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[27_TD$DIFF]A B S T R A C T

Nano-polyhedral NiSe2/CoSe2 (Ni-Co-Se) with hollow architectures are synthesized by selenizing the
precursors of Ni-Co bimetallic hydroxides that are directly derived from ZIF-67. The as-fabricated Ni-Co-Se
electrodesexhibithighspecificcapacitanceof1668 F/gat1A/gaccompanyingwithoutstanding ratecapability
(about [28_TD$DIFF]82.8% retention of the initial capacity at 20 A/g). The correspondingNi-Co-Se//AC all-solid-state hybrid
supercapacitors are assembledbydirectly using theNi-Co-Se on carbon fabric as thepositive electrode,which
deliver high energy density and power density (38.5 Wh/kg at 802.1W/kg, 32.0 Wh/kg at 8008.8W/kg),
excellent cyclic stability [29_TD$DIFF](82.3% retention after 5000 cycle) and robust mechanical flexibility (no obvious
attenuation at bending to different angles). This work will provide a new and smart route for constructing
transition metal selenides for supercapacitor devices.
© 2020 Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.

Published by Elsevier B.V. All rights reserved.
With the rapid development of new sustainable energy
industries (solar energy, wind energy, hydrogen energy, etc.),
reliable storage equipment for efficient conversion between new
energy and electric energy have grown a tremendous demand in
the current society [1–3]. Among numerous new conversion/
energy storage devices, supercapacitor, also known as electro-
chemical capacitor, has become one of the most promising
candidates for the next generation energy storage system with
its fast charging, remarkable cycle stability, conspicuous high
power density and environment-friendly characteristics [4–6].
Although available supercapacitors have been in a position to
deliver a desired specific capacitance compared with traditional
solid-state electrolytic capacitors, they still suffer from lower
energy density than rechargeable batteries [7–10]. Consequently,
without sacrificing the power density and cycle stability,
reasonable and effective amelioration of the energy density of
supercapacitor will be the research tendencies. As the vital
component of supercapacitors, electrode materials play a decisive
role in the energy density and chemical stability of the device
[9,11–13]. Therefore, it is highly desirable to explore trustworthy
titute of Materia Medica, Chinese
electrode materials with conspicuous architecture and perform-
ances for supercapacitors.

On the way to searching adequate supercapacitor electrode
materials with remarkable electrochemistry properties, extensive
research efforts are underway, mainly containing optimizing the
conductivities [14,15], constructing microstructures [1,16–18] and
exchanging/storing more than one electron at each faradic redox
reaction center [19,20], etc. Rencently, ternary transition metal
chalcogenides, such as NiCo2S4 [21], NiFeS2 [22], CoMoS4 [23] and
NiMoS4 [24] have received extensive research interest owing to
higher electrochemical activity, shorter electron/ion transport
lengths and richer redox reactions. However, low conductivity and
poor stability place restriction on their electrochemical perfor-
mance further improvement. Compared with sulfides, selenides
hold higher conductivity and electrochemical activity, because of
their faster reaction kinetics (1�10�5 S/m) and weaker electro-
negativity (2.4) [25,26], which signifies that transition metal
selenides will be the satisfactory candidates of electrode material
for supercapacitor. Furthermore, the reasonable design of micro-
nano structure is also an effective strategy to ensure the excellent
electrochemical performance of electrode materials. Hollow
nanomaterials with interior cavities and functional shells bound-
aries exhibit vast prospects in the application of supercapacitor
electrode materials by virtue of their remarkable merits such as
shortened charge transport paths, low density, high surface to
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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volume ratio, and kinetically favorable open structure [17,25,27].
MOFs are an organic-inorganic hybrid material with periodic
network structure, which are composed of organic ligands and
metal ions/clusters by self-assembly of coordination bonds [28].
They have well-defined pore size, controllable shape and high
specific surface area, and are identified as an ideal sacrificial
template to fabricate hollow transitionmetal compounds in recent
years [28,29]. Many studies have been reported on the use of MOFs
derived hollow nanostructures for supercapacitor electrodes. For
example, Wang [30_TD$DIFF]et al. [30] employed ZIF-67 MOFs as a template to
synthesize amorphous CoNi2S4 nanocages by hydrothermal and
sacrifice template method, which displayed the high specific
capacitance of 1890 F/g at 4 A/g, and excellent cycle stability (the
capacitance retention of [31_TD$DIFF]71% after 5000 cycling charge-discharge
measurements at 10A/g). Yang [30_TD$DIFF]et al. [31] using Ni/Co-based MOFs
as template by hydrothermal method, derived the core-shells
NiCo2O4/NiO structure on Ni foam, which delivered specific
capacitance of 726 F/g at 1 A/g with and excellent rate capability
(the capacitance retention of [32_TD$DIFF]84% at 20 A/g). However, at present,
the design and fabrication of MOFs-derived, the transition metal
selenides for supercapacitor electrodes have rarely been reported.

In this work, we report an electrode material of hollow
NiSe2/CoSe2 bimetallic selenide for supercapacitor, which is
designed and constructed by using ZIF-67 synthesized in classical
experiments as a template. This designed strategy comprises of the
synthesis of ZIF-67 dodecahedron, cation-exchangewith aNi2+ and
selenization employing solution of selenium sodium hydride
(NaHSe). The hollow nano-polyhedral structure takes full advan-
tages of the synergies betweenNiSe2 and CoSe2 to integrate a range
of components and structural merits, involving sufficient electro-
active sites, large specific surface areas and accelerated ion/
electron diffusion and transport, which endowNi-Co-Se electrodes
prominent electrochemical energy storage performance. Mean-
while, the as-assembled hybrid supercapacitor with Ni-Co-Se as a
positive electrode exhibits a high energy density of 38.5 Wh/kg at
802.1W/kg, extraordinary cyclic lifespan (about [33_TD$DIFF]82.3% retention
after 5000 cycles), and robust mechanical flexibility.

All the chemicals are analytical grade without additional
purification. Nickel nitrate hexahydrate (Ni(NO3)2�6H2O),
2-methylimidazole (CH3C3H3N2) and polyvinyl alcohol (PVA) are
purchased from Aladdin Reagent Inc. Corporation (Shanghai,
China), and others are purchased from Sinopharma. According
to previously reported methods, the ZIF-67 polyhedrons are
synthesized in a typical procedure [32]. Firstly, 4mmol CH3C3H3N2

was added to a solution of 2mmol cobalt nitrate (Co(NO3)2�6H2O)
in 20mL of methanol, and stirring was kept for 1 h to form a
homogeneous suspension solution. Afterwards, the obtained
homogeneous mixture solution was remained at 25 �C for 24 h.
The violet product was cleaned repeatedly with methanol for
several times, collected by centrifugation and dried under a
vacuum of 60 �C for 12 h to form ZIF-67 powder. The NaHSe
solution was prepared by mixing stoichiometric sodium
borohydride, selenium powder and deoxygenated DI water under
nitrogen protection based on the following equation: 4NaBH +
Se + 7H2O = 2NaHSe + Na2B4O7 +14H2 [33].

Synthetic ZIF-67 and fresh NaHSe solution were used as
precursors and selenium sources to prepare Ni-Co-Se nano-
polyhedrons by cation exchange and sacrificial template method.
In detail, 74mg ZIF-67 powder was ultrasonically dispersed into
50mL 0.01mol/L Ni(NO3)2�6H2O alcohol solution. The mixture was
continuouslystirred for30min, thentheprecipitatewascollectedby
centrifugation and dried in a vacuumof 60 �C for 12 h. After that, the
resulting product was dispersed into 35mL of deionized water, and
the 5mL 0.5mol/L NaHSe solution was added and stirring was
continued for 30min to obtain a dark gray solution, whichwas then
transferred to a 50mL stainless steel autoclave. The reaction
equipment is maintained at 100 �C for 6 h, followed by naturally
cooling to ambient temperature. Finally, the precipitatewas cleaned
with alcohol and DI water and dried in a vacuum of 60 �C to obtain
Ni-Co-Se nano-polyhedrons. To serve as experimental control, the
Co-Se and Ni-Co-O nano-polyhedrons were synthesized via remov-
ing the procedure of adding Ni(NO3)2�6H2O and annealing cation
exchange products directly in air (300 �C, 3 h), respectively.

Scanning electron microscopy (SEM) images are detected using
a field emission scanning electron microscope (FESEM, FEI
QUANTA FEG250). The crystal morphologies, chemical
compositions, phases and chemical valence states are investigated
by transmission electron microscope (TEM, FEI Tecnai G2 F20),
equippedwith an energy dispersive X-ray spectrometer (EDS), XRD
(D8-Advance Bruker) and a X-ray photoelectron spectroscopy
(XPS, Thermo ESCALAB250Xi). The electrochemical performance
of the electrode materials is evaluated in a three electrode
configuration consisting of a working electrode, a platinum pair
electrode and a Hg/HgO reference electrode using an electrochem-
ical workstation, wherein the working electrode was prepared by
uniformly mixing electrode materials, polyvinylidene fluoride
(PVDF) and acetylene black (8:1:1) loading on a carbon fabric.
Measurements of cyclic voltammetry (CV), galvanostatic charge-
discharge (GCD) and electrochemical impedance spectroscopy
(EIS) are performed on CHI660E electrochemical workstation and
Autolab PGSTAT 302 N adopting a 3 [34_TD$DIFF]mol/L KOH aqueous solution as
the electrolyte. The capacitance of the synthesized materials is
calculated from the results of as-measured GCD curve by the
following formula [34]:

C ¼ IDt
A

ð1Þ

where C (F/g) represents the specific capacity, I (A) and Dt (s) are
charge/discharge current and current time in the discharge
process, A is mass loading of active electrode material loading
on the carbon fabric about 2mg/cm2.

The flexible hybrid supercapacitor is assembled with Ni-Co-Se
positive electrode, activated carbon (AC) negative electrode and
PVA-KOH gel electrolyte, inwhich the AC and Ni-Co-Se electrode is
made by evenly coating the carbon fabric with a mixture of 1mL
N-methylpyrrolidinone (NMP), 10mg acetylene black, 80mg AC or
Ni-Co-Se and 10mg PVDF slurry. The PVA-KOH solid electrolyte-
separator films is obtained by dispersing 6 g KOH and 6 g PVA in
60mL DI water heated to 90 �C under stirring for 2 h. The specific
capacitance of flexible asymmetric supercapacitor can be calcu-
lated based on the discharge time in GCD curve of two-electrode
measurements according to the following formula [20]:[35_TD$DIFF]

C ¼ IDt
VA

ð2Þ

where C (F/g) is the specific capacitance, I (A) andDt (s) are current
and time of discharge process, V (V) refers to the operating voltage
window and A is the total mass of the Ni-Co-Se and AC loading on
carbon fabric.

The power density and energy density can be calculated
according to following formulas [7,35]: [35_TD$DIFF]

E ¼ 1
2
CV2 ð3Þ

P ¼ E
Dt

ð4Þ

where E (Wh/kg) and P (W/kg) are energy density and power
density, C (F/g), V (V) and Dt (h) are specific capacitance, voltage
window and discharge time of as-assembled supercapacitor,
respectively.
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Fig. 1. Schematic synthesis process of hollow Ni-Co-Se nano-polyhedras.
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The schematic synthesis process of hollow Ni-Co-Se nano-
polyhedrons is illustrated in Fig. 1. Co(NO3)2�6H2O and CH3C3H3N2

are used as Co2+ source and organic ligand to synthesize the ZIF-67
precursor. After that, a classical anion exchange process is
performed. During this process, Ni2+ (from adding Ni(NO3)2�6H2O)
in the solution is hydrolyzed to produce protons and slowly etch
the ZIF-67 polyhedron, which will lead to the precipitation of Co
ions. The precipitated Co ions and the external Ni2+ co-deposited
on the surfaces of the nano-polyhedron to form Ni-Co double
hydroxides [36]. Finally, the Ni-Co double hydroxides are
successfully converted into the hollowNi-Co-Se nano-polyhedrons
via a selenation and further etching reaction using NaHSe in a high
temperature hydrothermal environment.

Fig. 2a clearly shows that the synthesized ZIF-67 templates
present a classic rhomboid dodecahedronwith regular facets, well
defined corners and smooth surfaces, which accurately correspond
to the symmetry and self-limitation of ZIF-67. Ni-Co double
hydroxides after Ni2+ exchange are depicted in Fig. 2b. The shape of
the polyhedron is well maintained, while the surfaces become
rough due to co-deposition of Ni-Co double-hydroxide on the
surfaces. After selenation reaction, the hollow Ni-Co-Se nano-
polyhedron is constructed as shown in Fig. 2c. As a reference, the
SEM images of Co-Se and Ni-Co-O are shown in Fig. S1 (Supporting
information).

TEM image in Fig. 2d shows that the diameter of the Ni-Co-Se
polyhedron with clear hollow structure is about 650 nm, and the
thickness of the outer shell is about 50 nm (determined by the dark
[(Fig._2)TD$FIG]

Fig. 2. SEM images of ZIF-67 (a), Ni-Co double hydroxides (b) and Ni-Co-Se nano-
polyhedron (c); TEM images (d) and HRTEM (e–g) of Ni-Co-Se nano-polyhedrons;
(h) SAED diffraction image of Ni-Co-Se nano-polyhedrons. (i) The EDX mapping of
Ni-Co-Se nano-polyhedras for Ni, Co, Se elements.
areas at the edges), which well corresponds to the information in
the SEM image. Moreover, the surfaces of Ni-Co-Se nano-
polyhedron are loaded with a mass of nanoparticles and nano-
sheets, which provides abundant interspaces to facilitate the
transport and infiltration of electrolyte expediting ion/electron
transfer reactions. The area selected from the dotted portion is
magnified in the HRTEM image in Figs. 2e-g, where the well-
ordered crystalline lattice of 2.98 Å,1.90 Å and 1.84 Å are accurately
indexed the (200), (221) plane of NiSe2 and the (311) plane of
CoSe2, respectively [37,38]. Simultaneously, corresponding SAED
diffraction image (Fig. 2h) with distinct circular diffraction spots
indicates the polycrystalline feature of Ni-Co-Se nano-polyhedron
and the circular diffraction spots are assigned to (211) and (220)
planes of CoSe2 and (200), (210), and (311) planes of NiSe2 [39]. The
elemental compositions of Ni-Co-Se are conformed by EDS
spectrum (Fig. S2 in Supporting information), among which the
C and O originate from adsorption to the air, and Cu from the
loading holder [40]. As shown in Fig. 2i, the elements of Ni, Co, and
Se are evenly distributed on the whole polyhedral shell, indicating
the successful syntheses of the bimetallic selenides. The XRD
pattern (Fig. S3 in Supporting information) is investigated to
explore the crystalline structure of the Ni-Co-Se nano-polyhedron,
where all diffraction peaks can be indexed well with the standard
hexagonal CoSe2 (PDF card No. 53-0449) and NiSe2 (PDF card No.
18-0886), demonstrating the coexisting phase of NiSe2 and CoSe2
after selenylation reaction.

To further investigate element compositions and chemistry
states of Ni-Co-Se, XPS analyses are performed. The full-survey XPS
spectrum of Ni-Co-Se exhibited in Fig. 3a demonstrates the coexist
of C, O, Co, Ni and Se elements, which are consistent with
conclusions of XRD and EDS. The Ni 2p spectrum in Fig. 3b can be
accurately fitted with two spin-orbit splittings of Ni 2p3/2 and
Ni 2p1/2 accompanied by two concomitant shakeup satellites
(indicated as “sat.”), among which the fitting peaks with binding
energies of 853.3/871.3, 855.6/874.7 and 860.5/879.5 eV, are
assigned to Ni2+ and Ni3+, respectively [16,41]. Similarly, the
Co 2p in Fig. 3c, can be accurately fitted with two spin-orbit
splitting of Co 2p3/2 and Co 2p1/2, where the fitting peaks with
binding energies of 778.6/780.6, 793.6/797.0, and 784.7/802.1 eV
are indexed to the characteristics of Co3+, Co2+ and two “sat.”
signals, respectively [41,42]. The Se [36_TD$DIFF]3d spectrum of Ni-Co-Se are
depicted in Fig. 3d, in which peaks at around 54.5 and 55.2 eV can
be associated with Se 3d3/2 and Se 3d5/2 in low coordination and
Metal-Se (Co-Se/Ni-Se) bonds. The peak with binding energies at
59.0 eV corresponds to SeOx, which is originated from partial
oxidation [42–44].

CV curves of Ni-Co-Se nano-polyhedron in Fig. 4a, display a pair
of well-defined faradaic redox peaks located at 0-0.7 V, manifest-
ing the occurrence of strong faradaic redox reactions of Ni-Co-Se
especially at low sweep rates. These redox reactions correspond to
the conversion Ni/Co–Se and Ni/Co–Se�OH during the energy
storage process [42]. Meanwhile, the curve shapes and symmetry
of redox peaks are well maintained with the increase of sweep
rates indicating fast electronic and ionic transport, which endow
Ni-Co-Se electrodes advantageous rate capability. The GCD profiles
in Fig. 4c display that the time-potential correlation curves of
Ni-Co-Se electrode are quasi-symmetric shapes with a pair of
distinct potential plateaus, which reveal outstanding coulombic
efficiency and pseudocapacitive behaviors originated from the
highly reversible redox reactions of the electrode during process of
charging/discharging [45].

For contrasts, the CV and GCD curves of Co-Se, Ni-Co-O, and
Ni-Co-Se electrode are depicted in Fig. 4b and Fig. S4 (Supporting
information). CV curves of Co-Se, Ni-Co-O and Ni-Co-Se in Fig. 4b
show that the CV curve of Ni-Co-Se delivers a pair of stronger redox
signal peaks and a larger curvilinear closed area compared with
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Fig. 3. XPS spectra of the Ni-Co-Se nano-polyhedrons:[24_TD$DIFF] (a) Ni-Co-Se, (b) Ni 2p, (c) Co 2p, (d) Se 3d.
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Fig. 4. (a) CV curves of the Ni-Co-Se electrode at different scanning rates from 2mV/s to 20mV/s. (b) CV curves of Co-Se, Ni-Co-O and Ni-Co-Se at 10mV/s. (c) GCD curves of
Ni-Co-Se electrode at different current densities from 1 A/g to 30 A/g. (d) Specific capacitances of Co-Se, Ni-Co-O and Ni-Co-Se. (e) EIS of Co-Se, Ni-Co-O and Ni-Co-Se. (f)
Cycling performance of Co-Se, Ni-Co-O and Ni-Co-Se at the current density of 5 A/g.
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Co-Se andNi-Co-O, demonstrating that the capacitance and kinetic
process of redox reaction of electrode is significantly optimized
rooting from the double metal (Ni/Co) ions synergistic effect and
the excellent electrical conductivity in the bimetallic selenides. The
mass specific capacitances of as-fabricated Co-Se, Ni-Co-O and
Ni-Co-Se electrode at current densities ranging from 1 A/g to
20 A/g are calculated according to the discharge time and potential
in the GCD curve. As shown in Fig. 4d, compared with Co-Se and
Ni-Co-O, the Ni-Co-Se electrode delivers a higher specific
capacitances of 1668, 1632, 1582, 1511, 1442 and 1381 F/g at the
current densities of 1, 2, 5, 10, 15 and 20 A/g, respectively. More
significantly, when the current density reaches 20 A/g, [28_TD$DIFF]82.8% of
the initial specific capacitance of the Ni-Co-Se electrode can still be
maintained, implying an extremely superior rate capability.

The EIS spectra (Fig. 4e) are investigated to obtain the intrinsic
electrochemical conductivity and kinetic mechanisms of the as-
fabricated Co-Se, Ni-Co-O and Ni-Co-Se electrode. The impedance
spectra at the low-frequency region shows that the Ni-Co-Se
electrode delivers a larger linear slope, revealing a lower diffusion
limitation during redox reaction,which is related to the superiority
of hollow porous nano-architectures. At the high-frequency
region (inset in Fig. 4e), Ni-Co-Se electrode delivers smaller series
resistance (Rs) and charge transfer resistance (Rct) than those of
Co-Se and Ni-Co-O, which are profited from preeminent
electrochemical conductivity and charge transfer efficiency by
virtue of Ni/Co ionic synergistic contributions and selenylation
reaction. Therefore, the EIS results further confirm that Ni-Co-Se
with favorable conductivity and reaction activity is a promising
electrode material for high-performance supercapacitor.

The cycling stabilities of Co-Se, Ni-Co-O and Ni-Co-Se electro-
des are examined via continuous GCD measurements for 5000
times at 5 A/g in the potential range of 0 to 0.5 V. The results in
Fig. 4f show that the specific capacitances of Co-Se, Ni-Co-O and
Ni-Co-Se electrodes are respectively maintained [37_TD$DIFF]84.7%, 56.1% and
87.2% of the initial value after 5000 cycles, demonstrating the
Ni-Co-Se electrode a good cycling stability. Aforementioned results
verify that the as-fabricated Ni-Co-Se electrode possesses
outstanding electrochemical properties, which can be attributed
to the follow advantages: (i) In general, the infiltration range of
electrolyte from the electrode surface to the inside is about 20 nm,
meaning that materials with a depth of more than 20 nm have
negligible contribution to the electrochemical energy storage. The
construction of hollow structure effectively ameliorates this “dead
volume” phenomenon and improves the utilization rate of
electrode materials [46]; (ii) Hollow Ni-Co-Se structure provides
abundant free volume, which effectively alleviates the structural
deformation in the process of charge storage (ion/electron
transport), thus optimizing the cycle stability of electrode
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materials [17]; (iii) The introduction of Ni ions and selenidation
increase the specific surface area of the material, shorten the
ion/electron transport path, and provide awealth of active sites for
charge storage, which are conducive to the improvement of redox
reaction kinetics and conductivity [16].

The flexible all-solid-state hybrid supercapacitor is assembled
by employing the Ni-Co-Se positive electrode, AC negative
electrode and PVA-KOH hydrogel separator/electrolyte, and
assembly mechanism diagram is shown in Fig. 5a. The CV curves
of AC and Ni-Co-Se (0-0.7 V) and AC (-1.0�0 V) at 15mV/s are
shown Fig. 5b to determine an appropriate potential window for
the as-assembled Ni-Co-Se//AC hybrid supercapacitor. Based on
the CV curve, it can be predicted that the appropriate operating
voltagewindowof Ni-Co-Se//AC device is about 0–1.7, and the total
capacitances of device are related to the integrated contributions
of EDLCs from AC and pseudocapacitance from Ni-Co-Se.
Simultaneously, the CV curves of different voltage windows with
scanning rate of 10mV/s are investigated in Fig. 5c. The results
show that obvious polarizations occur at 1.6–1.7 V, so 0–1.6 V is
selected for the safe operation voltage window.

The CV curves of Ni-Co-Se//AC hybrid supercapacitor in Fig. 5d
display the symmetry and negligible peak-shifts with the scan
[(Fig._5)TD$FIG]

Fig. 5. (a) Schematic illustration of the hybrid supercapacitor based on Ni-Co-Se as the po
Se at 15mV/s based on three electrode configurations. (c) CV curves of the as-assembledN
of the as-assembled hybrid supercapacitor with different scan rates in the voltage windo
current densities. (f) The corresponding specific capacitances at different current densitie
different bending angles at a current density of 10mV/s. (i) Cycling performance of th
rates increases, manifesting occurrence of fast reversible electro-
chemical reactions and advantageous rate capability for Ni-Co-Se//
AC hybrid supercapacitor. The GCD profiles of the Ni-Co-Se//AC
hybrid supercapacitor in Fig. 5e illustrate quasi-isosceles shapes of
GCD profiles, demonstrating the reversible electrochemical
behavior and good coulombic efficiency for as-assembled super-
capacitor device. Moreover, the specific capacitance of Ni-Co-Se//
AC hybrid supercapacitor (Fig. 5f) are calculated to be 108.2 F/g at 1
A/g based on the discharge time and operating voltage, and it
still retains 90.0 F/g at a high current density of 10 A/g, further
verifying the high capacitance and outstanding rate capability of
as-assembled supercapacitor. Furthermore, Fig. 5g depicts the
corresponding Ragone curve of Ni-Co-Se//AC hybrid supercapaci-
tor calculating from the specific capacitance, voltage/time of
discharge and Eqs. 3 and 4. The all-solid-state Ni-Co-Se//AC hybrid
supercapacitor delivers a high energy density of 38.5 Wh/kg at a
power density of 802.1W/kg and rate capability (maintained
32.0 Wh/kg at a high power density of 8008.8W/kg). These
remarkable specific energy/power and rate capability are compet-
itive compared to recent similar reports, such as NiCo2S4//AC [47],
CoSe2/Ni0.85Se//AC [42], CoSe2//N- [38_TD$DIFF]CN [48], etc. [30,49–53]. The
cyclic stability of the Ni-Co-Se//AC hybrid supercapacitor is
sitive electrode and AC as the negative electrode. (b) CV curves of the AC and Ni-Co-
i-Co-Se//AChybrid supercapacitor at 10mV/s ranging from1.2 to 1.7 V. (d) CV curves
w of 0–1.6 V. (e) GCD curves of the as-assembled hybrid supercapacitor at different
s. (g) Ragone plot of the as-assembled supercapacitor. (h) The capacitance retention
e assembled supercapacitor at a constant current density of 5 A/g.
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evaluated by uninterrupted GCD process at 5 A/g, where the results
are revealed in Fig. 5h, and the attenuation of specific capacitance
is only [39_TD$DIFF]18% of the initial capacitance after 5000 cycles. The
mechanical stability of Ni-Co-Se//AC hybrid supercapacitor is
subsequently evaluated in Fig. 5i. When the as-assembled device is
continuously bent at 0�, 45�, 90�,135� and 180� at a scanning rate of
10mV/s, the deformation of the CV curve is almost negligible,
indicating that the flexible hybrid supercapacitor based on Ni-Co-
Se electrode owns remarkablemechanical robustness, which is not
only attributed to the release of stress from the flexible carbon
fabric substrates and PVA gel during the bending process, but also
PVA gel electrolyte plays a pivotal role in preventing the active
materials from falling off and electrolyte leakage [20].

In summary, we are rationally designed and synthesized hollow
Ni-Co-Se nano-polyhedron via a selenide reaction on ZIF-67. The
results demonstrate that Ni-Co-Se electrode possesses high
specific capacitance with extraordinary rate performance and
favorable cyclic stability, which derive from the particularly
structural advantage and the synergistic effect between the
bimetallic (Ni/Co) ions. Moreover, the hybrid supercapacitors of
Ni-Co-Se//AC display a high energy density of 38.5 Wh/kg at the
power density of 802.1W/kg with a favorable cyclic stability
[29_TD$DIFF](82.3% of initial capacitance after 5000 cycles) and remarkable
mechanical flexibility. Consequently, ZIF-67 derived Ni-Co-Se
electrodes are expected to be a candidate for newly smart energy
storage devices with high security, stability and flexibility.
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