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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Binder-free heterostructured MnO2/ 
MnSe-NR@CC are directly synthesized 
on the carbon cloth substrate. 

• The MnO2/MnSe-NR@CC electrode ex
hibits a maximum specific capacitance 
of 740.63 F/g at a current density of 1.5 
A/g, with excellent capacitance reten
tion of 93% up to 5000 cycles. 

• The MnO2/MnSe-NR@CC//AC-ASC 
delivered a maximum capacitance of 
166.66 F/g at 2 A/g with outstanding 
capacitance retention of 93% after GCD 
5000 cycles. 

• The MnO2/MnSe-NR@CC//AC-ASC de
livers an energy density of 75.06 Wh/kg 
at 1805.1 W/kg and maintains 55.044 
Wh/kg at a maximum power density of 
18,159 W/kg.  
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A B S T R A C T   

Manganese (Mn)-based oxides are considered suitable positive electrode materials for supercapacitors (SCs). 
However, their cycle stability and specific capacitance are significantly hindered by key restrictions such as 
structural instability and low conductivity. Herein, we demonstrated a novel nanorod (NR)-shaped hetero
structured manganese dioxide/manganese selenide membrane (MnO2/MnSe) on carbon cloth (CC) (denoted as 
MnO2/MnSe-NR@CC) with a high aspect ratio by a straightforward and facile hydrothermal process. Experi
ments have demonstrated that doping selenium atoms to oxygen sites reduce electronegativity, increasing the 
intrinsic electronic conductivity of MnO2, decreasing electrostatic interactions with electrolyte ions, and thus 
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boosting the reaction kinetics. Further, the selenium doping results in an amorphous surface with extensive 
oxygen defects, which contributed to the emergence of additional charge storage sites with pseudocapacitive 
characteristics. As expected, novel heterostructured MnO2/MnSe-NR@CC as an electrode for SC exhibits a high 
capacitance of 740.63 F/g at a current density of 1.5 A/g, with excellent cycling performance (93% capacitance 
retention after 5000 cycles). The MnO2/MnSe-NR@CC exhibited outstanding charge storage capability, domi
nating capacitive charge storage (84.6% capacitive at 6 mV/s). To examine the practical applications of MnO2/ 
MnSe-NR@CC-ASC as a positive electrode, MnO2/MnSe-NR@CC//AC device was fabricated. The MnO2/MnSe- 
NR@CC//AC-ASC device performed exceptionally well, with a maximum capacitance of 166.66 F/g at 2 A/g, 
with a capacitance retention of 94%, after 500 GCD cycles. Additionally, it delivers an energy density of 75.06 
Wh/kg at a power density of 1805.1 W/kg and maintains 55.044 Wh/kg at a maximum power density of 18,159 
W/kg. This research sheds fresh information on the anionic doping method and has the potential to be applied to 
the synthesis of positive electrode materials for energy storage applications.   

1. Introduction 

Sustainable and renewable energy storage systems are strongly in 
demand due to emerging trends of energy transformation and environ
mental safety. A great emphasis is put on the high performance of energy 
storage systems (Wan et al., 2022; Zhao et al., 2022). Rechargeable 
batteries and supercapacitors (SCs) are among those systems working on 
electrochemical energy storage mechanisms and are prevailing almost 
everywhere. SCs exhibit a fast charging-discharging process, low 
maintenance cost, longer life cycle, and stability (Zhao et al., 2020; Guo 
et al., 2019; Javed et al., 2022). Electrode materials play an obvious part 
in fabricating SCs, regardless of the charge storage mechanism involved. 
Lately, two schemes have been successful and often employed to achieve 
high-performance electrode materials having good porosity with mul
tiple redox states for high electrochemical performance and augmented 
electrical conductivity. The first one endows high enough 
charge-transfer kinetics to electrode materials, delivering enough elec
trons to active materials, enabling them to fully use their storage 
capability, which leads to increased power density and energy density 
(Zhang et al., 2018). 

These exquisite characteristics can be modified while considering the 
SCs making materials, e.g., electrodes or electrode forming materials. 
Transition metal oxides having variable valence, such as MnO2 
(Majumdar, 2021), Co3O4 (Mateen et al., 2022), Fe3O4 (Khan et al., 
2020; Javed et al., 2021a), have been studied as prospective substitute 
materials as electrode materials for SC. Among them, MnO2 owes a 
distinction due to its ease of access to the market, inexpensiveness, 
direct utilization, and nature friendliness. MnO2-based electrodes have 
high specific capacitance; however, due to high electrical resistivity in 
strong current regimes, the specific capacitance value is substantially 
lowered, reducing the performance and cycle stability of the SC. 
Reversible Mn3+/Mn4+ reaction originates large theoretical capacity 
making MnO2 a choice of eminence at high working voltage. Such as, an 
excellent capacitance of 360.5 F/g at 1 A/g has been achieved by a MnO2 
nanosheets-carbon cloth-based electrode material (Long et al., 2020). 
Further, Gao et al. inserted oxygen vacancy into MnO2 nanorod arrays 
by annealing in an H2 environment, which successfully enhanced the 
conductivity and yielded a capacitance of 874.5 F/g at a current density 
of 0.25 A/g (Qiu and XiaoH. J. J. o. P. S. Gao, 2021). Wang et al. used 
substitutional doping to modify MnO2 nanosheets, and then they built 
these modified nanosheets into high performance printable solid-state 
micro-SCs (Wang et al., 2020a). Nevertheless, the insufficient elec
trical conductivity of MnO2 hinders the way to an ultra-prime perfor
mance of SCs. On the other hand, transition metal chalcogenides have a 
lower energy density, which prevents them from being used in appli
cations requiring better performance (Sahoo et al., 2018; Miao et al., 
2021; Javed et al., 2020). Its charge storage mechanism induces lower 
energy density based on redox reactions or ions adsorption on the sur
face layer (Javed et al., 2020; Yang et al., 2017a). A normal 
charge-discharge process is triggered by only a fraction of molecules 
leading to ionic or electronic transportation, preventing rapid faradaic 
reduction in bulk materials and kinetic oxidation processes (Salunkhe 

et al., 2017). Recent research focus has been diverted to improving the 
performance of SCs having high charge-discharge rates. The most 
commonly employed approach is either to enlarge the surface area or to 
minimize the charge-transfer resistance, in some cases, a combination of 
both (Dinesh et al., 2020; Yumak et al., 2019; Azman et al., 2019). 

Carbon-based materials have been paid attention to lowering charge- 
transfer resistance (Zhai et al., 2011; Wang et al., 2012). Carbon cloth 
(CC) outperforms its counterparts due to its softness, mechanical 
strength, and flexibility for direct growth of nanomaterials (Shen et al., 
2013; Shah et al., 2018a). The process implies a simple technique of 
coating/depositing active materials on CC and later using them as an 
electrode in SCs. In ideal circumstances, swift charge transfer and effi
cient ionic transportation should be there in the electrode’s reaction 
kinetics, which is directly attributed to the electrode material’s intrinsic 
structure. 

Selenium (Se)-based materials have attracted great interest for fuel- 
cell catalysts, hydrogen evolution and storage, batteries, and super
capacitors (Arul and Han, 2016; Chen et al., 2015). Compared to oxygen 
and sulfur, selenium possesses greater metallic and electrical properties. 
The electrical conductivity of Se (1 × 10− 3 S/m) is significantly higher 
than that of sulfur (5 × 10− 28 S/m) (Nagaraju et al., 2017). Furthermore, 
Se demonstrates superior supercapacitive characteristics than sulfur 
(Gao et al., 2017). Metal selenides have recently received extensive 
attention as electrode materials for SCs with good performance and 
stability (Sakthivel et al., 2019). Among metal selenides, manganese 
selenide has attracted less attention recently (Sahoo et al., 2018). The 
vast majority of earlier reports indicated the synthesis of MnSe and its 
implementation in magneto-optical devices and solar cells (Yang et al., 
2017b), but relatively few investigations were carried out to investigate 
its potential in energy storage (Balamuralitharan et al., 2017; Tang et al., 
2018). A heterostructure composed of MnO2/MnSe is the best option for 
enhancing the overall performance of SCs. The composite heterointer
face interaction takes place between MnO2 and MnSe in a hetero
structure enables an increase in both interfacial electron transport and 
overall structural strength. This, in turn, results in an outstanding 
capacitance at relatively high current density, which is due to the syn
ergistic influence of MnO2 and MnSe. The potential advantages which 
can be obtained from a MnO2/MnSe heterostructure are: (1) As a result 
of the molecular-scale thickness of the materials, nearly all of the active 
sites are located on the surface; (2) the direct contact between MnO2 and 
MnSe makes it simpler for ions and electrons to move across the surface 
of the active material; and (3) the MnO2/MnSe heterostructure channels 
are well suited for the efficient transport of ions. 

Herein, we demonstrated a novel heterostructured MnO2/MnSe- 
NR@CC with a high aspect ratio by a straightforward and facile hy
drothermal process. Experiments have demonstrated that adding sele
nium atoms to oxygen sites reduces electronegativity, increasing the 
intrinsic electronic conductivity of MnO2 and decreasing electrostatic 
interactions with electrolyte ions, which boosts the reaction kinetics. As 
expected, novel heterostructured MnO2/MnSe-NR@CC as an electrode 
for SC exhibits a high capacitance of 740.63 F/g at a current density of 
1.5 A/g, with excellent cycling performance (93% capacitance retention 
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after 500 cycles). To examine the practical applications of MnO2/MnSe- 
NR@CC-ASC as a positive electrode, MnO2/MnSe-NR@CC//AC device 
was fabricated. The MnO2/MnSe-NR@CC//AC-ASC device performed 
exceptionally well, with a maximum capacitance of 166.66 F/g at 2 A/g, 
with a capacitance retention of 94%, after 5000 GCD cycles. Addition
ally, it delivers an energy density of 75.06 Wh/kg at a power density of 
1805.1 W/kg, and maintains 55.044 Wh/kg at a maximum power den
sity of 18,159 W/kg. This research sheds fresh information on the 
anionic doping method and has the potential to be applied to the syn
thesis of positive electrode materials for energy storage applications. 

2. Experimental method 

2.1. Synthesis of MnO2-NR@CC 

The MnO2-NR@CC precursor was prepared via a straightforward and 
facile hydrothermal process, where CC was employed as a template, and 
MnO2-NRs were grown on the CC surface. First, 4 mg of potassium 
permanganate (KMnO4) was dissolved in 40 mL of distilled water and 
stirred for 1 h, and a purple solution was obtained. Afterward, the dried 
CC supporting substrate was placed with the side wall of the Teflon-lined 
stainless steel autoclave and a glass slide was used to cover up one side of 
the CC to prevent growth on both sides of the CC substrate. Only the 
backside of the CC substrates were coated with the glass slide. Consid
ering the CC substrate was only 0.2 mm thick, we were unable to cover 
the top and bottom with a glass slide. The above purple solution was 
transferred into a 100 mL Teflon-lined stainless steel autoclave and left 
for hydrothermal process in an oven at 180 ◦C for 6 h. After cooling 
down to room temperature, the resultant residue was cleaned repeatedly 
with distilled water and dried for 12 h at 60 ◦C. 

2.2. Synthesis of heterostructured MnO2/MnSe-NR@CC 

To fabricate heterostructured MnO2/MnSe-NR@CC, Se was loaded 
onto MnO2-NR in a tube furnace with an argon environment. First, we 
loaded a porcelain boat with Se powder (99.9% Sinopharm), carefully 
positioned it upstream of the furnace, and then loaded a second porce
lain boat with MnO2-NR and positioned it downstream of the furnace 
and maintained a 350 ◦C furnace temperature. In the end, the samples 
were heated for 2 h at a ramping rate of 5 ◦C/min, and heterostructured 
MnO2/MnSe-NR@CC was obtained. 

2.3. Physical characterization 

The morphology and structures of the fabricated sample were 
analyzed using a field emission scanning electron microscope (FESEM, 
HITACHI SU8220) and a transmission electron microscope (TEM JEM- 
2100 F, JEOL). The crystal structure of the sample was analyzed using X- 
ray diffraction (XRD, X’Pert Pro PANalytical) with Cu K (= 0.15406 nm) 
radiation. To investigate the elemental composition and valence state, X- 
ray photoelectron spectroscopy (XPS) technique was implemented. 

2.4. Assembly of single electrode and SC device 

The electrochemical measurements were performed in two and 
three-electrode setups. For three-electrode setup, the heterostructured 
MnO2/MnSe-NR@CC with an active area of 1 × 1 cm2 was directly used 
as a working electrode. The mass loading of the active substance on the 
CC was about 1.3 mg/cm2. Ag/AgCl was used as a reference electrode 
and platinum wire as a counter electrode in 1 M sodium sulphate 
(Na2SO4) electrolyte. To assemble an asymmetric supercapacitor (ASC), 
the heterostructured MnO2/MnSe-NR@CC membrane was employed as 
the positive electrode and activated carbon (AC) as the negative elec
trode (denoted as MnO2/MnSe-NR@CC//AC-ASC) in an aqueous 1 M 
Na2SO4 solution. With the help of a microbalance, the mass loading 
density of the positive and negative electrode materials was carefully 

measured in the range of 1–1.3 mg/cm2. 

2.5. Electrochemical performance 

An electrochemical workstation (CHI 660 E, China) was used to 
perform cyclic voltammogram (CV), galvanostatic charge-discharge 
(GCD) tests, and electrochemical impedance spectroscopy (EIS) mea
surements. The CV investigations were performed in a potential window 
range of 0.0–0.8 V; GCD investigations were performed at varying cur
rent densities range of 1.5–50 A/g, and EIS measurements were carried 
out at a frequency range of 0.001–100 kHz. 

2.6. Calculations 

The specific capacitance Csp (F/g), the energy density E (Wh/kg), the 
power density P (W/kg), and the Coulombic efficiency (η) of the SC 
device can be calculated according to the following equations; 

Csp =
IΔt

m × ΔV
(1)  

Cd =
IΔtd

M × (V)
(2)  

E= 0.139 ×CdV2 (3)  

P=
E
Δt

(4)  

where I (A) is the current, Δt (s) is the discharge time, m (g) is the mass 
of the positive electrode, M (g) is the mass of the device, and ΔV(V) is the 
potential window. 

3. Results and discussion 

Fig. 1 illustrates a schematic diagram for the synthesis process of a 
novel nano-rod (NR)-shaped heterostructured manganese dioxide/ 
manganese selenide (MnO2/MnSe) on carbon cloth (CC) (denoted as 
MnO2/MnSe-NR@CC). The MnO2-NR was promptly grown at CC by a 
straightforward and facile hydrothermal process. MnSe was then loaded 
onto MnO2-NR and annealed at 350 ◦C for 2 h in argon (Ar); thus, 
crystalline and mechanically stable heterostructured MnO2/MnSe- 
NR@CC was obtained. An enlarged view of the Na+ and SO4− ions flow 
in the heterostructured MnO2/MnSe-NR@CC from the Na2SO4 electro
lyte can be seen in the upper part of the schematic diagram. 

The morphology and structure of heterostructured MnO2/MnSe- 
NR@CC were examined using a field emission scanning electron mi
croscope (FESEM) and transmission electron microscope (TEM). FESEM 
images presented an in-depth overview of the heterostructured MnO2/ 
MnSe-NR@CC, composed of one-dimensional (1D) nanorods, as illus
trated in Fig. 2a and b. The MnO2/MnSe-NR@CC extends to a few 
micrometres in length. Each nanorod possessed a flaky appearance, and 
the construction of incredibly thin nanosheets into a web of interlinked 
pores offered a sizable and open active area. A medium-resolution 
FESEM image of the MnO2/MnSe-NR@CC is shown in Fig. 2c, 
revealing nano-rod-like structures and uniform distribution of abundant 
cavities over the CC. Fig. 2d shows the high-resolution FESEM image, 
exhibiting well-retained nanorod-like structures with MnSe nano
particles onto the MnO2-NR@CC, thus forming open and porous struc
tures by extensive interconnection. Additionally, TEM and high- 
resolution TEM (HRTEM) were used to examine the sample’s structure 
and morphology. Fig. 2e shows the TEM image of heterostructure 
MnO2/MnSe-NR@CC, which confirms that the as-prepared MnO2 pos
sesses nano-rod-shaped structures with densely distributed MnSe 
nanoparticles over the MnO2-NR@CC, consistent with the aforemen
tioned FESEM findings. According to the HRTEM image, Se doping in
troduces an amorphous surface with widespread defects and an interface 
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of MnO2 and MnSe, as shown in Fig. 2f, contributing to the formation of 
additional charge storage sites with pseudocapacitive properties. 
Moreover, the average value of the interplanar spacing of 0.72 nm and 
0.27 nm corresponds to (003) planes of MnO2 and (200) planes of MnSe, 

respectively. 
Using X-ray powder diffraction (XRD), the as-prepared MnO2-NR and 

MnO2/MnSe-NR materials were investigated. Fig. 3a shows the XRD 
patterns of MnO2 and heterostructure MnO2/MnSe-NR. The XRD pattern 

Fig. 1. Schematic diagram of the synthesis process of heterostructured MnO2/MnSe-NR@CC by a facile hydrothermal method.  

Fig. 2. FESEM images of heterostructured MnO2/MnSe-NR@CC (a–c) Low-resolution, (d) High-resolution, TEM images of heterostructured MnO2/MnSe-NR@CC (e) 
Low-resolution, (f) High-resolution TEM image. 
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of MnO2-NR shows the well-defined characteristic peaks were observed 
at 12.28◦, 24.69◦, 36.78◦, 42.13◦, and 66.80◦, which correspond to the 
(003), (006), (012), (015), and (113) planes of δ-MnO2 phase (JCPDS: 
86–0666) (Zhao et al., 2017). On the other hand, the XRD pattern of 
MnO2/MnSe-NR exhibits the new characteristic peaks were observed at 
2θ values of 29.63◦, 32.70◦, 47.47◦, 58.47◦, 68.63◦, and 78.20◦ and 
according to JCPDS: 11–0683, associated with the (111), (200), (220), 
(222), (400) and (420) planes of cubic α-MnSe (Miao et al., 2021). 
Compared to MnO2, the peak intensity of (003) crystal planes for 
MnO2/MnSe is faintly diminished. Moreover, there is no extra impurity 
diffraction peak, indicating that pure MnO2 and MnSe have been 
effectively synthesized. Normally, in the MnO2 crystal structure, the 
organization of basic MnO6 octahedron units with varied connectivity 
results in the formation of polymorphs. These arrangements can either 
produce layer structures or chain/tunnel structures. MnO6 octahedra 
can connect to other MnO6 octahedra in a way that forms [MnO6] chains 
in a direction parallel to the c-axis and creates tunnels between this 
chains (Baral et al., 2021). Here, after doping the Se atoms, the resulting 
crystal structure of heterostructure MnO2/MnSe is illustrated in Fig. 3b 
and c, which depicts the corresponding comparable atomic structural 
models of MnO2/MnSe. This model features a MnO2 crystal phase, and 
the oxygen atoms in MnO2 have been replaced with selenium atoms, 
suggesting the successful doping of Se in MnO2 crystal. 

The surface chemistry and valence state of MnO2 and MnO2/MnSe 
was further evaluated using X-ray photoelectron spectroscopy (XPS). 
Fig. 3d illustrates the high-resolution Mn-2p spectra for MnO2 and 
MnO2/MnSe. All of the spectra can be deconvoluted into two peaks 
which correspond to Mn-2p3/2 (642.5 eV) and Mn-2p1/2, (654.2 eV) of 
MnO2, while Mn-2p3/2 (641.1 eV) and Mn-2p1/2, (652.8 eV) of MnO2/ 
MnSe. Further, the spin energy difference remains constant at 11.7 eV 
for both the MnO2 and MnO2/MnSe samples. Compared to MnO2, the 
Mn-2p peaks of MnO2/MnSe shifted towards lower binding energy. 
Furthermore, the insertion of oxygen defects increased the signal of 
Mn3+ while decreasing the signal of Mn4+ significantly (Wang et al., 
2020b; He et al., 2018). The high-resolution O-1s spectra were fitted into 

two peaks with binding energies at 529.9 eV and 531.4 eV, which could 
be ascribed to the tetravalent Mn–O–Mn bond and oxygen defect, 
respectively, as shown in Fig. 3e (Zeng et al., 2018). Fig. 3f exhibits the 
high-resolution Se-3d spectra of the MnO2/MnSe sample. The Se-3d 
spectrum can be deconvoluted into three peaks. The peak located at a 
binding energy of 54.47 eV can be associated with the Se-3d5/2, and the 
peak positioned at a binding energy of 55.50 eV can be attributed to 
Se3d3/2, confirming the existence of Se2− ions in the sample and the 
third peak at 57.6 eV can be related to Se–O (Xing et al., 2021). 

The MnO2 and MnO2/MnSe-NR@CC were studied as positive elec
trodes for SC, and the electrochemical measurements were tested in 1 M 
Na2SO4 aqueous electrolyte in a three-electrode setup. The cyclic vol
tammogram (CV) profiles of MnO2 and heterostructured MnO2/MnSe- 
NR@CC electrodes within a potential window range of 0–0.8 V and at a 
scan rate 10 mV/s are shown in Fig. 4a. To examine the contribution of 
MnO2 to total capacitance, CV measurements of pure MnO2 without Se 
were performed. CV profiles of the MnO2 electrode show that the 
contribution of pure MnO2 without Se was insignificant. Compared to 
the MnO2 electrode, the heterostructured MnO2/MnSe-NR@CC elec
trode’s CVs are more rectangular with a pair of redox peaks, indicating 
superior capacitive behaviour. As seen in the following equation (5), the 
redox reactions are; 

MnO2 +Na+ + e– ⇌ MnO–
2Na+ (5) 

The adsorption of the proton (alkali metal cations (Na+)) to the 
surface of active material, or desorption from the surface of the active 
material, provides the basis for the process, as shown in Equation (5). 
This involves a surface redox process that is reversible and occurs be
tween Mn4+ and Mn3+ ions (Weng et al., 2015). Further, the area under 
CV profiles is larger, suggesting a high specific capacitance hetero
structured MnO2/MnSe-NR@CC electrode. Obtaining a greater current 
at the heterostructured MnO2/MnSe-NR@CC electrode than at the 
MnO2 electrode suggests improved electron transport and Se consump
tion. These better capabilities of the Se-doped MnO2-NR can be attrib
uted to the high contact area between the active material, and the 

Fig. 3. (a) XRD patterns of MnO2 and heterostructured MnO2/MnSe-NR@CC, (b, c) Schematic diagrams of crystal structure of heterostructured MnO2/MnSe- 
NR@CC, High-resolution XPS spectra of (d) Mn-2p, (e) O-1s, (f) Se-3d. 
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current collector can greatly reduce the length of the electron transport 
channel. This promotes quick ions diffusion during the charging and 
discharging operation. CV measurements of the heterostructured 
MnO2/MnSe-NR@CC electrode were also performed at various scan 
rates, and the results are shown in Fig. 4b. The outstanding capacitive 
performance of the heterostructured MnO2/MnSe-NR@CC electrode is 
shown by the presence of a rectangular consistency with a pair of redox 
peaks in each of these curves when measured at a variety of scan rates 
ranging from 10 to 50 mV/s. In addition, the charge storage process of 
heterostructured MnO2/MnSe-NR@CC electrode was investigated by 
the analysis of the electrochemical kinetics according to power law 
(Mateen et al., 2022; Javed et al., 2021b); 

i(V)= a.vb (6)  

log(i)= b log(v) + log(a) (7)  

where i represents the peak current density, v represents the scan rate, 
and a and b represent arbitrary constants. It is important to note that if it 
approaches 1.0, the capacitive process will dominate and if the b-value 
approaches 0.5, the diffusion-controlled process dominates (Chodankar 
et al., 2020). According to equation (7), which is the relation between 

log i and log (v), the anodic b-values for heterostructured MnO2/Mn
Se-NR@CC electrode are 0.73, 0.71 (at potential 0.5 and 0.4 V) while the 
cathodic b-values are 0.86, 0.91 (at potential 0.27 and 0.1 V) as 
exhibited in Fig. 4c. It suggests that both diffusion-controlled and 
capacitive-controlled processes contribute to total charge storage. 
Further, the quantitatively diffusion-controlled and 
capacitive-controlled contributions of heterostructured MnO2/Mn
Se-NR@CC electrode were calculated according to the following equa
tion (8). 

i(V)= k1v + k1v1/2 (8)  

where i denotes the total current, the terms k1v and k1v1/2 show the 
capacitive-controlled and diffusion-controlled charge storage process, 
respectively, k1 and k2 represents arbitrary constants. At a scan rate of 6 
mV/s, the capacitive-controlled process is dominant. It was found that 
84.6% of the total charge is stored through the capacitive-controlled 
process, while 15.6% is stored through the diffusion-controlled pro
cess for heterostructured MnO2/MnSe-NR@CC electrode, as illustrated 
in Fig. 4d. Fig. 4e exhibits the capacitive-controlled and diffusion- 
controlled contributions from total charge storage at different scan 
rates ranging from 2 to 50 mV/s for heterostructured MnO2/MnSe- 

Fig. 4. (a) CV profiles of MnO2 and heterostructured 
MnO2/MnSe-NR@CC electrodes in 1 M Na2SO4 
aqueous electrolyte at 10 mV/s, (b) CV profiles of 
heterostructured MnO2/MnSe-NR@CC electrode at 
various scan rates from 2 to 8 mV/s), (c) Calculation 
of b-values log (i) versus log (v), (d) Diffusion- and 
capacitive-controlled contribution from the total 
stored charge at 6 mV/s, (e) Contribution ratio be
tween capacitive- and diffusion-controlled charge 
storage at various scan rates from 2 to 50 mV/s.   
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NR@CC electrode. It was found that the capacitive-controlled process 
for charge storage exhibits the highest percentage of total charge storage 
for heterostructured MnO2/MnSe-NR@CC electrode. 

To find out more about the ability of MnO2 and heterostructured 
MnO2/MnSe-NR@CC electrodes to store charge, galvanostatic charge/ 
discharge (GCD) studies were performed. The comparative GCD profiles 
of MnO2 and heterostructured MnO2/MnSe-NR@CC electrodes in the 
potential window range of 0.0–0.8 V and at a current density of 5 A/g 
are exhibited in Fig. 5a. The heterostructured MnO2/MnSe-NR@CC 
electrode has a longer discharge duration than the MnO2 electrode, 
which is consistent with the CV measurements. Further, the comparative 
GCD profiles of heterostructured MnO2/MnSe-NR@CC electrode at 
various scan rates from 1.5 to 50 A/g are illustrated in Fig. 5b. The 
symmetrical GCD profiles represent pseudocapacitive charge storage. 
Further, an initial reversal drop (IR-drop) is a possible drop seen at the 
start of the discharge curve. The intrinsic resistance of the electrode 
material and the resistance of the electrolyte are quantified by the IR 
drop. The former often contributes more to the total IR drop, as illus
trated in Fig. 5b. The observed IR-drop for the MnO2/MnSe-NR@CC 
electrode is about 0.03 and 0.08 V, respectively, for current densities 
ranging from 1.5 to 50 A/g. The extremely low iR-drop can be attributed 

to the exceptionally high ion conductivity of electrode and electrolyte, 
and according to the literature, the potential drop rises almost linearly 
with current density (Javed et al., 2018; Khan et al., 2019). At different 
current densities from 1.5 to 50 A/g, the specific capacitance of MnO2 
and heterostructured MnO2/MnSe-NR@CC electrodes were also calcu
lated using equation (1), and the results are displayed in Fig. 5c. The 
highest specific capacitance of heterostructured MnO2/MnSe-NR@CC 
electrodes was calculated and followed as 740.63, 693.75, 646.88, 630, 
592.50, 562.50 and 531.25 F/g at 1.5, 3, 5, 8, 12, 25, and 50 A/g, 
respectively. However, the maximum specific capacitance of the MnO2 
electrode was computed as 264.51, 247.76, 235.03, 212, 201.61, 
174.89, and 149.73 F/g at 1.5, 3, 5, 8, 12, 25, and 50 A/g, respectively. 
The impressive rate capability of 71.7% at 50 A/g from the hetero
structured MnO2/MnSe-NR@CC electrode, which is more than that of 
the MnO2 electrode (56.7% at 50 A/g), making it a suitable option for 
use in the development of future generation supercapacitor. To get a 
better electrochemical performance and the redox kinetics of the het
erostructured MnO2/MnSe-NR@CC electrode, electrochemical imped
ance spectroscopy (EIS) measurements were performed at open circuit 
potential. The Nyquist plot of the heterostructured MnO2/MnSe-NR@CC 
electrode is illustrated in Fig. 5d. The Nyquist plot comprises three 

Fig. 5. (a) GCD profiles of MnO2 and hetero
structured MnO2/MnSe-NR@CC electrodes at 5 A/g, 
(b) GCD profiles of heterostructured MnO2/MnSe- 
NR@CC electrode at various current densities from 
1.5 to 50 A/g, (c) specific capacitance of MnO2 and 
heterostructured MnO2/MnSe-NR@CC electrodes at 
various current densities from 1.5 to 50 A/g, (d) 
Nyquist plot of MnO2 and heterostructured MnO2/ 
MnSe-NR@CC electrodes, (e) Cycling performance of 
MnO2 and heterostructured MnO2/MnSe-NR@CC 
electrodes.   

Q. Abbas et al.                                                                                                                                                                                                                                  



Chemosphere 313 (2023) 137421

8

segments: a semicircle in the high-frequency section, an intercept with 
the x-axis, and a quasi-vertical straight line in the low-frequency section. 
The x-intercept yields the equivalent series resistance (Rs), which con
sists of the inherent resistance of the electrode and electrolytic resis
tance. The diameter of the semicircle is related to charge transfer 
resistance (Rct), while the slope of the vertical line is related to the 
Warburg element and is known as electrolytic ion diffusion resistance. 
At the high-frequency section, the values of Rct from the diameter of a 
semicircle for the heterostructured MnO2/MnSe-NR@CC electrode was 
7.83 Ω, and for the MnO2 electrode was 13.37 Ω. The values of Rs from 
the intercept of the real axis for heterostructured MnO2/MnSe-NR@CC 
and MnO2 electrodes were computed to be 1.34 and 1.41, respectively. 
This indicates that the heterostructured MnO2/MnSe-NR@CC electrode 
has high electrical conductivity. Based on the above studies, the heter
ostructured MnO2/MnSe-NR@CC electrode has outstanding electro
chemical properties. Because the cycling stability of SCs for commercial 
applications is likewise of the utmost importance, extended cycles are 
performed for heterostructured MnO2/MnSe-NR@CC and MnO2 elec
trodes at a high current density of 25 A/g. Fig. 5e demonstrates that after 
5000 GCD cycles, heterostructured MnO2/MnSe-NR@CC electrodes 
maintain capacitance retention of 93%, whereas MnO2 electrodes retain 
only 89% of their original capacitance. It confirms the outstanding 
energy-storage capability of the heterostructured MnO2/MnSe-NR@CC 
electrode throughout the repeated charge-discharge cycle. Additionally, 
the electrochemical performance of MnO2/MnSe-NR@CC, compared to 
other MnO2-based nanostructured electrode materials for SCs, is sum
marized in Table 1. The comparison reveals that the electrochemical 
performance of the MnO2/MnSe-NR@CC electrode material is superior 
to that of previously studied related materials. 

To explore the potential practical applications of heterostructured 
MnO2/MnSe-NR@CC as a positive electrode, an asymmetric SC device 
(MnO2/MnSe-NR@CC//AC-ASC) was assembled using activated carbon 
(AC) as a negative electrode and 1 M Na2SO4 aqueous electrolyte. The 
asymmetric SC arrangement is preferred because it has a larger working 
potential window and a greater energy density. Fig. 6a displays the re
sults of a CV analysis performed at a constant scan rate of 10 mV/s on 
MnO2/MnSe-NR@CC and AC electrodes in their respective potential 
windows. The CV demonstrates the features of a pseudocapacitor for the 
MnO2/MnSe-NR@CC electrode, whereas the AC electrode exhibited the 
characteristics of an electric double layer in the potential window range 
of 0.0–0.8 V and − 1.0-0.0 and 0.0–0.8 V respectively. The mass balance 
of the assembled positive and negative electrodes was calculated ac
cording to the following equation (Karuppaiah et al., 2020); 

m+

m−
=
(C− × ΔV − )

(C− × ΔV+)
(9) 

Where ΔV+ and ΔV− represent the potential difference between the 
positive and negative electrodes, C+ and C− represent the specific 
capacitance of the positive and negative electrodes, and m+ and m−

represent the masses of the positive and negative electrodes. To identify 
the maximum stable operating potential window of the MnO2//MnSe- 

NR@CC//AC-ASC, multiple CV measurements were performed at 
varying potential windows at a scan rate of 10 mV/s, as shown in Fig. 6b. 
At a potential of 2 V, a sharp increase in anodic current was seen along 
the CV profile, which indicates oxidation. It was concluded that a po
tential window ranging from 0.0 to 1.8 V would be ideal for preventing 
the generation of gases, and this optimal potential window was 
employed for all further measurements. As seen in Fig. 6c, the CV pro
files of MnO2/MnSe-NR@CC/AC-ASC were obtained at various scan 
rates ranging from 2 to 60 mV/s in a potential window of 0–1.8 V. Even 
at higher scan rates, the CV profiles retained their shapes with very small 
modifications, and the area under CV profiles gradually increased with 
scan rates. It indicates that MnO2/MnSe-NR@CC/AC-ASCC demon
strates an excellent pseudocapacitive behavior and good charge/ 
discharge capacity, and the device possesses excellent electrochemical 
performance. Further, the GCD measurements were carried out at 
various current densities from 2 to 20 A/g in a potential window of 
0–1.8 V, as illustrated in Fig. 6d. The symmetrical GCD profiles indicate 
pseudocapacitive charge storage characteristics of MnO2/MnSe- 
NR@CC//AC-ASC. The maximum specific capacitance (Cd) of the 
MnO2/MnSe-NR@CC//AC-ASC device can be calculated using equation 
(2), by the total mass of active material on both positive and negative 
electrodes and discharging time. The calculated specific capacitance 
values are 166.6, 150, 138.8, 132.2, 127.7, and 122.2 F/g, at current 
densities of 2, 3, 5, 7, 10, and 20 A/g, and specific capacitance is plotted 
as a function of current density, as illustrated in Fig. 6e. As the current 
density was increased from 2 to 20 A/g, 73% of the capacitance reten
tion was obtained, which indicates an outstanding rate performance of 
the MnO2/MnSe-NR@CC//AC-ASC device. To investigate the practical 
strength of the MnO2/MnSe-NR@CC//AC-ASC device, the energy den
sity (E) and power density (P) were calculated using equations (3) and 
(4), respectively, via the total mass of both positive and negative 
electrodes. 

The Ragone plot, which demonstrates the E and P of the MnO2/ 
MnSe-NR@CC//AC-ASC device, is shown in Fig. 6f. The MnO2/MnSe- 
NR@CC//AC-ASC device delivers energy densities of 75.06, 67.554, 
62.55, 59.5476, 57.546 and 55.044 Wh/kg at power densities of 1805.1, 
2735.3, 4543.5, 6399.7, 8919.31 and 18,159 W/kg. In addition, the 
present MnO2/MnSe-NR@CC//AC-ASC device is better as compared to 
many other previously investigated bimetallic oxide-based asymmetric 
SCs devices such as CuGa2O4//AC (38 Wh/kg, 286 W/kg) (Ji et al., 
2020), CoGa2O4//AC (25.3 Wh/kg, 788 W/kg) (Cao et al., 2020), NiC
o2O4//AC (60 Wh/kg, 750 W/kg) (Zhang et al., 2020b), Co3O4@CNT 
(72 Wh/kg, 533 W/kg)) (Xiao et al., 2017), CoGa2O4//AC (68 Wh/kg, 
825 W/kg) (Zhu et al., 2019), CoGa2O4//ZnFe2O4 (37 Wh/kg, 414 
W/kg) (Ji et al., 2019), ZnCo2O4//AC (30.5 Wh/kg, 750 W/kg) (Kumar 
et al., 2020), Co@Co2O4//AC (38 Wh/kg, 850 W/kg) (Qiu et al., 2020), 
and Zn–Ni–Al–Co//AC (35.6 Wh/kg, 700 W/kg) (Zhang et al., 2016b). 
The cyclic stability of the MnO2/MnSe-NR@CC//AC-ASC device is 
exhibited in Fig. 6g, which shows capacitance retention of 94% after 
5000 GCD cycles, suggesting an outstanding cycling performance. The 
results of the three- and two-electrode systems reveal that the 

Table 1 
A comparison of MnO2-based supercapacitor electrodes reported in previously published works.  

Sr. No Electrode material Electrolyte Specific capacitance (F/g) Current density (A/g) Capacitance retention (%) No of Cycles (n) Ref. 

1. α-MnO2 Na2SO4 200 1 87.6 1000 Zhang et al. (2012) 
2. MnO2@ NGO KOH 360 0.5 90 6000 Ramesh et al. (2019) 
3. MnO2-CNFs Na2SO4 324.55 0.5 62 1000 Liu et al. (2021) 
4. MnO2/PANI/GN Na2SO4 472 1 79.7 5000 Wu et al. (2017) 
5. MnO2/RGO Na2SO4 347 1 93.1 2500 Zhang et al. (2020a) 
6. rGO/MnO2 KOH 486.48 0.85 75.8 2000 Parveen et al. (2017) 
7. α-Fe2O3/MnO2 KOH 216 1 89. 2 1000 Racik K et al. (2020) 
8. α-MnO2 nanowires Na2SO4 362 1 83 5000 Shah et al. (2018b) 
9. MnO2/g-C3N4 Na2SO4 211 1 90 1000 Chang et al. (2017) 
10. MnO2/MnCo2O4 KOH 497 0.5 60 5000 Zhang et al. (2016a) 
11. MnO2/MnSe-NR@CC Na2SO4 740.63 1.5 93 5000 This work  
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MnO2/MnSe-NR@CC electrode material displays a remarkable electro
chemical performance, such as specific capacitance, cycling perfor
mance, energy density, and power density. We believe that the 
advantageous synergic composition and heterostructure of MnO2/Mn
Se-NR@CC electrode material are responsible for these remarkable 
characteristics. Particularly, heterostructured MnO2/MnSe-NR@CC of
fers a reasonably large active surface area and electrochemical activity 
when Se is present. 

4. Conclusion 

In summary, we demonstrated a novel heterostructured MnO2/ 
MnSe-NR@CC with a high aspect ratio by a straightforward and facile 
hydrothermal process. Experiments have demonstrated that doping se
lenium atoms to oxygen sites reduce electronegativity, increasing the 
intrinsic electronic conductivity of MnO2, decreasing electrostatic in
teractions with electrolyte ions, and boosting the reaction kinetics. The 
heterostructured MnO2/MnSe-NR@CC electrode shows an outstanding 
specific capacitance of 740.63 F/g at a current density of 1.5 A/g, with 
excellent cycling performance and maintained 93% capacitance reten
tion after GCD 5000 cycles. Furthermore, the MnO2/MnSe-NR@CC// 
AC-ASC device can operate in a wider potential window of 0.0–1.8 V. It 
delivers an ultrahigh energy density of 75.06 Wh/kg at a power density 
of 1805.1 W/kg, which is better than some other already reported 
bimetallic asymmetric SC devices. Additionally, the MnO2/MnSe- 

NR@CC//AC-ASC delivers a maximum specific capacitance of 166.66 F/ 
g at a current density of 2 A/g and retained 94% of its initial capacitance 
after 5000 cycles. The outstanding properties of this MnO2/MnSe- 
NR@CC electrode material can be associated with synergic composition 
and nanostructure. Such excellent results proved that the Se loaded 
MnO2–based electrode material is suitable for next-generation energy 
storage devices. 
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