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imperative to exploit cost-effective yet highly efficient ORR
catalysts to accelerate the widespread utilization of clean energy
and pertinent technologies. Of which, non-precious metals[3] or
even metal-free counterparts are of intensive interest owing to
their broad availability and low-cost, especially biomass based
materials.
During the past decade, extensive research effort has been
focused on developing carbon-based metal-free electrocatalysts
for practical fuel cell applications because of their good electrical
conductivity, high specific surface area, excellent thermal
stability, and outstanding chemical stability.[4] Currently,
heteroatoms doped carbon materials[5] and defective carbon
materials with topological defects[6-10] are the two major
categories of metal-free ORR catalysts. In particular, defective
carbon materials are the promising candidates to replace the
noble-metal based ORR electrocatalysts, owing to their super
ORR performance. Based on the pioneering work on the
defective catalysis mechanism, a series of defective carbonbased electrocatalysts have been developed, including porous
aromatic framework (PAF-40)[6] and metal organic framework
(MOF)[7] derived defective ORR catalysts, defective activated
carbon[8] and defective graphene[9] as well. However, it is still
highly desirable to fabricate a wide range of cost-effective and
efficient defective carbon electrocatalysts from various biomass
resources.
Macadamia is known for its delicious and nutritious nuts. In
2017, the total macadamia production in Australia is around
47,000 metric ton (from the Australian Macadamias official
website). It is apparent that the amount of the macadamia nut
shell (MNS) is very large, which should be handled in a proper
way. If we can make the MNS into an efficient electrocatalyst, it
will be of great practical values. Apparently, the abundance of
the raw material, the simple processing procedures as well as
the robust fibrous structures of the MNS render it an ideal
precursor for fabricating porous carbon materials with large
surface areas, unique pore sizes and large pore volumes, which
will provide more active sites for reactions that occur on the
surface of catalysts, such as the ORR and supercapacitors.[8, 11,
12]
In this work, we used a waste biomass, macadamia nut shell,
as the raw material for synthesizing defective carbon
electrocatalysts for the ORR and as the supercapacitor
electrode material. Specifically, we treated the MNS firstly by a
facile hydrothermal method to produce a fibrous material, and
then it was carbonized into a porous carbon. Afterwards, a
simple nitrogen doping and removal approach was employed to
create unique defects on the carbon,[6, 8, 9] which can be used as
an efficient ORR catalyst. The experimental results show that
the synthesized defective D-MNS-A exhibits greatly improved
ORR performance in 0.1 M KOH solution, which is a near fourelectron reaction pathway. Besides, it shows higher durability
than that of the commercial Pt/C (20 wt.%) and free from
methanol poisoning, indicating that the D-MNS-A can be used in

Abstract: Efficient yet cost-effective electrode materials play
deciding roles in the widespread application of fuel cells, since
precious metals, such as platinum (Pt), are still the main component
of the cathodic oxygen reduction reaction (ORR) electrocatalyst.
Herein, a kind of biomass, macadamia nut shell (MNS), is utilized for
synthesizing ORR catalysts, aiming to enhance the activity as well
as to lower the production cost of the electrode materials. Benefited
from the defective catalysis mechanism, the resulting defective MNS
(D-MNS-A) shows greatly improved ORR performance in alkaline
solutions. The onset potential of the D-MNS-A is only 29 mV
negative than that of the commercial Pt/C. Moreover, the durability of
the D-MNS-A is superior to that of the Pt/C and it also presents
excellent tolerance to methanol. In addition, the D-MNS-A is an ideal
material for supercapacitors as well. It exhibits a specific
capacitance of 155 F/g under the current density of 1 A/g in 1 M
Na2SO4 electrolyte, which was further increased to 231 F/g after
coating MnO2. The defective nature combined with the highly porous
structure of the D-MNS-A render it a potential material for fuel cell
and supercapacitor applications.

Introduction
The unceasing exploration of renewable and sustainable energy
to satisfy our daily requirement is of great significance due to the
depletion of fossil-based energy sources. Meanwhile, it is also
crucial to develop innovative technologies to use clean energies
safely and efficiently. From this perspective, fuel cell is a
promising candidate because of its advantageous features, such
as high energy conversion efficiency, low pollution as well as
good fuel flexibility.[1] Despite the hydrogen fuel cell vehicle
(Toyota Mirai) has already been commercialized in 2015, the
mass production of fuel cell powered vehicles is still restricted by
the high production cost, particularly the cathodic oxygen
reduction reaction (ORR) electrocatalyst, as the expensive
platinum (Pt) is the most active component.[2] It is therefore
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the MNS and MNS-A in Figure 1B further confirm that they are
microporous materials, and the micropore volume of the MNS-A
is much higher than that of the MNS (1.17 vs. 0.20 cm3/g).
Figure 1C and D are the scanning electron microscopy (SEM)
images of the MNS and MNS-A samples. From Figure 1C, it can
be seen that the MNS presents in a fibrous structure with the
diameter of around 10 µm and length up to 100 µm. However,
the KOH activated sample MNS-A shows much smaller particle
sizes (Figure 1D), and the fibrous structure has been destroyed.
The enlarged image of the MNS inserted in Figure 1C shows
that the surface is very smooth, but a highly rough surface can
be observed for the MNS-A sample (Figure 1D, insert). This is
consistent with the BET and porosity results as shown in Figure
1A and B. The well-developed porous structure as well as the
low charge-transfer resistance (Figure S1, Supporting
Information) of the MNS-A may render it highly efficient for
electrocatalytic reactions and supercapacitor applications.

methanol powered fuel cells as well. In addition, the D-MNS-A
also presents excellent supercapacitance. Manganese oxide
was coated onto the D-MNS-A to further enhance its
capacitance to 231 F/g, which is as good as the reported
counterparts. Our study provides a scalable approach to
transform macadamia nut shell waste into active electrode
materials, demonstrating a feasible route to fabricate sustainable
and cost-effective electrocatalysts for energy storage and
conversion applications.

Results and Discussion
The main producing areas of macadamia are in Australia and
Hawaii. Apart from its edible nuts, the shells can also be used in
a proper way. As can be seen from Scheme 1, the recovered
macadamia nut shells are firstly cleaned and crushed into small
pieces, then being treated by a facile hydrothermal method in 3
M KOH solution to remove the impurities. The washed and dried
sample is a yellowish fluffy powder, which is further carbonized
at 800 °C for 2 h under a nitrogen atmosphere. In order to
increase the porosity of the received carbon, it was further
treated by a chemical activation method.[13] Specifically, the
carbon powder and KOH solid were mixed physically and then
treated in a tubular furnace at 750 °C for 1 h under a fast
nitrogen purge rate. Sufficient deionized water was used to wash
the obtained mixture. The washed and dried sample was
denoted as MNS-A. Based on the defective catalysis
mechanism,[6-10] the MNS-A was treated by a simple nitrogen
doping and removal method, aiming to produce various effective
defects on the MNS-A. Many in-plane holes and topological
defects are illustrated in Scheme 1, which will act as the active
sites for electrochemical reactions.[9, 14] The N-doped and
defective samples were denoted as N-MNS-A and D-MNS-A,
respectively.

Figure 1. (A) Nitrogen adsorption-desorption isotherms of the prepared
samples; (B) Pore size distributions of the synthesized sample MNS and MNSA; (C) SEM image of the prepared sample MNS; (D) SEM image of the
prepared sample MNS-A. The corresponding inserts in Figure C and D show
their detailed surface structures.

In order to introduce defects into the porous carbon MNS-A,
a facile nitrogen doping and removal approach was applied.[6, 8, 9]
As can be seen from Figure 2A, after treating the MNS-A sample
with melamine at 700 °C for 2 h under a nitrogen environment,
the nitrogen content of the N-MNS-A can reach as high as 5.15
at%, benefited from its highly porous structure. Meanwhile, the
oxygen content is decreased sharply, from the initial 8.53 at% to
2.57 at%, possibly because of the surface oxygen containing
group was removed during the nitrogen doping process.
However, no nitrogen is detected when treated the N-MNS-A at
1150 °C for 2 h, which means that the incorporated nitrogen was
removed completely. As reported previously,[6, 8, 9] the removal of
nitrogen will create defects in the carbon structures, which can
be acted as the active sites for electrochemical reactions, such
as for the ORR, oxygen and hydrogen evolution reactions. Here,
the Raman measurement was employed to reveal the defective

Scheme 1. Procedures to prepare porous carbons from macadamia nut shell.

It is shown in Figure 1A that after KOH activation, the
Brunauer-Emmett-Teller (BET) surface area of the MNS-A was
increased significantly, from the initial 536 m2/g to 2806 m2/g,
indicating that KOH activation is an efficient method to increase
the surface area of carbon materials. As seen, the adsorptiondesorption curves of the resulting samples belong to Type I
isotherms, showing that the majority of the pores are
micropores,[15] and the calculated micropore ratio of the MNS-A
is as high as 89.2%. The corresponding pore size distributions of
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nature of the prepared samples. It is shown in Figure 2B that two
distinct peaks can be observed in the Raman spectra of the
three samples, corresponding to the D (1355 cm-1) and G (1590
cm-1) bands,[16] respectively. The ratio of D-band to G-band is an
important indicator to measure the defectiveness of the carbon
samples. As seen, the ID/IG ratio is increased from 0.89 to 1.02
after the incorporation of nitrogen. Unsurprisingly, the ratio is
further increased to 1.23 when the doped nitrogen was removed.
It is suggested that more defects were created during the
nitrogen removal process, which agrees well with the previous
investigations regarding the creation of defects in carbon
materials.[6-10] The density of defects was further calculated
based on the Raman results, which will be discussed in details
in the following section. Besides, transmission electron
microscopy (TEM) was utilized to gain direct evidences
regarding the defective nature of the prepared samples. As can
be observed from Figure 2C, no obvious structure destroy can
be noticed in the KOH activated sample MNS-A. However, after
the nitrogen doping and removal treatment, the resulting DMNS-A presents apparent defective characters. For example,
many in-plane holes are formed in the graphitic layers (Figure
2D), which is consistent with our previous work on creating
defects in graphene.[9] The edges near these holes are highly
enriched with various defects that could act as the active sites
for electrochemical reactions,[9, 17] such as for the ORR.

MNS-A and N-MNS-A, in terms of onset potential and half-wave
potential, indicating that the newly created defective sites are
much more active and efficient in catalyzing the ORR. The ORR
performance of the D-MNS-A is close to that of the commercial
Pt/C (20 wt.% Pt), as shown in Figure 3A and Table S1
(Supporting Information). For example, the onset and half-wave
potentials of the D-MNS-A and the Pt/C are 872 vs. 901 mV and
754 vs. 784 mV, respectively.

Figure 3. (A) LSV curves of the prepared samples and Pt/C measured at the
rotation speed of 1600 rpm in an O2-saturated 0.1 M KOH solution; (B)
Koutecky–Levich plots at different potentials of the D-MNS-A; (C) Percentage
of peroxide species (solid lines) and the electron transfer number (n) (dotted
lines) of the D-MNS-A and the commercial Pt/C at different potentials
(calculated from the corresponding RRDE data); (D) Amperometric i-t stability
test for the D-MNS-A and the Pt/C in an O2-saturated 0.1 M KOH solution; (E)
Methanol tolerance test with 5% methanol (in volume) in an O2-saturated 0.1
M KOH solution for the D-MNS-A; (F) Electrochemical active surface area and
defect density comparisons of the prepared samples.

Given that the D-MNS-A shows the best ORR performance
among the synthesized samples, more in-depth and
comprehensive investigations were carried out on this catalyst.
Figure S2 (Supporting Information) are the LSV curves tested
from 400 to 2500 rpm under an oxygen saturated 0.1 M KOH
solution, indicating the first-order kinetics of the ORR since the
current density is increased with the increase of the rotation
speed in a linear relationship.[18] The corresponding Koutecky–
Levich (K–L, details can be found in Supporting Information)
plots of the D-MNS-A at different potentials in Figure 3B show
good linearity and parallelism. The calculated electron transfer
number (n) is 3.7, indicating that the D-MNS-A favors the fourelectron ORR. In addition, the peroxide yield and n were also
calculated from the rotating ring-disk electrode (RRDE,
calculation details can be found in Supporting Information) data,

Figure 2. (A) XPS survey scan spectra of the prepared samples; (B) Raman
spectra of the prepared samples; (C) TEM image of the synthesized sample
MNS-A; (D) TEM image of the resulting sample D-MNS-A. The red cycles
indicate the in-plane holes.

The electrocatalytic oxygen reduction performance of the
prepared samples were evaluated in an oxygen-saturated 0.1 M
KOH solution by a rotating disk electrode (RDE). Figure 3A
shows the linear sweep voltammetry (LSV) curves tested under
the rotation speed of 1600 rpm. It can be seen that the nitrogen
doped MNS-A sample N-MNS-A exhibits improved ORR activity
compared to the pristine MNS-A, suggesting the beneficial role
of nitrogen incorporation towards the ORR. Remarkably, the
sample D-MNS-A that was obtained by removing the doped
nitrogen demonstrates much higher ORR activity than those of
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since the peroxide yield and electron transfer number are the
key factors in evaluating the ORR efficiency. As shown in Figure
3C, the peroxide yield is less than 13% in the potential range of
0.2 to 0.7 V for the D-MNS-A, which is in the same level as that
of the Pt/C (below 4%). Meanwhile, the corresponding n of the
D-MNS-A is over 3.6 from 0.2 to 0.7 V (Figure 3C), consistent
with the n derived from the K-L plots. It is obvious that the ORR
of the D-MNS-A is a near four-electron reaction process and the
efficiency is as high as that of the Pt/C (n is over 3.9 in the same
potential range, Figure 3C).
Apart from the excellent ORR activity, the D-MNS-A also
exhibits impressive durability in alkaline electrolytes. As shown
in Figure 3D, after continuous operation for 20000 s, 90.8% of
the initial current was retained for the D-MNS-A. However, only
80.6% was maintained for the commercial Pt/C under the same
test conditions, illustrating that the derived catalyst is much more
stable than the Pt/C for the ORR. In the meantime, we
measured the methanol positioning effect of the D-MNS-A. It can
be seen from Figure 3E that after introducing 5% (in volume)
methanol into the oxygen saturated 0.1 M KOH solution and
stirring it for 5 minutes to make it mix homogeneously with the
electrolyte, the ORR activity of the D-MNS-A was not affected.
This suggests that it can be used as the cathodic electrode
catalyst in methanol based fuel cells as well.
The obviously enhanced ORR performance of the defective
carbon-based electrocatalyts can be interpreted by the defective
catalysis mechanism.[6-9] Specifically, the introduction of nitrogen
will destroy the original structures of the carbon materials, as
proved by the Raman results (Figure 2B). In particular, the
removal of the incorporated heteroatoms, such as the nitrogen,
could disturb and alter the carbon structures more seriously,
which is highly possible to create the effective defects as the
active sites to catalyze electrochemical reactions, such as the
ORR. Here, the electrochemical active surface areas (ECSAs)
were calculated to compare the active sites of the resulting
samples (Detailed can be found in Figure S3, Supporting
Information). From Figure 3F, it can be seen that the ECSA was
increased after introducing nitrogen into the MNS-A, and then it
was further increased after the doped nitrogen was removed
from the N-MNS-A (from 290 to 305, then to 333 cm2 for the
samples MNS-A, N-MNS-A and D-MNS-A, respectively). This
demonstrates that more ORR active sites were created in the
defective sample, D-MNS-A. In addition, the defect densities
were calculated to quantitatively compare the number of defects
in the prepared samples, followed by the reported method.[19] As
observed in Figure 3F, the N-doped sample N-MNS-A shows a
higher defect density than that of the MNS-A sample
(3.00×1012/cm2 vs. 2.55×1012/cm2). This indicates that the
incorporation of nitrogen created disruptions to the carbon
structures, which increased the disorderness. As expected, the
removal of the doped nitrogen further increased the defect
density, since the D-MNS-A shows a much higher defect density
of 3.72×1012/cm2. This further proves that the remarkable ORR
activity of the D-MNS-A is originated from the effective
topological defects in the carbon structures. This investigation is
in line with our previous studies on the defective catalysis
mechanism to promote the electrochemical reactions,[6-10] which
also extends the application range and demonstrates that the
defective catalysis mechanism is a general theory for catalysis.

Figure 4. (A) Galvanostatic charge/discharge curves of the D-MNS-A sample
at the current densities of 1, 2, 5 and 10 A/g tested in 1 M Na2SO4 aqueous
solution; (B) SEM image of the prepared samples D-MNS-A@MnO2 (insert is
the enlarged view of this sample surface); (C) Specific capacitance
comparisons of the synthesized samples at different current densities; (D)
Cycling durability test for the sample D-MNS-A@MnO2 at the current density
of 10 A/g.

As shown in Figure S4 (Supporting Information), the
defective sample D-MNS-A exhibits a high surface area of 2202
m2/g and narrow pore size distribution, rendering it an ideal
material for supercapacitor applications. In this regard, the
supercapacitance of the D-MNS-A was measured in 1 M Na2SO4
aqueous solution. From Figure 4A, it can be observed that the
galvanostatic charge/discharge (GCD) curves of the D-MNS-A at
different current densities present triangular shapes in the
potential range of 0 to 1 V, which is a typical characteristic of
carbon materials that results from the electrochemical double
layer capacitance.[20] The specific capacitance of the D-MNS-A
is calculated to be 155 F/g under the current density of 1 A/g
from the discharge curve of the GCD profile in Figure 4A, better
or comparable to most of the reported porous carbon
materials.[11, 21] The capacitance of the N-doped sample N-MNSA is measured to be 182 F/g at 1 A/g, higher than that of DMNS-A. This is possibly due to its higher surface area, higher
conductivity and the incorporation of nitrogen (Figure S5,
Supporting Information). In order to further enhance the
capacitance of the D-MNS-A, manganese oxide was coated by a
facile hydrothermal method, since the theoretical capacitance of
MnO2 is as high as ~1370 F/g.[22] For comparison, a kind of pure
MnO2 was also synthesized by a similar approach (X-ray powder
diffraction patterns can be found in Figure S6, Supporting
Information). The morphology of the resulting sample D-MNSA@MnO2 is displayed in Figure 4B. As can be seen, the surface
of the D-MNS-A is covered by MnO2 nanorods with a diameter of
approximately 50 nm (Figure 4B, insert SEM image). The weight
percentage of the coated MnO2 in the sample D-MNS-A@MnO2
is identified to be 65.1% by the thermogravimetry (TG)
measurement (Figure S7, Supporting Information). The
capacitances of the D-MNS-A@MnO2 as well as the pure MnO2
were also measured in 1 M Na2SO4 electrolyte. From Figure 4C
and Figure S8 (Supporting Information), it is obvious that after

4

ARTICLE
mixture, and then it was stirred at room temperature for 2 h before
transferring to a 30 mL autoclave with a Teflon line. The sealed autoclave
was placed into an oven to react at 150 °C for 6 h, and then it was cooled
naturally. The resulting solid sample was washed with deionized water
and dried in a vacuum oven at 120 °C for 12 h. The as-obtained sample
was denoted as D-MNS-A@MnO2. For comparison, pure MnO2 was
synthesized as well by a similar method. Specifically, 240 mg KMnO4 and
160 µL concentrated H2SO4 (98 wt.%) was added into 20 mL deionized
water, followed by sonication for 10 min and stirring for 2 h. Then, the
mixture was transferred to a 30 mL autoclave for reaction at 150 °C for 4
h. The washed and dried sample was denoted as MnO2.

loading MnO2 onto the D-MNS-A, the supercatacitor
performance of the resulting sample D-MNS-A@MnO2 shows
significant improvement at each testing current density, both
superior to the D-MNS-A and the pure MnO2. For example, at
the current density of 1 A/g, the capacitance of the D-MNSA@MnO2 is 231 F/g, which is much better than the D-MNS-A
(155 F/g) and the pure MnO2 (121 F/g). Apparently, the high
surface area of the D-MNS-A and the coated MnO2 combined
with the interactions between them play essential roles in
promoting the capacitance of the D-MNS-A@MnO2.[23] In view of
the good performance of the D-MNS-A@MnO2, the cycling
durability was also evaluated. It can be seen from Figure 4D that
after testing for 1000 cycles at the current density of 10 A/g, the
capacitance can retain 86.7%. The excellent stability at high
current densities suggests that it can be utilized in devices that
need fast charging process.

Characterizations
The specific surface areas and pore size distributions of the prepared
samples were measured at the liquid nitrogen temperature (77 K) using a
TriStar II 3020 automated surface area and pore size analyzer. The
morphology of the samples was examined using a field-emission
scanning electron microscopy (FE-SEM, JEOL JSM 7100F) and a
transmission electron microscopy (TEM, Philips Tecnai T12). Chemical
compositions of the prepared samples were acquired using a Kratos Axis
ULTRA X-ray photoelectron spectrometer incorporating a 165 mm
hemispherical electron energy analyzer, the energy scale was calibrated
to the C 1s peak maximum at 284.5 eV. Raman spectra of the
synthesized samples were recorded on a Renishaw InVia spectrometer
equipped with a Leica DMLM microscope and a 514 nm argon ion laser
as the excitation source with a grating of 2400 l/mm. The crystalline
structures of the prepared samples were characterized on a Philips
PANalytical X’Pert PRO diffractometer using Co as the anode material
(Kα X-ray source radiation, λK-α1 = 1.78901 Å). The content of the carbon
component in the prepared sample was determined using
thermogravimetry analysis under air conditions on a NETZSCH STA 449
F3 Jupiter® Instrument.

Conclusions
In summary, we have successfully converted a kind of biomass,
macadamia nut shell, into an active electrocatalyst for fuel cell
and supercapacitor applications. The ORR activity of the
synthesized defective carbon D-MNS-A shows great
improvement compared to the pristine carbon MNS-A in alkaline
electrolytes. Meanwhile, it is more stable than the Pt/C and
exhibits good tolerance to methanol. In addition, the D-MNS-A
also presents a high specific capacitance of 155 F/g under the
current density of 1 A/g because of its highly developed porous
structures, and the capacitance was further increased to 231 F/g
after loading MnO2. Theoretically, this study supports the
proposed defective catalysis mechanism that topological defects
in carbon materials could effectively catalyze the
electrochemical reactions. Practically, the macadamia nut shell
derived defective carbon materials are ideal for fuel cell and
supercapacitor applications owing to their excellent performance
as well as the low production cost.

Electrochemical Measurement
A typical three-electrode system was applied to evaluate the
electrochemical performance of the synthesized samples on the CHI
760E workstation (CH Instruments, Inc.).
For the ORR measurement, a glassy carbon (4 mm in diameter, catalyst
loading: 80 µg/cm2), a Pt wire, and a Ag/AgCl (in saturated KCl solution)
electrode are the working, counter and reference electrodes, respectively.
Working electrode preparation: 1 mg of the finely ground catalyst was
dispersed into 1 mL mixed solution of distilled water (680 µL), ethanol
(300 µL) and Nafion® 117 Solution (5%, 20 µL). The mixture was
sonicated for at least 1 h before dropping onto a polished glassy carbon
electrode (4 mm in diameter). The loaded electrode (10 µL ink) was
placed in a 60 °C oven to dry prior to the test. Cyclic voltammetry (CV),
linear sweep voltammetry (LSV) and rotating ring-disk electrode (RRDE)
measurements were conducted in an oxygen saturated 0.1 M KOH
solution on the CHI 760E workstation with a RRDE-3A rotator (ALS Co.,
Ltd). All potentials were referred to the reversible hydrogen electrode by
adding a value of (0.197 + 0.059*pH) V and all the tests were performed
without iR compensation.

Experimental Section
Preparation of D-MNS-A
The macadamia nut shell was used for the synthesis of defective carbons.
Briefly, the collected macadamia nut shell was washed with deionized
water and dried in an over at 80 °C for 12 h. Subsequently, it was treated
by a hydrothermal method at 150 °C for 24 h in a 100 mL autoclave with
70 mL 3 M KOH solution. The received solid was washed with copious of
deionized water by filtration. The dried sample was mixed with KOH solid
with the mass ratio of 1:7.5 and then treated in a tubular furnace at
750 °C for 1 h. The KOH activated sample was denoted as MNS-A. A
simple nitrogen doping and removal method was applied for the
preparation of defective carbon. Specifically, MNS-A and melamine was
physically mixed with the mass ratio of 1:1, and then was treated in a
tubular furnace at 700 °C for 2 h, followed by calcining at 1150 °C for 2 h
to remove the doped nitrogen. The nitrogen doped and defective MNS-A
were denoted as N-MNS-A and D-MNS-A, respectively.

For the supercapacitance evaluation, a 1.5 cm × 1.5 cm Pt foil was used
as the counter electrode, a Hg/HgO electrode is the reference electrode.
The working electrode was prepared using a 1.5 cm × 1.8 cm Ni foam
coated with a slurry composed of 80 wt.% active material (D-MNS-A, DMNS-A@MnO2, or MnO2), 10 wt.% acetylene black, and 10 wt.%
polyvinylidene fluoride (PVDF) dissolved in N-methylpyrrolidone (NMP).
The coated Ni form was then dried in a vacuum oven at 120 °C for 12 h.
The capacitances of the prepared samples were assessed in 1 M
Na2SO4 electrolyte.

Preparation of MnO2 Coated D-MNS-A
A facile hydrothermal method was employed for loading MnO2 onto the
D-MNS-A.[24] First of all, 80 mg D-MNS-A was added into 20 mL
deionized water, followed by sonication for 10 min to form a homogenous
solution. Afterwards, 240 mg KMnO4 was dispersed into the as-formed
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