%), (c) MnO2/NiO (3%), (d) MnO2/NiO (5%), MnO2/NiO (7%), and (f) All samples 
CV curve at common scan rate 5 mVs− 1. 
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it is expected that the 7%NiO incorporated composite materials can provide better results in ion exchange reactions and improved 
electrochemical performance. 

3.5. Electrochemical properties 

Based on charge accumulation and/or storage process, the supercapacitive behavior of MnO2 can be explained via two mecha-
nisms. One is the rapid adsorption and desorption of electrolyte cations (Na+) at the interface of the electrode/electrolytes, thus 
forming an electrically double-layer type capacitor (EDLC) into which the possible reaction mechanism is [66] 

(MnO2)surface +Na+ + e− ↔
(
MnO−

2 Na+
)

surface.

The other mechanism, named pseudocapacitance, is the intercalation of electrolyte cations (Na+) in the bulk of the electrode 
materials upon reduction and then followed by deintercalation upon oxidation in the following way [67]: 

MnO2 +Na+ + e− ↔ MnOONa.

In both of these processes, a redox reaction takes place between the oxidation states of manganese. In the former case, the process is 
non-faradic, while the latter one undergoes a faradaic process. 

3.5.1. Cyclic voltammetry 
The faradaic and non-faradic charge storage mechanisms in the prepared MnO2/NiO composite electrodes have been investigated 

by cyclic voltammetry (CV) measurements in a three-electrode system with 0.5 M Na2SO4 as the electrolyte solution. Fig. 6(a–e) 
represent the CV profile of the studied composites at various scan rate (5, 20, 50, and 100 mV/s) in the potential range − 0.3 V to +0.1 
V. Fig. 6(a–e) illustrate the quasi-rectangular CV profile of the all examined materials which indicates that the charge storage 
mechanism in these active materials is mainly pseudocapacitive in nature [68]. It has been noticed that with the increasing scan rate, 
the peak current intensity and the enclosed area of the CV curve increase. These overall results illustrate better inter-
calation/deintercalation of electrolytes and faster faradaic redox reaction kinetics of electrons and ions in the active materials [69]. 
Furthermore, it is worth observing that at any particular scan rate (e.g. 5 mV/s), the area of the CV curve is higher for the 7% NiO 
incorporated MnO2 NWs sample compared to other composites, but retaining the shape of the CV profile (Fig. 6(f)). This suggests that 
this particular concentration of NiO has improved the charge storage in the electrode by providing better connection between the 
electrochemically active materials and electrolytes and thereby facilitating faster diffusion paths for ion and electron transportation. 

3.5.2. Galvanostatic charging-discharging 
Since the galvanostatic charging-discharging (GCD) study can provide a quantitative understanding of the supercapacitive prop-

erties of electrode materials, the GCD was carried out for all prepared materials at different current densities (1.25, 1.75, and 2.25 A/ 
g), which are presented in Fig. 7(a–e). It is observed that the GCD curve deviated from the ideal symmetric triangular shape for pristine 
MnO2 and composite materials due to the reversible conversion reaction. This confirms the pseudocapacitive charge storage behavior 
of the prepared electrodes and is in agreement with the CV analysis. Also, with increasing the current density, the discharge time was 

Fig. 7. At different current density, the GCD curves of (a) MnO2, (b) MnO2/NiO (1%), (c) MnO2/NiO (3%), (d) MnO2/NiO (5%), and (e) MnO2/NiO 
(7%) nanocomposites. 
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found to decrease. This is attributed to the insufficient time for the redox reaction to occur via the diffusion of ions into the inner active 
sites of the materials [70]. 

The GCD curves at 1.25 A/g current density have been used to estimate the specific capacitance (Cs) of the fabricated pristine MnO2 
and MnO2/NiO composites by using the following formula [15] and tabulated in Table 1: 

Cs =
I × Δt

m × ΔV
.

Here, (I/m) is the current density, Δt and ΔV are the discharging time and potential difference, respectively. From the measured 
value of the specific capacitance, it is elucidated that the highest specific capacitance (343 F/g at a current density of 1.25 A/g) has 
been achieved in MnO2/NiO (7%) nanocomposite materials. Using the GCD curve, the MnO2/NiO (7%) nanocomposite estimated 
energy density of 7.62 Wh/kg with a power density of 249 W/kg. The higher value of Cs in MnO2/NiO (7%) composite electrodes may 
be attributed to the synergistic effect between different morphologically and electrically conducting metal oxides MnO2 and NiO. In 
particular, the higher electrically conductive NiO nanoparticles were well attached on MnO2 nanowires in MnO2/NiO (7%) composite, 
which provides larger surface area along with more active sites, enhanced electrically conductive channels and shorter diffusion paths 
for the efficient and faster migration of electrolyte ions and electrons to the active sites of the electrode. It is worth mentioning that 
increasing the current density lowered the specific capacitance, which is common in metal oxide-based supercapacitors. This is 
because, at lower current density, the efficient diffusion of electrolytes occurs through almost every available channel and pores of the 
active materials, which offers a complete redox reaction. At higher current density, the ions can not penetrate the innermost portion of 
the active materials and are found in limited accessible areas for diffusion, which diminishes the specific capacitance [71]. 

3.5.3. Electrochemical impedance spectroscopy (EIS) 
The charge transfer ability of MnO2 is enhanced by compositing with NiO, which can be convinced in Electrochemical impedance 

spectroscopy (EIS) measurement. EIS is performed at open circuit potential with a 10 mV ac perturbation in the 0.1Hz–100 KHz band. 
The Nyquist plots of all the synthesized samples are shown in Fig. 8, and the inset of this figure displays a magnified plot for a higher 
frequency area. The figures show a semicircle at high frequencies and a nearly linear change at low frequencies. The semicircle 
demonstrates typical charge transfer at the electrode interface [72]. As seen in the inset in Fig. 8, which is the expanded portion at high 
frequency, the semicircle diameter of the MnO2/NiO (7%) looked to be significantly smaller, indicating a reduction in the 
charge-transfer resistance of the MnO2/NiO (7%) than all the synthesized samples. The electrolytic ion transfer resistance and diffusion 
from the electrolyte to the surface of the electrode is reflected by the straight sloping line in the low-frequency area. Less diffusion and a 
higher capacitance of the electrode materials are indicated by a larger slope [73,74]. The slope of MnO2/NiO nanocomposites is higher 
than pure α-MnO2, suggesting that MnO2/NiO nanocomposites have a lower diffusion resistance and that ion diffusion mass transfer is 
effective [75]. The EIS data is fitted using an equivalent circuit model made up of bulk solution resistance Rs, charge-transfer resistance 
Rct, Warburg resistance Wo, and constant phase element CPE [76]. The values are shown in Table 2. Rct of samples reveals the 
characteristics with regard to redox reactions at the electrode/electrolyte interface. Small Rct values often indicate that the charge 
transfer process may proceed more rapidly and readily due to the reduced resistance characteristics of the electrodes [72]. The Rct 
value (3 Ω) of the MnO2/NiO (7%) electrode is the lowest, providing faster charge transfer. Warburg resistance shows the diffusion of 
ions across the contact of electrolyte and electrode [77]. MnO2/NiO (7%) nanocomposite has the smallest Warburg resistance among 
the samples, indicating faster ionic diffusion between active material and electrolyte. Overall, according to the data obtained from the 
EIS, the MnO2/NiO (7%) nanocomposite electrode outperforms the other electrodes regarding supercapacitor performance, which is 
consistent with the findings of the CV and GCD tests. 

3.5.4. Cyclic stability 
The electrochemical stability of the sample (MnO2/NiO (7%)) with the highest value of specific capacitance has been studied for 

3000 charging-discharging cycles and is shown in Fig. 9. It was observed that the specific capacitance decreased gradually, and a 
retention of 83% of the initial capacitance after 3000 charging and discharging cycle. For the first 1500 cycles, capacitance gradually 
decreases, and then it provides a stable value. This stable cyclic stability of MnO2/NiO may be attributed to the unique structure of the 
nanocomposite and an improvement in the rate of diffusion of the ions at the interface. The cyclic stability was also studied for the 
MnO2 electrodes and a retention of 78% of the initial capacitance after 3000 charging and discharging cycle was obtained. This suggest 
that the incorporation of NiO nanoparticles enhances the stability of the nanocomposites. 

Table 1 
The estimated specific capacitance (Cs), energy density (Ed) and power density (p) of MnO2 and MnO2/NiO electrodes at constant current density 1.25 
A/g in 0.5 M Na2SO4 electrolytes solution.  

Samples Specific capacitance (F/g) Energy density (Wh/kg) Power density (W/kg) 

MnO2 106 2.35 248 
MnO2/NiO (1%) 159 3.53 249 
MnO2/NiO (3%) 253 5.6 248 
MnO2/NiO (5%) 259 5.75 249 
MnO2/NiO (7%) 343 7.62 249  
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4. Conclusions 

In summary, a facile and cost-effective methodology has been employed to fabricate MnO2/NiO nanocomposites with various 
concentrations of NiO nanoparticles (0, 1, 3, 5, and 7%). The nanowires-like structure of the as-prepared MnO2 and MnO2/NiO 
nanocomposites has been confirmed by SEM. The structural and compositional studies were performed via XRD, TEM, and Raman 
which provide substantial information about the synthesized composite materials. The electrochemical behavior of these nano-
composites was then investigated to assess their potential application as electrode materials in supercapacitors. The MnO2/NiO (7%) 
nanocomposite delivers better electrochemical performance compared to pristine MnO2 and other NiO-incorporated MnO2 composite 
materials, which achieve maximum specific capacitance (343 F/g) at 1.25 A/g, with good energy 7.62 Wh/kg and power density 249 

Fig. 8. EIS spectra of MnO2 and MnO2/NiO nanocomposites.  

Table 2 
The equivalent circuit parameters value of MnO2 nanowires and MnO2/NiO nanocomposites.  

Sample Rs(Ω) Rct(Ω) Wo-R(Ω) 

MnO2 6.81 5.0 7.50 
MnO2/NiO (1%) 7.03 4.0 6.50 
MnO2/NiO (3%) 7.30 5.6 9.50 
MnO2/NiO (5%) 6.30 6.3 11.50 
MnO2/NiO (7%) 6.63 3.0 6.41  

Fig. 9. Cyclic stability for MnO2 and MnO2/NiO (7%) nanocomposite for 3000 cycle of operation.  
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W/kg. We believe that the synergistic effect between different morphological and electrically conducting MnO2 and NiO nanomaterials 
is responsible for the improved electrochemical behavior of these MnO2/NiO (7%) electrode materials and can be a promising 
candidate in energy storage devices for the future energy crisis. 
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