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Construction of delicate nanostructures with a facile, mild-condition and economical method is a key issue
for building high-performance electrode materials. We demonstrate a facile and novel ‘reassembling
strategy” to hollow MnCoS nanospheres derived from dual-ZIF for supercapacitors. The spherical shell's
surface structure, thickness and Mn distribution were controlled by regulating the solvothermal reaction
time. The chemical composition, phases, specific surface areas and microstructure were studied and the
electrochemical performances were systematically estimated. As the unique low-crystalline and
optimized hollow nanosphere structure contributes to increasing active sites, MnCoS nanospheres

exhibit excellent electrochemical performance. The test results show that the specific capacitance
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electrochemical properties with a high specific capacity of 957 C g~ (1 A g™%). Furthermore, an MCS-5//
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Introduction

To solve the current energy crisis and serious environmental
problems, novel electrochemical energy storage equipment with
high efficiency has been considered as one of the solutions.™*
Among the numerous energy storage devices, supercapacitors
deliver high power density, have a fast charge-discharge
process and long cycling life, and are widely used in military
equipment, intelligent instruments and hybrid vehicles.** For
practical uses, asymmetric supercapacitors (ASCs) were fabri-
cated by employing the battery type electrode and electric
double-layer electrode in one cell. Nevertheless, the low energy
density limits the further development of supercapacitors.””
The battery-type electrode can cause redox reactions which is
a crucial component to improve electrochemical performance,
and the current research focuses on the effective synthesis of
high-capacity electrode materials.

In recent years, the transition metallic sulfide as electrode
material has attracted tremendous attention due to its high
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electronic conductivity and capacitance.>®® In particular, the
manganese cobalt sulfides (MCS) have advantages such as rich
reaction sites, bimetallic synergistic effects and multiple redox
electrical pairs of Mn and Co ions, which strongly proves
excellent electrochemical performance in supercapacitors. Wie
et al. designed hierarchical MnCo,S, nanotubes, displaying
a large capacitance of 705.2 F g~ ' (0.5 A g~ ).° Elshahawy et al.
reported controllable MnCo,S, nanostructures displaying large
capacitance of 1402 F ¢ ' (1 A ¢ ') and long-term cycling reli-
ability (95% retention after 5000 cycles)."*

Nanostructure and morphology controlling is another effi-
cient way to boost the properties of electrodes."*™* Various
manganese cobalt sulfide nanostructures have been designed
and fabricated with excellent performances (nanoparticles,*
nanoplates,’ hollow and porous nanostructure'®). Among
them, hierarchical hollow structure composed of small nano-
particles can improve the electrochemical performance due to
interior voids increasing the interface infiltration, active sites
and ion diffusion paths. Shen et al. synthesized uniform nickel
cobalt glycerate solid spheres precursor and transformed the
solid spheres into nickel cobalt sulfide hollow spheres,
revealing a high specific capacitance of 1036 F g~ * (1 A g ')."
Peng prepared CoS, solid microspheres and transformed them
into a hollow structure via a solution-based method. The
resulting hollow CoS, spheres demonstrate excellent super-
capacitive performance.” In general, reasonable construction
and controllable synthesis of the suitable templates are the
critical processes for the delicate hollow structures."
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Zeolitic imidazolate frameworks (ZIFs), with the advantages
of regulable morphology, composition and functional diversity,
have been utilized as an ideal template for synthesizing nano-
structures.”*** Diversity of ZIFs and its derivatives with fine
nanostructure such as NiCo, ,Fe,O, nano boxes,> Co04Sg
nanoparticles,* double-shell ZnCoS dodecahedrons,” were
synthesized and utilized in the fields of electrochemical catal-
ysis, battery and supercapacitor. Tang et al. reported meso-
porous carbon composite with core-shell structure derived
from dual-ZIF (ZIFS@ZIF-67), displaying superior capacitance
of 270 Fg~* (1 A g ").?® Pan et al. synthesized NiFe,0,/NiC0,0,/
GO composites via pyrolysis method derived from dual MOF
(FeNi-MIL-88/NiCo-MOF-74), revealing a high specific capaci-
tance of 661 C g~ (1 A g~") and excellent cycling stability with
89.9% retention after 3000 cycles.”” Whereas most dual-ZIF
assemble processes were restricted by the lattice incompati-
bility, a high consumption calcination method was needed. The
fabrication of manganese cobalt sulfide with a facile, mild-
condition and economical routine remains a significant
challenge.

In this work, a novel hollow manganese cobalt sulfides
nanospheres was synthesized using a dual-ZIF-derived “reas-
semble strategy” from Co-ZIF and Mn-ZIF. The spherical shell
surface structure, thickness and chemical composition, espe-
cially the Mn-ion sites, were controlled via regulating the sol-
vothermal reaction time. As the optimized hollow nanosphere
structures contribute to increasing active sites, MCS exhibited
excellent electrochemical properties. The results showed that
the specific capacitance increases with increasing solvothermal
time, and the MCS with 5 h reacting time exhibited optimal
electrochemical properties with the highest specific capacity of
957 C g ' (1 A g ). Furthermore, an MCS-5//AC asymmetric
supercapacitor device delivers an energy density as high as
36.9 W h kg™ " at a power density of 750 W kg™ ".

Experimental
Synthesis of Mn, Co-ZIF precursor

All chemicals and solvents were of analytical grade and used
without purification. In order to synthesize Mn, Co-ZIF
precursor, 1 mmol CoCl,-6H,0 and 0.5 mmol MnCl,-4H,0
were dissolved in 3 mL deionized (DI) water. 5.5 g 2-methyl-
imidazole (2-MIM) was dissolved in 20 mL DI water. After stir-
ring for 10 min, the two solutions were rapidly mixed and
stirred thoroughly at room temperature for 10 h. The resulting
product was centrifuged and washed with DI water and ethanol.
Then, the purple powder was dried overnight in an oven at
60 °C. Moreover, Co-ZIF or Mn-ZIF precursor can be obtained
with the same procedure by adding only 1.5 mmol CoCl,-6H,0
or 1.5 mmol MnCl,-4H,0.

Synthesis of manganese cobalt sulfide

80 mg of the MnCo-ZIF precursor was dispersed into 25 mL
ethanol through ultrasound treatment. Afterwards, 120 mg
thioacetamide (TAA) was added and stirred for 30 min. Then the
solution was transferred to a Teflon-lined autoclave and heated
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for 1, 5,10, and 15 h at 100 °C. After cooling, the black products
were centrifuged and washed with ethanol. Then, the products
were dried overnight in an oven at 60 °C, and named as MCS-1,
MCS-5, MCS-10 and MCS-15, respectively. The CS-5 and
MS-5 were synthesized with the same process from Co-ZIF and
Mn-ZIF.

Characterization

The crystal structure and surface morphology of products were
examined by X-ray diffractometer (XRD, Smartlab SE), field
emission scanning electron microscopy (FESEM, Zeiss, Gemini
Sigma 300/VP) and transmission electron microscopy (TEM, FEI
Talos F200X). The elemental composition was investigated by X-
ray photoelectron spectroscopy (XPS, ESCALAB 250Xi). The
specific surface areas and pore distribution of the samples were
characterized by using a V-Sorb 2800 P nitrogen desorption/
absorption instrument. The samples were also characterized
by Fourier transform infrared spectroscopy (FTIR, Bruker
Equinox 55).

Electrochemical measurements

In order to assess the electrochemical performance of hollow
MCS nanospheres, a three-electrode measurement was con-
ducted in 2 M KOH solution with a Pt foil and an Hg/HgO
electrode as the counter and reference electrode. The sample's
working electrode were prepared using the general “slurry”
method and the average load mass was about 2 mg em™> on the
Ni foam. The cyclic voltammetry (CV), galvanostatic charge/
discharge (GCD) and electrochemical impedance spectroscopy
(EIS) tests were performed on a CHI 660E electrochemical work
station. The EIS measurements were performed at a frequency
ranging from 10~>-10° Hz with an AC amplitude of 5 mV. The
cycling performance tests were performed on a CT2001A LAND
battery test system.

An ASC was fabricated using the MCS-5 and activated carbon
as positive and negative electrodes. A cellulose paper was used
as a separator and 2 M KOH solution as electrolyte. The specific
capacitance of the ASC was calculated according to the total
mass of the active substances on the two electrodes. The opti-
mized mass ratio of the positive electrode material to the
negative electrode material was determined to be 0.5 according
to the charge balance theory. Specific capacitance, specific
energy, specific power calculation formulas are provided
in ESL{

Results and discussion
Materials characterization

The synthesis of hollow MCS nanospheres is illustrated in
Scheme 1. The dual-ZIF precursor were firstly synthesized via
precipitation reaction of Mn, Co metal ions and 2-MIM at room
temperature. Then, the ion reassembling and sulfuration
process coincided during the subsequently solvothermal treat-
ment with TAA, transforming the dual-ZIF nanocrystals into
hollow MCS nanospheres. The SEM images of the Mn, Co-ZIF
are shown in Fig. 1a. The Mn, Co-ZIF displays regular

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 |lllustration of the synthesis process of MCS.

rhombic dodecahedral with a uniform diameter of about 400-
600 nm and some small particles can be detected on the
surface, corresponding to a mixture of Mn-ZIF and Co-ZIF. The
SEM images of Mn-ZIF and Co-ZIF were shown in Fig. 1b and c.
The reaction of 2 MIM ligands with Mn>" and Co”" ions results
in a mixture of homometallic ZIFs rather than bimetallic ZIFs,
which was in accord with previous reports.”® The XRD
measurements were also conducted to confirm the existence of
the two ZIFs in Fig. 1d. It can be seen that the diffraction peaks
in the Mn, Co-ZIF curves belong to two different phases of Mn-
ZIF and Co-ZIF. The XRD patterns of the prepared Mn-ZIF and
Co-ZIF are also shown in Fig. 1b, and the diffraction peaks of
Co-ZIF correspond to the simulated ZIF-67 phase.
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Fig. 1 SEM images of the (a) Mn, Co-ZIF, (b) Mn-ZIF, (c) Co-ZIF
precursor and (d) XRD patterns.
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Fig. 2 SEM images of the (a) MCS-1, (b) MCS-5, (c) MCS-10 and (d)
MCS-15.

The morphologies of the products were investigated by using
FESEM (Fig. 2). After 1 h solvothermal reaction time, the solid
precursors transformed into the hollow nanospheres with
a rough surface, and the small particles began to disappear,
implying the reassembling of the Mn-ZIF (Fig. 2a). After 5 h,
small particles completely disappeared (Fig. 2b), and the
spherical shell became thinner and rougher with the increasing
reacting time. When 15 h, spheres began to collapse, resulting
in ultra-thin nanoflakes (Fig. 2d). Meanwhile, the CS-5 and MS-5
were also synthesized. By contrast, CS-5 still maintained
a hollow structure and MS-5 exhibited small particles (Fig. S1a
and b¥).

The phase transition during sulfuration of the MCS samples
was studied by XRD measurements (Fig. 3a). It can be seen that
the patterns exhibited very weak diffraction peaks, revealing the
low crystallinity of the four samples. For MCS-1, the peaks at
10.42°,12.78° and 18.10° can be attributed to the simulated ZIF-
67 phase and the peaks at 32.30°, 36.23° can be attributed to the
CoS, phase (JCPDS No. 41-1471), representing the occurring of
the sulfuration reaction. The diffraction peaks disappeared
when reacting from 5 h to 10 h and 15 h. It might be because the
solvothermal process further reduces the crystalline degree of
the MCS samples.>** The XRD patterns of CS-5 and MS-5 were
performed in Fig. Sic and d.f It can be seen that CS-5 displays
low crystallinity without obvious diffraction peaks and the MS-5
curve shows the same diffraction peaks of Mn-ZIF. In order to
confirm the functional groups, FTIR tests were performed and
the results were shown in Fig. 3b. For the Mn, Co-ZIF, charac-
teristic peaks at 2929 cm™ " and 3135 cm™ ' are related to
stretching and bending bonds of the C-H chain in the aliphatic
methyl group and aromatic ring, the peak at 1448 cm™' is
attributed to stretching of the C=N bonds.*"** Furthermore, the
peak at 425 cm ™' belongs to the Co-N bonds.*® After sulfu-
ration, there are 630 and 1095 cm ™, corresponding to Co-S and
Co=S in the spectrum, implying the successful sulfuration
reaction.**** The morphology and hollow interior structure of
the MCS sample were further elucidated by TEM (Fig. 4). With
the prolonged sulfuration time, unique hollow spheres were
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Fig. 3 (a) XRD patterns of the MCS-1, MCS-5, MCS-10 and MCS-15
and (b) FTIR spectrum of precursor, MCS-1, MCS-5, MCS-10 and
MCS-15.
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obtained. The pale center and dark edge of spheres confirm the
existence of inner voids and the decreasing of the shell thick-
ness (Fig. 4a-d). For the 1, 5, and 10 h reacting time, the shell
thickness was about 40, 30 and 20 nm, separately (Fig. 4e-g).
When reaction time reached 15 h, the thin shell collapsed as
shown in Fig. 4d. Moreover, the energy dispersive spectrometer
mapping (Fig. 4i-1) demonstrates the uniform distribution of
Co and S elements in the MCS samples and the gradually
uniform distribution of the Mn element. In Fig. 4i, the Mn
element is mainly dispersed on the small particles, which
should be the residual Mn-ZIF. When time surpasses 5 h
(Fig. 4j-1), the Mn element tends to be uniform and disperse on
the whole nanospheres, demonstrating a reassembling process.
The intrinsic mechanism of the Mn-ZIF reassembling and
hollow structure construction for the MCS samples might be
due to the Kirkendall effect according to previous reports.*® The
intrinsic formation mechanism of hollow structure for the MCS
samples are synthesized due to the Kirkendall effect. As the
reaction proceeds, S~ released from the decomposition of TAA
react with metal ions on the surface of Co-ZIF. The solid cores
are gradually consumed and the released metal ions diffuse to
the outer shell to react with $>~. Meanwhile, Mn>" released from
the decomposition of Mn-ZIF at reaction processed and incor-
porated in cobalt sulfide. As a result, manganese cobalt sulfide
with hollow interior was formed. The nitrogen adsorption-

Fig.4 TEM images of the (a and e) MCS-1, (b and f) MCS-5, (c and g) MCS-10, (e and h) MCS-15, and corresponding EDS mapping images for Mn,

Co and S in the (i) MCS-1, (j) MCS-5, (k) MCS-10, () MCS-15.
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Table 1 Specific surface areas, pore size distributions and pore
volumes of the MCS samples

Surface area Pore volume Pore diameter

Sample (m*g™) (ccg™ (nm)
MCS-1 33.3 0.28 2.83
MCS-5 25.7 0.34 2.18
MCS-10 21.4 0.19 3.92
MCS-15 28.0 0.34 2.03

desorption measurements were conducted to study the specific
surface area and pore size distribution (Table 1). All the
isotherms (Fig. S2t) exhibit hysteresis loops in the range of 0.5-
1.0P/P, and belong to typical type-IV curves, confirming the
presence of mesoporous structures in the materials.’”*®* The
specific surface areas of MCS-1, 5, 10 and 15 are separately 33.3,
25.7,21.4 and 28.0 m* g~ .

X-ray photoelectron spectroscopy (XPS) is used to further
verify the chemical state of the MCS-5 as shown in Fig. 5a,
exhibiting the existence of Co, Mn, S, C, N and O elements. For
Co 2p spectrum (Fig. 5b), the peaks centered at around 778.3 eV
and 793.4 eV can be assigned to of Co 2p;/, and Co 2p,, spin—-
orbit.*®****® For Mn 2p in Fig. 5c, the peaks centered at around

Intensity (a. u.)

900 600 300 0
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1200

Mn 2p

2p,,
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Fig. 5
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638.3 eV and 650.1 eV can be assigned to Mn 2p3/, and Mn 2p; 5,
which matches the standard spin-orbit.** The S 2p spectrum at
161.5 eV is ascribed to S 2ps, of cobalt sulfide binds (Fig. 5d).
Other peaks at 162.6 eV correspond to S 2p,,, of manganese
sulfide bonds. Additionally, the peak at 168.7 eV was indexed to
surface sulfur with partial oxidation of residual sulfide
groups.42,43

Electrochemical performance of the MCS electrodes

In order to assess the electrochemical performance of the MCS
samples, CV tests were performed as shown in Fig. 6a. All
enclosed CV curves display obvious oxidization and reduction
current peaks, suggesting a reversible faradaic reaction on the
electrode. Significantly, the maximum integral area of MCS-5
than other electrodes implies its highest specific capacity.*
Fig. 6b presents the GCD curves of the MCS samples at a current
density of 1 A g~". The voltage plateaus of the GCD curves
indicates the process of faradaic redox reactions, which is
agreement with the CV results. Among them, the MCS-5 dis-
played the longest discharge time. The specific capacitance of
MCS-1 ~ 15 can be calculated as 820.8,957,753.6 and 669 C g .
The GCD tests at other current densities were also conducted
and the corresponding specific capacitances were shown in

b.

Intensity (a.u.)
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(a) XPS spectra and high-resolution scan of the (b) Co 2p, (c) Mn 2p, (d) S 2p of the MCS-5. (e) N, adsorption—desorption isotherms, (f)

Barrett—Joyner—Halenda desorption size—distribution plots of MCS samples.
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Fig. 6 Electrochemical properties of MCS electrodes (a) CV curves at 10 mV s, (b) GCD curves at 1 A g2, (c) specific capacitance at different
current densities, (d) Nyquist plots (the inset shows the stimulated diagram of equivalent circuit), (e) cycling stability at a constant current density

of 5A g% (f) GCD curves of MCS-5 at different current densities, (g) CV curves of MCS-5 at different scan rates, and (h) the fitting result of current

peak vs. scan rate'/2,

Fig. 6¢c. The EIS measurement results were shown in Fig. 6d. The  Additionally, the straight line in the low-frequency region
intersection with the x-axis at the high-frequency region reflects illustrates the diffusion resistance of electrolyte ions and
the resistance to the electrolyte (R;), while the semicircle carriers with hierarchical electrode material. The MCS-5 elec-
diameter denotes the charge transfer resistance (R.). trode displaysa smallest R value (0.83 Q) than the others, MCS-
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1(1.447 Q), MCS-10 (1.25 Q) and MCS-15 (1.01 Q), indicating the
smallest contact resistance of the developed electrode. Inter-
estingly, considering the reduction of R . from MCS-5 to other
composites. In addition, the bulk solution resistances of the all
composite are 1.07, 0.76, 0.77 and 0.83 Q, respectively. The
relatively larger slope of low frequency lines for the MCS-5
electrode, manifesting a lower ions diffusion resistance and
thereby a higher energy storage behavior. The cycling perfor-
mances of MCS electrodes were evaluated at current density of
5 A g~ for 5000 cycles (Fig. 6€). There is no significant capacity
decay, indicating the stability of MCS-5 during long-term

d.
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cycling. With the activation process, more nanoparticles join
the electrochemical offering higher specific
capacitance.

As MCS-5 revealed the highest specific capacitance, the GCD
curves of the MCS-5 electrode were tested at different current
densities from 1 to 20 A g~ ' (Fig. 6f). The discharge specific
capacities are estimated to be 957, 877.8, 789, 744.6, 720.6 and
639.6 C g~ ' at the current densities of 1,2, 5,8,10and 20 Ag ™",
respectively. These values are superior to the electrochemical
performance of CS-5 (694.8 Cg " at 1 Ag ') and MS-5 (456.6 C

g ' at 1 A g ') at the same condition (shown in Fig. S31),
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(a) The schematic illustration of the assembled asymmetric supercapacitor, (b) CV curves of AC and MCS-5 electrodes at scan rate of

10 mV s, (c) CV curves of the asymmetric device within different voltage range at scan rate of 10 mV s, (d) GCD curves of the ASC device at
different current densities, (e) CV curves of the ASC device at different scan rates, (f) the Ragone plot of the MCS-5//AC-ASC device (the inset

shows light up LEDs).
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implying the synergistic effect of manganese cobalt bimetallic
sulfides. Furthermore, the CV measurement was tested under
different potential scan rates (Fig. 7g and S4t). All CV profiles of
MCS electrode materials have one pair of redox peaks. Limited
by the ion diffusion rates, fewer ions participated in the reaction
at the interface when the scan rate increased, resulting in the
shifting position of oxidation and reduction current peaks
towards the scanning directions. To further evaluate the charge
storage mechanism of the MCS-5 electrode, the oxidization
current peak values and corresponding scan rate"/? were linearly
fitted in Fig. 7h. The square deviation R* is 0.999, revealing
a controlled redox intercalation process.*

An ASC device was fabricated by using the capacitance type
(active carbon, AC) and battery type (MCS-5) electrode as the
cathode and anode (Fig. 7a). CV curves of the AC and MCS-5
electrode at 10 mV s~ were displayed in Fig. 7b, which is
a quasi-rectangular shape of a typical capacitive behavior with
the potential window from —0.9 to 0 V and a pair of redox peaks
with the potential window from 0 to 0.6 V. According to the
charge balance formula (Q" = Q7), the optimized mass ratio of
the MCS-5//AC was measured to be 0.5. The final operating
potential window of the MCS-5//AC is determined from 0 to
1.5 V due to the polarization phenomenon at 1.6 V (Fig. 7c).
Moreover, the CV curves of MCS-5//AC almost maintain a pair of
redox peaks at different potential scan rates (Fig. 7d), mani-
festing excellent faradaic redox reversible electrochemical. The
GCD curves tested at different current densities are illustrated
(Fig. 7e), where the inclined platform is considered as
a combination of double-layer capacitance and faradaic capac-
itance behavior. The corresponding discharge time is estimated
to be 177.1, 130.6, 99.5, 83.2 and 75 C g’1 at the current density
of 1,2, 5,8 and 10 A g ', respectively.

Additionally, the specific energy and power of the MCS-5//AC
device are also calculated. As shown in the Ragone plot (Fig. 7f),
the MCS-5//AC device can deliver specific energy of 36.9, 27.2,
20.7, 17.3, and 15.6 W h kg™ " at specific power of 750, 1500,
3750, 6000 and 7500 W kg, respectively. The Ragone plot
indicates that the ASC devices, including. The comparison with
previous reports indicates that the MCS-5//AC electrode is
a promising candidate for use in high-performance
supercapacitors.

Conclusions

In this work, a novel low-crystalline hollow MnCoS nanospheres
(MCS) electrode material was synthesized through a “reassem-
ble strategy” by a simple solvothermal synthesis for super-
capacitors. The spherical shell surface structure, thickness and
chemical composition were controlled via regulating the sol-
vothermal reaction time. The electrochemical performances
were systematically estimated. As the unique low-crystalline and
optimized hollow nanosphere structures contribute to
increasing active sites, MCS exhibits excellent electrochemical
performance. The test results show that the specific capacitance
increases with increasing solvothermal time, and the MCS with
5 h reacting time exhibits optimal electrochemical properties
with a high specific capacity of 957 C g~ " (1 Ag™"). Furthermore,
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an MCS-5//AC asymmetric supercapacitor device delivers an
specific energy as high as 36.9 W h kg™ " at a specific power of
750 W kg™
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