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Abstract
Mixed transition metal oxides/spinels are excellent energy storage electrode materials that can deliver sizeable 
specific capacitance, excellent cyclic stability, and good rate capability than their single metal oxide analogues. Synthetic 
methods and strategies greatly influence materials’ structure, morphology, and functionality. Among several strategies 
employed to improve the capacitance of metal oxides, the addition of surfactant is one of the simple strategies that help 
profoundly increase the electrode material’s surface area/active sites. This study prepared a tetragonal spinel  CoMn2O4 
material using a simple hydrothermal approach by a surfactant, polyvinylpyrrolidone (PVP)-based morphological strategy. 
Electrochemical techniques such as cyclic voltammetry (CV) and galvanostatic charge/discharge cycling (GCD) were 
used to investigate the active material’s energy storage properties. The structural and morphological properties were 
studied using XRD, SEM, and TEM techniques. The obtained  CoMn2O4 material has unique and beautiful Indian borage 
shrub-like morphology. The unique morphology of  CoMn2O4 material provided excellent electrochemical properties by 
virtue of its enhanced physico-chemical properties like pore size distribution, increased surface area, and many active sites 
for electrolyte ions that incurred large specific and areal capacitances. Further, the significant structural integrity provides 
extended cycling stability (~116% capacity retention) with high Coulombic efficiency of ~98% even after 6000 cycles 
without any dwindle in capacitance value. These fascinating features make  CoMn2O4 a promising and optimistic 
pseudocapacitive electrode material.

Introduction

Electrochemical energy storage technology has been one 
of the most rapidly growing research fields for the past 
two decades, as indicated by the number of publications 
[1–3]. These systems are essential in powering the rapid 
progress of portable electronic devices ranging from small 
gadgets such as smartwatches and mobile phones to digital 
cameras, laptops, uncrewed aerial vehicles, and consumer 
drones. Further, exponentially rising demand for electric 
vehicles in recent years and intermittent energy storage 
from renewable energy sources requires efficient energy 
storage systems with higher energy, more power, smaller 
volume, lighter weight, and high cycling life [4]. Due to 
the environmental impacts associated with the usage of 
fossil fuels and the growing need for large-capacity energy 
grids worldwide, researchers, policymakers, and the R&D 
industry turn their interest to energy storage systems [5]. 
Several new materials and architectures emerged in Li-ion 
batteries and supercapacitors in recent years. Nevertheless, 
their commercial success is limited by several structural 
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and kinetic matters [6]. For example, Li-ion battery tech-
nology has been used widely to power many portable 
gadgets by virtue of its high energy density (100–265 Wh/
kg), which is limited by its low power density (< 1000 W/
kg). On the contrary to this, supercapacitors are merited 
by their high-power density (> 10,000 W/kg) and longer 
operational time, which are essential for smart grid appli-
cations but are limited by low energy densities (4–10 Wh 
 kg−1) [2]. Therefore, new strategies, materials, and mor-
phologies have been studied to achieve power and energy 
densities in a single entity.

In this context, pseudocapacitors and hybrid capaci-
tors gained tremendous attention in the last two dec-
ades with an exponential increase in publications. These 
efforts focus on finding the best suitable alternatives to 
address the high power and energy amalgamation in a sin-
gle device. Recently, Srivastav et al. fabricated a uniform 
ribbon-like  NiCo2O4-based all-solid-state supercapattery 
that delivered high energy (31 Wh  kg−1) and power den-
sity (13,003 W  kg−1) [7]. Pseudocapacitors store energy 
via a highly reversible faradaic reaction at the surface or 
near the surface of the active electrode along with double-
layer capacitance [6]. The sum of these two charge storage 
mechanisms is termed “non-insertion capacitance” by Yuri 
and Reginald [8]. The carbonaceous materials derived from 
natural resources such as activated carbon (AC) from anthra-
cite and nitrogen-doped activated carbon from palm flowers 
have controlled porosity with enlarged margins of surface 
areas. Recently, these carbonaceous materials have been 
fabricated and successfully evaluated as high-energy super-
capacitors [9, 10]. On the other hand, transition metal oxides 
(TMOs) have also been extensively studied as successful 
pseudocapacitive materials due to their ease of fabrication, 
high theoretical specific capacitance, natural abundance, 
and environmental viability. In this era, several simple 
metal oxides (NiO,  Co3O4,  MnO2,  Fe3O4,  V2O5) [11–15] 
and mixed metal oxides  (NiCo2O4,  ZnCo2O4,  CoMn2O4) 
[16–18] were evolved as excellent pseudocapacitive mate-
rials and cheaper alternatives to  RuO2 based supercapacitors 
[19]. Recently, metal oxides such as NiO,  Fe2O3, and  Fe3O4 
embedded in 2D carbonaceous nanosheets/flakes have been 
proved to be high-performance capacitive materials due to 
large mesopore volumes [20, 21]. Aparna et al. investigated 
bimetallic chalcogenides and oxynitrides as energy storage 
materials and concluded that bimetallic oxides, and oxyni-
trides can show better charge storage properties compared 
to chalcogenides (S, Se, and Te) [22, 23].

Since pseudocapacitance is an interfacial phenomenon, 
the mixed metal oxides with high surface area with a suit-
able pore-size distribution can facilitate the fast electrolyte 
ions accessibility throughout the material, and quicker reac-
tion kinetics would offer higher capacitance. Among them, 

ternary metal oxides of the type MMn2O4 (M = Co, Ni, Zn) 
are the best suitable candidates due to the numerous advan-
tages offered by manganese metal [24]. Nevertheless, these 
oxides suffer from poor electronic conductivity, limited sur-
face area, and critical fabrication procedures. Since materi-
als’ surface properties profoundly influence their specific 
capacitance, it is essential to improve the surface area using 
new reaction strategies.

For instance, Ren et  al. synthesized f lower-like 
CoMn2O4 microspheres using a solvothermal technique 
and achieved a specific capacitance of 188 F g−1 in 1 M 
Na2SO4 at 1.1 V [25]. Syedvali et al. developed a sim-
ple surfactant free hydrothermal method to produce novel 
microstructures of rGO/Ni0.3Co2.7O4 composite on a nickel 
foam, which exhibited excellent specific and areal capaci-
tances of 1624 F g−1 and 2.37 F cm−2 at a current density 
of 2 A g−1 [26]. Luo et al. constructed urchin-like NiCo2O4 
hollow microspheres by a self-template method that mani-
fests a specific capacitance of 886 F g−1 at 1 A g−1 [27]. 
Tuning morphology by adding a minimum concentration 
of surfactant is one of the simple strategies to improve the 
surface area and hence the capacitance of the material [11, 
19, 28, 29]. The addition of surfactants improves the phys-
icochemical texture of the material, which provides bet-
ter morphology with large pore volume and high specific 
surface area. All these characteristics influence the growth 
and nucleation of electroactive materials, which widens the 
electrode–electrolyte interface area and results in effec-
tive ion transport across the pore diameter of the electrode 
material. This enhances the material’s specific capaci-
tance, cyclic stability, and rate capability. For instance, 
Sandosh et al. followed a cetyltrimethylammonium bro-
mide (CTAB)-assisted hydrothermal approach to prepare 
CoMn2O4 nanorods that showed a specific capacitance of 
802 F g−1 at a current density of 1 A g−1 [30]. Padmanathan 
et al. synthesized mesoporous MnCo2O4 spinel oxide using 
a d-glucose-assisted solvothermal technique and achieved a 
specific capacitance of 346 F g−1 at 1 A g−1[31].

This article reports the synthesis of CoMn2O4 nanostruc-
tures via a PVP surfactant-assisted hydrothermal approach. 
The PVP surfactant controlled the nucleation of cobalt man-
ganite and resulted in beautiful nano Chrysanthemum-like 
flowers decorated on Indian borage shrubs-like morphol-
ogy. This morphology specifically enhances the pseudoca-
pacitance of the material due to enhanced surface area, good 
porosity, and hence accessibility to the electrolyte ions. The 
CoMn2O4 showed excellent pseudocapacitive properties 
with a high-specific capacitance of 1642 F g−1 and an areal 
capacitance of 4.92 F cm−2 at a current density of 3.3 A 
g−1. Moreover, it displayed outstanding cycling stability and 
Coulombic efficiency due to the activation of many pores 
during the cycling process.



Experimental section

Preparation of the CoMn2O4

Hydrothermal synthesis of spinel CoMn2O4 sample was 
reported in our previous work and can be found in Scheme 1 
[18]. However, this work employed polyvinylpyrrolidone 
(PVP) as a surfactant and structure-directing agent. The 
amount of surfactant in this study was four times the metal 
salts used. We obtained a very high loading of active mate-
rial on nickel foam, i.e., ~3 mg cm-2.

Physical characterization

The phase purity and crystallite size were investigated 
using a powder X-ray diffractometer (XRD) (PANalytical 
instrument) fitted with a Cu Kα radiation source operat-
ing at 40 kV and 30 mA. The XRD pattern was recorded 
in the 2θ intervals ranging from 10 to 80° at a scan rate 
of 0.02° per min. Fourier-transform infrared spectroscopy 
(FT-IR) was recorded using a JASCO spectrometer in the 
4000–400 cm−1 range. Micromeritics ASAP 2020 analyzer 
was used to carry out N2 adsorption–desorption experiments 
on calcined CoMn2O4 sample. The surface area and pore 
size distribution were estimated using Brunauer-Emmet-
Teller (BET) and Barret-Joyner-Halenda (BJH) methods. 
The microstructural examination of the calcined CoMn2O4 
sample was performed using a field emission scanning 

electron microscope (FESEM, FEI Quanta 400) equipped 
with an energy dispersive spectroscopy (EDS) and transmis-
sion electron microscope (TEM, Technai-T20). The X-ray 
electron spectroscopy (XPS) measurements were carried 
out using Thermo scientific -NEXSA surface analysis with 
a micro-focused X-ray (400 μm, 72 W, 12,000 V) mono-
chromatic Al-Kα source (hν = 1486.6 eV), a hemispherical 
analyzer, and a 128-channel plate detector. The C1s peak of 
carbon at 284.6 eV was used as a reference for the calibra-
tion of the binding energies.

Electrochemical characterization

The electrochemical properties of the as-prepared electrode 
were analyzed using a three-electrode configuration on an 
IVIUMstat electrochemical workstation using 2 M KOH 
as electrolyte. The platinum foil, Hg/HgO electrode (CHI 
Instruments), and as-prepared electrode (exposed area: 1 
× 1 cm2) were used as a counter, reference, and working 
electrodes, respectively. The active mass of CoMn2O4 elec-
trode material on the Ni foam substrate is ~3 mg cm−2. The 
electrochemical performance of the working electrode was 
evaluated by cyclic voltammetry (CV) and chronopotenti-
ometry (CP). A potential window of − 0.1–0.5 V and scan 
rates ranging from 5 to 20 mV s−1 were used to carry out 
CV tests. Similarly, a potential window of − 0.1–0.4 V and 
different current densities ranging from 10 to 50 mA cm−2 
were used to carry out CP tests.

Scheme 1   The scheme that illustrates the preparation and electrochemical studies of CoMn2O4 material



Results and discussion

Morphology and structural characterization

The fabrication process of the Indian borage shrub-like 
morphology of CoMn2O4 on Nickel foam is clearly illus-
trated in Scheme 1. In the preparation process, Ni foam 
is immersed in 350 mL of reaction solution that contains 
2.10 g (20 mM) Co(NO3)2, 2.47 g (40 mM) Mn(CH3COO)2, 
2.11 g (200 mM) Urea, 0.54 g (40 mM) NH4F, and 3.28 g 
(80 mM) PVP surfactant. Hydrothermal heating of the 
reaction contents to 160 ℃ for 16 h (at a heating rate of 3° 
per minute) deposited cobalt manganese hydroxyl carbon-
ate on Ni foam. The calcination of the obtained precursor 
at 400 ℃ evolves carbon dioxide with concomitant oxida-
tion of Co2+ ions to Co3+ [32]. Eventually, the precursor 
molecules that are adsorbed on the interior surface of Ni 
foam undergo the Ostwald ripening process and finally 
blossom into beautiful chrysanthemum-like nanoflowers 
on Indian borage shrubs that is decorated on conductive 
Ni support [33]. The three-dimensional pore structure of 

Ni foam offers good support for the deposition of material, 
and the surfactant PVP added believed to be effectively 
controlled the agglomeration of nanoparticles during the 
nucleation process. Therefore, the growth of CoMn2O4 
particles under the influence of PVP resulted in many 
nanoflowers on Indian borage shrub-like morphology. 
This morphology affords many pores/active sites for the 
transport of electrolyte ions into and out of the electrode 
material during the charge-discharging process. Further, 
nanoflowers that strongly adhere to the conductive sup-
port of Ni foam give a high degree of contact between the 
current collector and the active pores of the electrodes. 
That imparts great structural integrity over many cycles 
without suppressing its cyclic stability and pseudocapaci-
tive performance.

The crystal structure of CoMn2O4, as displayed in Fig. 1a, 
reveals a spinel-type structure with a space group of Fd-3 m. 
In this structure, the cobalt and manganese ions (Co2+ and 
Mn3+) dwell in the tetrahedral and octahedral symmetry, 
and O2− occupies the faces leading to the formation of CoO4 
tetrahedron and MnO6 octahedron. Powder X-ray diffraction 

Fig. 1   a Crystallographic model 
of spinel CoMn2O4, where Co 
and Mn atoms occupy tetrahe-
dral and octahedral sites in blue 
and orange, respectively. b Pow-
der XRD pattern of CoMn2O4. c 
FT-IR spectrum of CoMn2O4



(XRD) was performed to analyse the sample’s crystal struc-
ture and crystallite size. Figure 1b shows the XRD pattern 
of the  CoMn2O4 sample. To avoid the strong impact of Ni 
foam substrate on the XRD pattern, the analysis was car-
ried out on the product powder scratched from Ni foam, and 
a small amount of product collected from Teflon jar. The 
obtained diffraction peaks were matched with the JCPDS 
No. 18–0410, which validated the formation of the tetrago-
nal spinel of the  CoMn2O4 crystal. The crystallite size of the 
annealed sample was calculated using the Debye-Scherer 
formula [19]. The  CoMn2O4 particles have an average crys-
tallite size of ~36 nm. It is assumed that the surfactant has 
played a crucial role in controlling crystal growth, and it is 
also well-studied that surfactant molecules can stabilize par-
ticles. Stabilization of particles is essential to avoid particle 
agglomeration [25, 30].

The bonding properties of the synthesized spinel-type 
 CoMn2O4 electrode material can be best evaluated using 
Fourier transform infrared (FT-IR) spectroscopic technique. 
The FT-IR spectrum of the material is shown in Fig. 1c and 
consists of two well-intense peaks at 600 and 482  cm−1 
resulting from bending vibrations of Co–O (tetrahedral site) 
and Mn–O (octahedral site) [30, 34]. These characteristic 
peaks evidence the formation of a  CoMn2O4 in a pure state 
and further support the XRD analysis.

Figure 2a shows the  N2 adsorption–desorption isotherms 
of the  CoMn2O4 sample, which provides its surface textural 
characteristics. According to the IUPAC nomenclature, the 
sample exhibits mesoporous nature, which is confirmed by 
the presence of a type IV isotherm with an H3 hysteresis 
loop. The hysteresis loop of the  CoMn2O4 sample in the 
relative pressure range of 0.4–1.0 confirms the presence of 
mesopores in the sample. However, the sudden increase in 

the slope of the adsorption curve from 0.9 to 1.0 indicates 
the presence of a small fraction of macro-pores. The electro-
chemical performance of a sample depends on the number 
of active sites, which in turn depends on the specific surface 
area of the sample. The BET, the specific surface area of 
the CoMn2O4 sample was calculated and is reported as 62 
m2 g−1, which is higher than the earlier reported values for 
the CoMn2O4 sample [25, 35]. The BJH method was used to 
determine the pore size distribution of the sample using N2 
desorption curves (Fig. 2b). The CoMn2O4 sample exhibits a 
bimodal and narrow pore size distribution with peaks around 
1.9 nm and 2.6 nm and a pore volume of 0.18 cm3 g−1. The 
two pores with an average diameter of 2.25 nm originated 
from the needle-like morphology of nanoflowers nucleated 
under the influence of the PVP template while growing on 
Ni foam support. The limited pore size distribution (2–5 nm) 
with high-specific surface area and pore volume could offer 
an enormous number of active sites on the electrode that 
facilitate faster electron and ion transport, an essential pre-
requisite for high-rate practical supercapacitors.

Figure 3a–c shows the FE-SEM images of the CoMn2O4 
sample at different magnifications. The microstructure con-
sists of distinct morphological features such as a blend of 
chrysanthemum flowers embedded in Indian borage plant 
leaves and shrub-like structures, which are interconnected 
and uniformly grown on the surface of Ni foam substrate 
with a high degree of contact. These leaves are ~2–5-µm 
thick with a rough surface, and the shrubs have a round 
shape (~5 µm in diameter). The round shape arises from 
the self-assembling of many small needle-like structures 
with vast space between them. Morphologies like nano-
sheets [36, 37], hollow spheres [25, 38], and urchins [27, 
39] were reported in the literature. This unique blend of

Fig. 2   a N2 adsorption–desorption isotherms of CoMn2O4 sample. b BJH pore size distribution of the corresponding sample



morphological features is very stable, and well-organized 
microstructures of this kind help obtain superior electro-
chemical performance due to short ion diffusion lengths 
and easy electrolyte diffusion. Moreover, EDX analysis was 
also performed on the sample (Fig. 3d), which shows the 
elements Co, Mn, and O are uniformly distributed in the 
sample. Although Ni peaks are present in the EDX pattern, 
they belong to the Ni foam substrate. Figure 4 shows bright-
field TEM images of the CoMn2O4 sample at different mag-
nifications, taken from broken needle-like structures. It is 
observed that the sample is porous and polycrystalline in 
nature. Additionally, the selected area electron diffraction 
(SAED) revealed a dotted ring pattern (Fig. 4d), which is 

attributed to the polycrystalline nature of the CoMn2O4 sam-
ple. The concentric rings correspond to (200), (211), (220), 
(303), and (224) planes of the CoMn2O4 sample, which are 
well agreed with the XRD pattern.

The elemental composition and electronic states of the 
CoMn2O4 spinel structure were evaluated by X-ray pho-
toelectron spectroscopy (XPS), as shown in Fig. 5. The 
survey scan spectrum of the spinel (Fig.  5a) indicated 
the presence of elements like Co, Mn, and O, and a tiny 
small amount of C was used as reference. The XPS spec-
tra consist of Co2p, Mn2p, and O1s (Fig.  5b–d) core-
level spin–orbit peaks. The ratio of Co (11.32%) and Mn 
(22.92%) is clearly evidenced with XPS elemental analysis 

Fig. 3   a–c FESEM images of CoMn2O4 sample at different magnifications and d corresponding EDS analysis



as 2.02 [32]. Figure 5b presents the Co2p spectrum con-
sisting of doublet Co peaks 2p3/2 and Co2p1/2 at 780.01 
and 795.11 eV, respectively. The energy splitting gap (∆E) 
between di and trivalent Co ions is 15.1 eV, which is well-
matched with many reports in the literature [35, 40]. The 
Co2p spectrum is fitted into four sub-peaks with binding 

energies of 781.32 and 796.59 eV for Co2+ and 780.01 
and 795.11 eV for Co3+ states. The deconvolution of the 
Mn2p spectrum presented in Fig. 5c shows two prominent 
spin–orbit peaks located at 641.36 and 653.09 eV, cor-
responding to Mn2p3/2 and Mn2p1/2, respectively. The 
spin–orbit coupling difference between Mn 2p two peaks is 

 

Fig. 4  a–c TEM images at 
different magnifications and d 
corresponding SAED pattern of 
 CoMn2O4 sample

Fig. 5   a Survey scan spectrum 
of CoMn2O4; deconvoluted 
spectra of b Co 2p, c Mn 2p, 
and d O 1 s



about 11.25 eV which is a characteristic of Mn-based spi-
nel materials. The Mn2p3/2 and Mn2p1/2 are further decon-
voluted into sub-peaks positioned at 643.23 and 654.10 eV 
corresponding to Mn3+ and 641.36 and 653.09 eV for Mn2+ 
states [29]. The O1s deconvoluted spectrum is presented 
in Fig. 5d, which contains two intense peaks at 529.8 and 
530.77 eV. These two peaks correspond to metal–oxygen 
(M–O) bonds and adsorbed OH- groups [41].

Electrochemical characterizations

The cyclic voltammograms of the CoMn2O4 electrode in 
2 M KOH electrolyte in the potential window of − 0.1 to 
0.5 V (vs. Hg/HgO) at different scan rates (5, 10, 20 mV/s) 
are displayed in Fig. 6a. The pseudo-capacitive behavior 
of the electrode is confirmed by the non-rectangular shape 
of the CV curves. The oxidation states of the Co and Mn 
elements change in a quasi-reversible manner during for-
ward and backward scans, which is confirmed by a pair of 
well-defined redox peaks in the CV curves. These redox 
peaks suggest that the CoMn2O4 electrode exhibits pseudo-
capacitive behaviour, governed by the faradic reactions 
emerging from the charge transfer kinetics of the electrode. 
In addition, the current increases as the scan rate increases, 
but the shape of the CV curve changes very little, even at 
20 mV s−1. These characteristic features of the electrode 
material manifest fast faradic reactions and quick electronic/
ionic transport even in the high-rate charge–discharge pro-
cesses. It is further noted that drift in cathodic and anodic 
peak currents with scan rate is due to ohmic resistance and 
electric polarization behavior of CoMn2O4 electrode mate-
rial [30]. The specific capacitance (C) values from CV 
curves at different scan rates are calculated using the fol-
lowing Eq. (1) [30, 42, 43].

(1)C =
∫ idV

2m.v.ΔV

Here, C = capacitance (F g−1), ∫ idV = integral area under 
CV curve, m = mass of electrode material (mg), ν = scan rate 
(mV s−1), and ΔV  = potential limit (V). For calculating spe-
cific capacitance, the integrated area under the CV curve is 
divided by the sweep rate (5–20 mV s−1), the mass of active 
material (~3 mg), and the potential window (− 0.1–0.5 V).

It is most commonly observed that the electrode material 
showing high capacitance (2216 F g−1@5 mV s−1) at a low 
scan rate attributes to the excellent adsorption/penetration 
of electrolyte ions (OH-) in both outer and inner pores of 
the material due to sufficient transport time. While at higher 
scan rates, a low capacitance (862.8 F g−1@20 mV s−1) is 
observed due to insufficient time allowed for the ions to inter-
act with the interfacial space of electrode material resulting 
in rapid electrode polarization [30, 42]. Further, the higher 
capacitance values obtained from the CV integral area are 
due to the electrode material’s involvement of both surface 
redox and double-layer capacitance. The peak-to-peak sepa-
ration increases when the scan rate increases, which is associ-
ated with the resistances and circuitous diffusion pathways 
within the porous textures of the electrode material. At higher 
scan rates, only outer regions can be accessed by the hydrox-
ide ion, whereas outer and inner pore surfaces are utilised 
for charge propagation at lower scan rates. Generally, the 
diffusion coefficients of the hydroxide ion are half of the 
hydrogen ion. Accordingly, the mobility of the hydroxide ion 
is nearly half that of the hydrogen ion since the hydroxide ion 
is larger than the hydrogen ion. This also may be the reason 
for the peak-to-peak separation as we increase the scan rate in 
alkaline media. The faradaic reactions that are responsible for 
the pseudocapacitance of CoMn2O4 in an aqueous medium 
may be described by the following mechanism [25, 30, 36].

(2)
CoMn

2
O

4
+ H

2
O + OH

−
→ CoOOH + 2 MnOOH + e

−

(3)
MnOOH + CoOOH + 2 OH

−
→ MnO

2

+ CoO
2
+ 2 H

2
O + 2e

−

Fig. 6   a Cyclic voltammetry curves at different scan rates. b Charge–discharge curves at different current densities. c Areal and specific capaci-
tance vs. current density



Chronopotentiometry (CP) was performed on the 
 CoMn2O4 electrode at different current densities of 5, 10, 
and 20 mA  cm−2 in the potential window of − 0.1 to 0.4 V 
and presented in Fig. 6b. The slope of CP curves results from 
time dependency on potential and vice versa. The nonlinear 
nature of charge–discharge curves indicates the occurrence of  
faradic reaction at the electrode/electrolyte interface, demon-
strating once again the pseudo-capacitive nature of the elec-
trode in aqueous KOH, which is in good accordance with  
the CV data displayed in Fig. 6a. The electrode exhibited a 
much longer discharge time at a lower current density of 5 mA 
 cm-2. The effect of current density on the electrochemical per-
formance of the electrode was studied by calculating the areal 
and specific capacitances at different current densities ranging 
from 10 to 50 mA  cm−2, and the results are summarized in 
Fig. 6c. The following equations were used in calculating areal 
and specific capacitances of the electrode:

where Cs means the specific capacitance (F g−1), Ca is the 
areal capacitance (F cm−2), I is the current (A), Δt is the 
discharge time (s), ΔV  stands for the potential window (V), 
m is an active mass of the electrode (g), and s refers to sur-
face area (cm−2).

The electrode delivered areal and specific capacitances 
as large as 4.92, 3.62, 3.56, 2.67, and 2.60 F cm−2 and 1642, 
1208, 1188, 890, and 866 F g−1 at current densities of 10, 20, 
30, 40, and 50 mA cm−2 and 3.3, 6.6, 9.9, 13.2, and 16.5 A 
g−1, respectively, which suggests that ~53% of initial capac-
itance is sustained even after very high charge–discharge 
rates. It is clearly evidenced that a decrease in specific 
capacitance with increased current density may arise due 

(4)C
s
=

I × Δt

m × ΔV

(5)C
a
=

I × Δt

s × ΔV

to the kinetic limitation process for the diffusion and trans-
portation of charges. Mechanistically, it may be explained 
that the OH- ions move from the electrolyte to the electrode 
surface during the charging process. While discharging, a 
reverse movement of ions will occur. At low current densi-
ties, adequate time is provided for inserting ions onto the 
surface and interfacial regions of electrode material. On the 
contrary, at higher current densities, only limited time is 
available for the OH- ions to penetrate the electrode surface 
and interior pores, reducing the specific and areal capaci-
tance of the electrode material [11, 26]. This mechanism of 
energy-storage at low and high current densities presented 
in Scheme 2. The areal and specific capacitance values 
obtained are higher than in many previous reports (Table 1). 
The superior behavior of the CoMn2O4 electrode material 
may be ascribed to (i) the increased surface area due to 
unique chrysanthemum nanoflower morphology, (ii) wide 
pore size distribution of nanoflower architectures, and (iii) 
due to shorter diffusion lengths, rapid ion/electron transpor-
tation over the nanostructured electrode material.

The reliability of supercapacitor devices is critically 
dependent upon their cyclic stability. Therefore, the cyclic 
stability of CoMn2O4 material was evaluated using chrono-
amperometry at the current densities carrying from 10 to 
40 mA cm−2 and back to 10 mA cm−2 for 6000 cycles as 
shown in Fig. 7a. The specific and areal capacitances were 
calculated at regular intervals (for every 50th cycle) and 
plotted in Fig. 7a. The first 1000 cycles were recorded 
at a current density of 10 mA cm−2 (3.3 A g−1), and it is 
observed that Cs and Ca gradually increased from 788 to 
1277 F g−1 and 1.82 to 4.00 F cm−2, respectively. The large 
increment in capacitance can be attributed to the unique 
chrysanthemum nanoflower architecture with many of 
reachable pores as the number of cycle’s increases. The 
specific/areal capacitance is higher than other morpholo-
gies, for instance, flower-like CoMn2O4 microspheres, 

Scheme 2   The accessibility 
of OH- ions at a high scan rate 
(mainly on the surface regions) 
and low scan rate (both outer 
surface and inner pores)



which showed 93% capacity retention after 1000 cycles 
[25], nanowires, and nanosheets of CoMn2O4 retained 100 
and 102% of their initial capacitance, respectively [35, 44]. 
The increase in capacitance may be credited to the opening 
up (activation) of many internal pores during the cycling 
process, and hence, the increase in a number of active sites 
on the electrode surface [19]. Thus, this activation process 
is inevitable for any electrode, and it facilitates the access 
of a more significant number of active sites for the elec-
trolyte ions in the system. Further increase in the current 
density to 20 mA cm−2 (6.6 A g−1), only a slight increment 
in capacitance is observed. If the current density is further 
doubled to 40 mA cm−2 (13.2 A g−1), a decrement trend is 
observed in both Cs and Ca. This trend may be explained as 
follows. At a low scan rate, sufficient time is allowed for the 
electrochemical process in both the inner pores and outer 
surface area of the electrode material [18]. However, at 
high current densities, only the electrolyte ions can actively 
utilize the outer surface region and no sufficient time to 
penetrate the inner pores. Hence, the capacitance follows 
a downtrend at higher current densities, and it is a com-
monly observed phenomenon in almost all supercapacitor 

electrodes, thus reported in most of the literature [25, 45, 
46]. After completing 4000 cycles, the current densities 
were again decreased to 20 mA cm−2 (6.6 A g−1) for up to 
5000 cycles and then further to 10 mA cm−2 (3.3 A g−1) 
from 5000 to 6000 cycles. Due to improved kinetics, an 
increment in capacitances is observed at these lower cur-
rent densities. It is interesting to note that the capacitance 
of the CoMn2O4 electrode gradually increases at all cur-
rent densities without any decrement. This suggests acti-
vating more and more active sites internally and externally 
throughout the material without any deterioration or struc-
tural change. This could be credited to the electrode mate-
rial’s unique morphology and structural integrity that incurs 
good cyclic stability and rate capability and the continuous 
increase in capacitance even after 6000 cycles. Addition-
ally, the electrode maintained an impressively high average 
capacity retention (Cret) of ~116% and a high Coulombic 
efficiency of ~98%, indicating it is a promising electrode 
material for high-performance supercapacitor applications. 
Thus, the PVP-assisted CoMn2O4 electrode exhibits attrac-
tive morphology and superior electrochemical performance 
than similar materials prepared without PVP due to high 

Table 1   Comparison of some 
CoMn2O4 electrodes with 
various morphologies and 
synthesis methods

Method Morphology Cs (F g−1) Cyclic stability Ref

Hydrothermal Urchin like 2484@2.8A/g 158% after 6000 18
Solvothermal Microspheres 188@1A/g 93% after 1000 23
Hydrothermal Nanorods 802@1A/g 87% after 5000 29
Hydrothermal Nanoparticles 700@5 mV/s 60.5% after 2000 33
Hydrothermal Nanosheets 910.1@1A/g 102% after 7000 34
Hydrothermal Nanosheets 1529@2A/g 100% after 3000 35
Hydrothermal Nanowires 2108@1A/g 100% after 4000 40
Co-precipitation Microspheres 788@1A/g 67.6% after 4000 44
Hydrothermal Nanoflowers 1642@3.3A/g 116% after 6000 This work

Fig. 7   a Areal and specific capacitance vs. cycles and b capacity retention and Coulombic efficiency vs. cycles of CoMn2O4 electrode



surface area, wider pore size distribution, and the larger 
contact area between the electrode and current collector. 
All these parameters improve the diffusion and surface-
controlled process benefited by its high areal and specific 
capacitance, better rate capability, and excellent capacity 
retention. Comparative data for some of the recently studied 
 CoMn2O4 electrode materials with various morphologies 
are given in Table 1.

Conclusion

In the present work, we followed a one-step, binder-free, 
surfactant-assisted hydrothermal route to prepare exquisite 
nanostructures with splendid structural integrity and supe-
rior capacitance. The surfactant greatly assisted the growth 
of nanostructures, thus resulting in beautifully decorated 
chrysanthemum nanoflowers on an Indian borage shrub 
composed of many active pores throughout the electrode 
material. The  CoMn2O4 showed excellent pseudocapacitive 
properties with a high specific capacitance of 1642 F  g−1 
and an areal capacitance of 4.92 F  cm−2 at a current den-
sity of 3.3 A  g−1. The outstanding cycling stability (~116% 
capacity retention) and a high average Coulomb efficiency 
of ~98% are due to the activation of many pores during the 
cycling process. Further, the enriched electrochemical per-
formance and rate capability can be attributed to the attrac-
tive nanostructures with a good pore size that facilitates the 
free flow of electrolyte ions during the charge–discharge 
process. These features make  CoMn2O4 spinel a potential 
and promising pseudocapacitive material for future energy 
storage applications.
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