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ABSTRACT: High specific capacitance, high energy density, and high power density have always been
important directions for the improvement of electrode materials for supercapacitors. In this paper,
Co3O4 nanowire arrays with various Mn doping concentrations (Mn:Co molar ratio = 1:11, 1:5, 1:2)
directly grown on nickel foam (NF) were prepared by a simple hydrothermal method and annealing
process. The influence of Mn doping on the morphology, structure, and electrochemical behaviors of
Co3O4 was investigated. The results show that partial substitution of Co ions with Mn ions in the spinel
structure does not change the nanowire morphology of pure Co3O4 but increases the lattice parameter
and decreases the crystallinity of cobalt oxide. Electrochemical measurements showed that Mn doping
in Co3O4 could effectively enhance the redox activity, especially Co3O4 with a Mn doping ratio of 1:5,
which exhibits the most excellent electrochemical performance, with the maximum specific capacitance
of 1210.8 F·g−1 at 1 A·g−1 and a rate capability of 33.0% at 30 A·g−1. The asymmetric supercapacitor (ASC) device assembled with
the optimal Mn−Co3O4 (1:5) and activated carbon (AC) electrode performs a high specific capacitance of 105.8 F·g−1, a high
energy density of 33 Wh·kg−1 at a power density of 748.1 W·kg−1, and a capacitance retention of 60.2% after 5000 cycles. This work
indicates that an appropriate Mn doping concentration in the Co3O4 lattice structure will have great potential in rationalizing the
design of spinel oxides for efficient electrochemical performance.

■ INTRODUCTION
Recently, with the rapid development of society, the rapid
consumption of fossil energy, and the increasingly serious
environmental pollution, human beings urgently need
alternative new clean renewable energy.1 The development
of electrochemical energy storage devices is considered to be
one of the most practical and efficient options.2 Super-
capacitors are a good choice for energy storage because of their
advantages such as fast charge and discharge rate, high power
density, and good cycle stability.3 Electrode materials are one
of the key factors determining the performance of super-
capacitors. Co3O4 is a very important electrode material for
supercapacitors because of its extremely high theoretical
capacitance (3560 F·g−1), simple synthesis method, relatively
low price, etc.4,5 However, it is essentially a semiconductor
with poor electrical conductivity, which greatly limits the rapid
transmission of electrons and exhibits low capacitance values in
practical applications.6,7 Therefore, how to effectively improve
its actual capacitance is still a problem worth studying.

In order to effectively solve this problem, carbon coating on
Co3O4 is one of the most commonly used strategies.8 Carbon
coating can provide efficient electron and ion transport
channels while forming a conductive network between the
particles to accelerate the electron transfer rate and reduce the
cell polarization; The porous structure of the carbon coating
layer can absorb the electrolyte, thus increasing the contact
area between the electrolyte and the active material and

effectively improving the electrochemical performance of the
material. However, this will bring additional contact resistance,
as well as the problem that the coating layer of the composite is
easy to fall off during repeated charging and discharging.9

The current improvement methods mainly focus on two
aspects: First, the construction of nanostructures, such as
nanoparticles,10 nanowires,11 nanorods,12 and nanosheets,13

which can greatly improve the contact area between electrode
materials and electrolyte promotes redox reaction and then
improves the specific capacitance. Second is to directly grow
the material on the three-dimensional conductive matrix (such
as nickel foam or graphene sheet14) to build a binder-free
electrode, which is conducive to the high affinity between the
active material and the current collector, improves the
conductivity of the overall integrated electrode, and reduces
the inherent resistance of the active electrode material.15−20

However, the use of these methods to improve the
conductivity is very limited. Recent studies have shown that
electrode materials mainly determine the final electrochemical
properties of supercapacitors.21−26 The method of bulk phase
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doping can solve this problem effectively.27−29 For example,
Alem et al.30 prepared Ag-doped Co3O4 nanoparticles (NPs)
with different concentrations by coprecipitation, exhibiting a
specific capacitance value of 992.7 F·g−1 at a scanning rate of 5
mV·s−1 and energy and power densities of 27.9 Wh·kg−1 and
3816.1 W·kg−1, respectively. Hassan et al.31 studied the
electrochemical properties of Zn doped with different
concentrations FTO/Co3O4:Zn prepared by the spray
pyrolysis technique, with a maximum area capacitance of
5.37 mF·cm−2, and explained the reason for its better charge
storage performance through Nyquist plots. All of these are
attributed to doping-induced electron transfer and significant
electron modulation, resulting in improved catalytic, optical,
magnetic, chemical, and physical properties. However, the
preparation methods of these electrode materials are expensive,
require complex instruments, and take a relatively long time to
prepare.32,33

In this paper, a nickel foam with strong durability and
excellent conductivity was selected as the conductive matrix,
and Co3O4 electrode materials with different Mn doping
concentrations were grown on the nickel foam substrate by a
simple hydrothermal and annealing method. The phase and
morphology of the synthesized electrode materials were

characterized by X-ray diffraction (XRD), X-ray photoelectron
spectroscopy (XPS), scanning electron microscopy (SEM),
and transmission electron microscopy (TEM). The electro-
chemical properties were compared by galvanostatic charge−
discharge (GCD), cyclic voltammetry (CV), and electro-
chemical impedance spectroscopy (EIS). The optimal Mn−
Co3O4/NF with a Mn:Co molar ratio of 1:5 and AC is selected
to assemble an asymmetric supercapacitor, which has a high
energy density (33 Wh·kg−1) and power density (748.1 W·
kg−1), as well as a good cycle stability of 60.2% after 5000
cycles.

■ EXPERIMENTAL SECTION
Material Synthesis. Nickel Foam Treatment. The nickel

foam is cut into a rectangle shape of 2 cm × 3 cm and cleaned
with hydrochloric acid and acetone in the ultrasonic cleaning
machine to remove the oxides on its surface. After that, the
residual impurities on the surface are thoroughly cleaned with
deionized (DI) water and ethanol and dried in an electric
thermostatic drying oven at 50 °C for 24 h.

Sample Preparation. The synthesis process of Co3O4 and
Mn-doped Co3O4 is shown in Figure 1. Co (NO3)2·6H2O,
MnSO4·H2O, and urea were added to 45 mL of DI water,

Figure 1. Schematic of the synthesis process of the Co3O4 and Mn−Co3O4 on nickel foam.

Figure 2. (a) XRD patterns. XPS spectra of the as-prepared Co3O4 and Mn−Co3O4 with different molar ratios of (b) Co 2p, (c) Mn 2p, and (d) O
1s.
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respectively, and stirred at room temperature for 30 min to
completely dissolve them. Finally, NH4F was added to the
solution and stirred for 30 min. The obtained solution was
transferred to a 50 mL Teflon-lined autoclave, and the treated
nickel foam was vertically inserted into the autoclave. A 5 h

hydrothermal reaction was performed in an electric thermo-
static drying oven at 120 °C, and then the nickel foam was
taken out, soaked in DI water and ethanol, shaken and washed
six times, and dried at 50 °C for 10 h. In a tube furnace, the
annealing was carried out at 500 °C for 2 h at a heating rate of

Table 1. XPS Spectral Data of Different Forms of Mn, Co, and O of Co3O4 and Different Mn-Doped Co3O4

samples Co 2+ Co 3+ Mn 2+ Mn 3+ Mn 4+ Ol Od Os

Co3O4 28.3% 71.7% 47% 33% 20%
Mn−Co3O4 (1:11) 38% 62% 18.8% 41.7% 39.5% 46.9% 33.7% 19.4%
Mn−Co3O4 (1:5) 39.8% 60.2% 17.8% 40.6% 41.6% 45.2% 34.8% 20%
Mn−Co3O4 (1:2) 31% 69% 20% 42.5% 37.5% 47% 33.7% 19.2%

Figure 3. SEM images of (a, b) Co3O4, (c, d) Mn−Co3O4 (1:11), (e, f) Mn−Co3O4 (1:5), and (g, h) Mn-Co3O4 (1:2).

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c08650
ACS Omega 2024, 9, 6955−6964

6957

https://pubs.acs.org/doi/10.1021/acsomega.3c08650?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08650?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08650?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08650?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c08650?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


5 °C·min−1. The total dosage of Co (NO3) 2·6H2O and
MnSO4·H2O is 2 mmol, and the doping ratio was achieved by
changing the dosage of MnSO4·H2O:Co (NO3) 2·6H2O (0:1,
1:11, 1:5, and 1:2). The obtained samples are named Co3O4/
NF, Mn−Co3O4 (1:11)/NF, Mn−Co3O4 (1:5)/NF, and Mn−
Co3O4 (1:2)/NF, respectively.

Materials Characterization. The prepared samples were
characterized as follows. The XRD (Bruker D8 ADVANCE X-
ray diffractometer with Cu Kα) test was performed at a
scanning rate of 4°·min−1 in the range of 5−80°. SEM (ZEISS
Sigma 300) and TEM (JEM 2100F) with EDX were used to
characterize the sample morphology and element content. XPS
(Thermo Scientific K-Alpha) was performed for composition
analysis, chemical binding, oxidation state calculation, and
binding energy analysis.

Electrochemical Performance Test. The electrochemical
properties of the prepared electrodes were studied by an
electrochemical workstation (Chenhua, CHI760E). In the
conventional three-electrode system, the sample was used as
the working electrode, Pt as the counter electrode, and Hg/
HgO as the reference electrode, respectively. In addition, we
also assembled an ASC with Mn−Co3O4 (1:5)/NF as the
positive electrode and AC as the negative electrode. AC
electrodes were prepared by mixing AC powder, acetylene
black, and polytetrafluoroethylene (PTFE) in ethanol at a ratio
of 8:1:1 and coated on nickel foam. The electrolyte of all
experiments was a 3 M KOH solution. In order to analyze the
electrochemical performance of the material, CV was

performed at a scanning rate of 1−30 mV s−1, GCD was
performed at a current density of 1−10 A·g−1, and EIS testing
was performed at an amplitude of 5 mV in the frequency range
of 0.01 to 100,000 Hz, respectively.

■ RESULTS AND DISCUSSION
The phase purity and crystal structure of pure Co3O4 and
Co3O4 doped with different Mn concentrations were
characterized by XRD. Figure 2a shows the XRD pattern of
the as-prepared samples, which is basically similar to that of
standard Co3O4 (JCPDS No. 42-1467), and no new diffraction
peaks appear, indicating that no new crystal phase appears after
doping.34 The three strongest diffraction peaks correspond to
Ni in the conductive matrix nickel foam (JCPDS No. 04-
0850). With the increase of the Mn doping ratio, the
crystallinity of the sample shows a decreasing trend, indicating
that a large amount of Mn doping may cause the crystal
structure of Co3O4 to become unstable. At the same time, the
peak shifts toward a lower diffraction angle. This is because the
atomic radius of Mn (0.68 Å) is generally larger than that of
Co (0.65 Å), and when Mn partially replaces Co in the Co3O4
lattice, both the lattice constant and the plane spacing (d) are
larger than the original values. Therefore, according to Bragg
equation, the diffraction peak of Co3O4 has a certain degree of
negative shift,35 which also indicates the existence of Mn and
Co oxide coordination.

The spectra of Co 2p, Mn 2p, and O 1s in Co3O4 and Mn−
Co3O4 were used to analyze the composition and structure of

Figure 4. (a−c) TEM and HRTEM images of Mn−Co3O4 (1:5). (d) EDS mapping images and presence of (e) Co, (f) Mn, and (g) O. (h) EDS
spectrum of Mn−Co3O4 (1:5).
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the samples (Figure 2b−d). Figure 2b shows the XPS spectra
of Co 2p under different Mn doping ratios. From the Co 2p
spectra of Co3O4 samples, it can be seen that the peaks of
binding energy at 779.3 and 794.5 eV belong to Co3+ while the
peaks at 781.4 and 796.5 eV correspond to Co2+. The two
satellite peaks of the sample are located at 785.5 and 802.3 eV,
respectively. In addition, with the increase of Mn doping ratio,
the positive shift amplitude of binding energy at positions of
Co3+ and Co2+ and their satellite peaks in the sample also
increase accordingly. The reason for this positive shift is that
the doping of Mn leads to electron transfer and modu-
lation,36,37 which also proves that different contents of Mn are
successfully doped.

Figure 2c shows the XPS spectra of Mn 2p3/2 at different Mn
doping ratios. It can be seen that peaks near 644.7, 641.6, and
637.7 eV belong to Mn4+, Mn3+, and Mn2+, respectively.38

With the increase of the Mn content in the sample, the peak
intensity of Mn 2p3/2 in the sample increases. Meanwhile, it
can be seen that the relative area of the characteristic peak of
Mn4+ is always higher than that of Mn2+, which makes the
mixed sample in a stable state.39,40

As shown in Figure 2d, the XPS spectra of O 1s of the
samples exhibit three peaks near 529.5, 531.1, and 532.2 eV,
respectively, originating from lattice oxygen, oxygen defect, and
adsorbed oxygen.41−44 It can be seen that the ratio of oxygen
defects increases when Mn is doped in Co3O4. This is because
replacing Co3+ with Mn2+ may cause oxygen vacancies,
resulting in the formation of more oxygen defects.45 Oxygen
vacancies can promote ion transport and electron conduction,
leading to better electrochemical performance.39

We have listed the XPS spectrum data of different forms of
Mn, Co, and O (Table 1). It can be seen from the table that
Mn4+ ions occupy the largest proportion in Mn−Co3O4, which
further indicates that Mn doping makes the sample more
stable. The proportion of Od and Os increases, thus providing
more active sites for REDOX reactions and resulting in
improved electrochemical performance. This is consistent with
the results of XPS analysis.

The morphology of the prepared pure Co3O4 and Mn-
doped Co3O4 was analyzed by SEM (Figure 3); it can be seen
that the smooth nickel foam was covered with dense
nanostructured surface nanowires. The nanowires are uni-
formly arranged on the nickel foam, and there are many spaces

Figure 5. Electrochemical performance of Co3O4/NF and Mn−Co3O4/NF with different Mn/Co molar ratios. (a) CV curves at a scan rate of 1
mV·s−1. (b) GCD curves at a current density of 1 A·g−1. (c) Specific capacitances at different current densities. (d) EIS curves and the equivalent
circuit model. (e) CV curves at different scan rates. (f) GCD curves at different current densities of Mn−Co3O4 (1:5)/NF.
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between these nanowires. The enlarged SEM images show that
the morphology of the nanowires remains basically unchanged
when Mn is doped into a Co3O4 spinel structure, and the
morphology of Mn−Co3O4 (1:5) nanowires becomes thinner
and denser compared with pure Co3O4 and other Mn-doped
Co3O4 samples.

As shown in Figure 4a−c, TEM and HRTEM images were
provided to further investigate the morphology and micro-
structure of Mn−Co3O4 (1:5). Figure 4a shows a typical
nanowire morphology of Mn−Co3O4 (1:5), which is
consistent with SEM. Figure 4b shows that there are numerous
pores inside the nanowires, which can expose more active sites
for electrochemical reactions. The pores are caused by
inorganic conversion during heat treatment and the release
of gas molecules.36 The formation of nanowire, high porosity,
and a denser nanowire array structure make ions easier to
transport during charge and discharge, increase the active
surface area to a certain extent, and thus provide a large
number of active sites for redox reactions, so appropriate Mn
doping is expected to improve electrochemical performance.46

HRTEM (Figure 4c) clearly shows the presence of two sets
of lattice fringes with lattice spacings of 0.18 and 0.25 nm,
corresponding to (422) and (311) of Co3O4, respectively.
Their values are larger than the theoretical values of 0.17 nm
(422) and 0.24 nm (311) for the lattice spacing of the
corresponding planes of Co3O4. It is further proved that Mn
with a larger radius is successfully doped into the crystal
structure of Co3O4, which is consistent with XRD results.
Figure 4 shows that Mn-doped Co3O4 nanowires have three
elements, Co (Figure 4e), Mn (Figure 4f), and O (Figure 4g),
which are evenly distributed on the nickel foam, confirming the
purity of the material. Combined with previous XRD and XPS
analyses, Mn was successfully doped into Co3O4. The contents
of Co, Mn, and O elements (Figure 4h) are 41.15, 9.71, and
49.14%, respectively, which are close to the molar ratios of
theoretical manganese and cobalt elements.

To evaluate the electrochemical behaviors of as-prepared
Co3O4/NF and Mn−Co3O4/NF with different Mn doping
concentrations as electrode materials for supercapacitors, we
performed CV, GCD, and EIS tests in a 3 M KOH electrolyte.
Figure 5a shows the CV curves of Co3O4/NF and Mn−
Co3O4/NF electrodes with different Mn doping concen-
trations in a potential window of 0−0.5 V at a scanning rate of
1 mV·s−1. Obviously, the shape of CV curves after Mn doping
has almost no change, indicating that they have the same
electrochemical energy storage mechanism.47 All CV curves
have two redox peaks corresponding to the reversible redox
reactions of Co2+/Co3+ and Co3+/Co4+ with OH− in the
electrolyte,48,49 indicating the pseudocapacitive behavior of the
electrode material. The redox peaks are basically consistent
with the voltage plateau in the GCD curve. With Mn doping,
the integral area of the CV curve increases, which corresponds
to the specific capacitance value. The distance between the
oxidation peak and the reduction peak of Mn−Co3O4 is
reduced as compared to pure Co3O4, indicating that Mn
doping reduces the polarization due to the increase in electrical
conductivity, which is consistent with the results discussed in
EIS.

To further investigate their electrochemical properties, GCD
tests of the Co3O4/NF and Mn−Co3O4/NF electrodes were
performed at a potential window of 0−0.5 V at a current
density of 1 A·g−1. The GCD curve (Figure 5b) shows that in
the potential window range of 0−0.5 V, all charge and

discharge curves show nonlinear characteristics and the
pseudocapacitance characteristics are reflected in combination
with the voltage platform on the GCD curve.50 These voltage
platforms on the GCD curve are mainly caused by reversible
redox reactions on the surface of electrode material,51 and
these voltage platforms coincide with the peak positions on the
CV curve, respectively. This agrees well with the CV curve in
Figure 5a. The specific capacitance of the electrode material
can be calculated according to the GCD curve by eq 1:

C
I t

m Vs = ×
× (1)

where Cs is the specific capacitance (F·g−1) of the electrode
material, I is the discharge current (A), Δt is the discharge time
(s), and m is the mass of the active material in the electrode
(g). The specific capacitance at the current densities of 1, 2, 5,
10, 20, and 30 A·g−1 was calculated (Figure 5c). As the current
density increased, the specific capacitance of each electrode
gradually decreased. However, the Mn−Co3O4 (1:5)/NF
electrode exhibits a higher specific capacitance than other
electrodes at all current densities, with a specific capacitance as
high as 1210.8 F·g−1 at 1 A·g−1 and a rate capability of 33.0% at
30 A·g−1. According to SEM and TEM results, this may be due
to the fact that the dense nanowires and pore structures
provide more active sites and larger contact surfaces for redox
reactions, thus promoting electrochemical reactions and
amplifying specific capacitance. The capacitance value is higher
than other Mn-doped Co3O4 electrode materials previously
studied. For example, Ambare et al.52 used spray pyrolysis to
deposit Mn on the surface of stainless steel. The specific
capacitance of the obtained Mn:Co3O4 film can reach 485.2 F·
g −1 at 1 mV·s −1, and it retained 73.58 F·g −1 at 100 mV·s−1.
Karthikeyan and Mariappan53 prepared Co3O4 NPs doped
with different concentrations of Mn by the coprecipitation
method. Co3O4: 7% Mn had a specific capacitance of 318 F·g
−1 at 5 mV·s −1 and 80 F·g −1 at 100 mV·s −1. Aslam et al.54

prepared Mn-doped Co3O4:Mn0.05Co2.95O4 by the sol−gel
auto combustion method, which can reach a specific
capacitance of 81.8 F·g −1 at 1 A·g −1.

Information about different forms of resistance of Co3O4/
NF and Mn−Co3O4/NF electrodes with different Mn doping
concentrations was determined by using EIS. Figure 5d shows
the EIS results in the frequency range of 0.1 Hz−100 kHz. In
the high-frequency region, the intersection point with the real
axis and the diameter of the semicircle are related to the
resistance of the solution (including the inherent resistance of
the electrode sheet, the contact resistance between the
electrode and the nickel foam, and the ionic resistance of the
electrolyte) and the charge transfer resistance (Rct),
respectively.55 The slope of the EIS curve of Mn−Co3O4
(1:5)/NF is the largest in the low-frequency region, and the
slope of Co3O4 is the smallest. From the equivalent circuit
model (Figure 5d), it can be seen that the equivalent series
resistance Rs of the Mn−Co3O4 (1:5)/NF electrode is 0.52 Ω
and the charge transfer resistance Rct is 0.1 Ω, which can be
attributed to the improved conductivity provided by Mn
doping. Moreover, Mn−Co3O4 (1:5)/NF has the steepest
slope at low frequencies, indicating a faster ion diffusion rate.
These characteristics suggest that Mn−Co3O4 (1:5)/NF can
be used as an excellent electrode material.

Overall comparison, we believe that Mn−Co3O4 (1:5)/NF
has better electrochemical performance. The improvement in
electrochemical performance can be attributed to binder-free
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conditions and the appropriate amount of Mn doping, which
promotes fast charge transfer. The surface of nickel foam has
mechanically stable nanowire arrays with a porous structure,
which can provide more active sites for ion adsorption and ion
redox reaction and shorten the diffusion path of ions and
electrons.46

Figure 5e shows the CV curve of Mn−Co3O4 (1:5)/NF at
2−50 mV·s−1. With the increase of scanning rate, the anode
peak continuously moves to the direction of high potential and
the cathode peak continuously moves to the direction of low
potential. This may be due to the polarization effect and
internal resistance in the Faraday redox reaction. Moreover,
this peak shift indicates that the redox reaction is reversible and
rapid and occurs between the electrolyte and the electrode.56

Figure 5f shows the GCD curve at a current density of 5−30 A·
g−1. It can be observed that as the current density increases, the
specific capacitance decreases. This is because when a lower
current density is applied, enough ions of the electrolyte will
creep into the electrode, thus increasing the likelihood of a
redox reaction between the electrolyte and the electrode.57

In order to further explore the practical application of the
Mn−Co3O4 (1:5)/NF electrode, ASC devices with Mn−

Co3O4 (1:5)/NF as the positive electrode and AC as the
negative electrode were assembled. Figure 6a shows the CV
curves at different scanning rates; with the increase of scanning
rate, the shape of the CV curve remains unchanged, indicating
that it has excellent rate capacitance and reversibility. The
GCD curve under different current densities (Figure 6b)
shows good symmetry. According to formula 1, when the
current densities are 1, 2, 3, 4, 5, and 10 A·g−1, the specific
capacitances are 105.9, 85.3, 73.4, 64.5, 57.3, and 33.7 F·g−1,
respectively (as shown in Figure 6c). This shows that the
assembled ASC has a good capacitance and rate performance.
Figure 6d shows the EIS curve and its equivalent circuit of the
ASC device. The internal resistance RS is 1.0 Ω, indicating that
it has a very low internal resistance. 5000 consecutive GCD
tests were conducted under 2 A·g−1 to evaluate its cycle
performance (Figure 6f). In the first 2000 cycles, the
capacitance retention can reach 60.2% and remained almost
stable in the subsequent 3000 cycles, according to the SEM
image after 5000 cycles (Figure 6f inset), it can be seen that
the nanowire morphology of the Mn−Co3O4 (1:5)/NF
remains but the pseudocapacitance behavior results in the
thickening of the nanowires; this may be caused by the

Figure 6. Electrochemical performances of Mn−Co3O4 (1:5)/NF//AC asymmetric supercapacitors. (a) CV curves. (b) GCD curves. (c) Specific
capacitances at different current densities. (d) EIS curves with equivalent circuit. (e) Ragone plot. (f) 5000 charge and discharge cycles at a current
density of 2 A·g−1, and the inset is the SEM image of the sample after 5000 cycles.
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accumulation of active substances on the electrode surface
during charging and discharging. However, after 2000 cycles,
its capacity remained the same, proving its usefulness in high-
performance SC devices. Binder-free and porous topography
provides excellent electrical connectivity.

The energy density and power density of the assembled ASC
device can be calculated from specific capacitance and
discharge time according to eqs 2 and 3.

E
C V

2 3.6

2
= ×

× (2)

P
E

t
3600= ×

(3)

where E is the energy density (Wh·kg−1), C is the specific
capacitance (F·g−1), ΔV is the voltage window (V), P is the
power density (W·kg−1), and Δt is the discharge time (s). The
Ragone diagram of Figure 6e shows that the energy density of
the ASC device can reach 33 Wh·kg−1 under the power density
of 748.1 W·kg−1. Due to the reasonable matching of the two
electrodes, the energy density of the assembled ASC device is
much higher than that of most similar devices, such as MNA-
MnCo2O4.5//AC (19.3 Wh·kg −1, 306 W·kg −1),43

Mn1.5Co0.75/NF//GE (25.88 Wh·kg −1, 359.5 W·kg−1),46

MnCo2O4.5 nanoneedle/carbon (84.3 Wh·kg −1, 600 W·
kg−1),58 0.3Mn−Co3O4//AC (43.5 Wh·kg −1, 1350 W·
kg−1),40 Mn−Co3O4 nanosheet//AC (20.6 Wh·kg −1, 16000
W·kg−1),59 Mn0.75Co2.25O4/NF//AC (1500 Wh·kg −1, 26.04
W·kg−1),60 and MCO nanosheets//NF//MCO (10.04 Wh·
kg−1, 5200 W·kg−1).16

■ CONCLUSIONS
In a nutshell, we provide a simple method to synthesize Mn-
doped Co3O4 nanowires with different concentrations and the
successful doping of Mn is proven by XRD, XPS, and EDS.
After that, the morphology was analyzed by SEM and TEM.
The electrochemical properties were analyzed in a three-
electrode system. The results show that the Mn−Co3O4 (1:5)/
NF electrode has the best electrochemical performance. This
excellent electrochemical performance can be attributed to the
fine-tuning of the structure by an appropriate amount of Mn
doping, where the denser and more porous structure provides
more active sites for redox reaction and promotes rapid charge
transfer; the binder-free electrode with nickel foam as the
conductive matrix reduces the intrinsic resistance of the
electrode material and provides excellent electrical connectiv-
ity. In addition, the prepared samples maintained satisfactory
energy density and power density after being assembled into an
ASC device. This indicates that the prepared materials are
promising electrode materials for energy storage devices.
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