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Facile design and synthesis of a nickel disulfide/
zeolitic imidazolate framework-67 composite

material with a robust cladding structure for high-
efficiency supercapacitorsy
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In this paper, a core—shell structure nickel disulfide and ZIF-67 composite electrode material (NiS,/ZIF-67)

was synthesized by a two-step method. Firstly, spherical NiS, was synthesized by a hydrothermal method,

dispersed in methanol, then reacted and coated by adding cobalt ions and 2-methylimidazole to obtain the

NiS,/ZIF-67 core—shell composite. The NiS,/ZIF-67 composite shows a high specific capacitance (1297.9 F
g~ tat 1A g™ and excellent cycling durability (retaining 110.0% after 4000 cycles at 5 A g~%). Furthermore,
the corresponding hybrid supercapacitor (NiS,/ZIF-67//AC HSC) has an energy density of 9.5 W h kg™ at
4111 W kg™* (6 M KOH) and remarkable cycling stability (maintaining 133.3% after 5000 cycles). Its
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excellent electrochemical performance may be due to the core—shell structure and the synergistic effect

between the transition metal sulfide and metal-organic framework. These results indicate that the NiS,/

DOI: 10.1039/d2ra04317c

rsc.li/rsc-advances efficiency supercapacitors.

1. Introduction

With the exploration of new energy resources and portable
electronic equipment, clean energy and efficient energy storage
equipment are also being actively developed, making a great
contribution to the improvement of the environment.'*® As one
of the most efficient energy storage devices with good prospects,
supercapacitors (SCs) have attracted extensive research interest
because of their advantages such as their low cost, high power
density and rapid charging-discharging performance.”® They
have been widely applied in military, aerospace, civil trans-
portation, electronic equipment and other fields.®** However,
their low energy density and rate performance are technical
bottlenecks that are difficult to overcome, and greatly restrict
their further popularization and application. There are mainly
two effective ways to improve the energy density of super-
capacitor systems. One is to improve the specific capacitance of
the electrode material, and the other is the exploitation of
asymmetric hybrid supercapacitors, using active carbon elec-
trodes as one electrode and a pseudocapacitance electrode

“School of Chemical Engineering, Northeast Electric Power University, Jilin 132000, P.
R. China. E-mail: lumin19770919@163.com

tXinjiang Shihezi Vocational Technical College, Xinjiang 832000, P. R. China
“Electric Power Research Institute of State Grid Jilin Electric Power Co., LTD, Jilin
132000, P. R. China

+ Electronic supplementary
https://doi.org/10.1039/d2ra04317c

information (EST) available. See

23912 | RSC Adv,, 2022, 12, 23912-23921

ZIF-67 composite as an electrode material with a core—shell structure has potential application in high-

material or battery electrode material as the other."™ At
present, most researchers focus on positive materials with redox
activity combined with activated carbon to improve the energy
density of hybrid supercapacitors.'*** Therefore, the design and
development of positive materials has been one of the hotspots
in this field.

According to previous reports, transition metal compounds
(TMCs) have excellent electrochemical properties because of
their participation in rapid and reversible Faraday redox reac-
tions. Recently, researchers have studied numerous TMCs as
electrode materials for SCs, such as NiO,'*” MnO,,"®*
Ni(OH),,°*" Co(OH),,>** CuS,>** Ni$**?” and NiS,.>*
However, their poor electrical conductivity and low mechanical
strength limit their application severely. Some effective and
feasible strategies have been adopted to enhance the rate
capability and improve the cycling stability of transition metal
compounds. Mishra et al. compounded RuO, on sheet-like
graphene by chemical deposition to obtain RuO,/GO compos-
ites. The composite material used as a supercapacitor material
has a specific capacitance of 220 Fg~ ' at 10 Ag~*.** Biny and co-
workers prepared the petal-like a-Ni(OH), by a hydrothermal
method, with a specific capacitance of 516 Fg ' at 0.5 Ag ' and
a retained rate of 84% after 1000 cycles.**

In addition to carbon materials, the reasonable and
controllable introduction of MOFs as electrodes for SCs has
attracted increasing attention. Yang et al. doped Co/Zn-Ni-
MOF//CNTs-COOH nanomaterials with Co*>*/Zn** for 5000

© 2022 The Author(s). Published by the Royal Society of Chemistry
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cycles. After being assembled into a hybrid supercapacitor, their
capacities retained 86% and 80% after 5000 cycles at 10 A g™,
respectively.** These demonstrate that the electrode materials
constructed by combining transition metal materials and
metal-organic frameworks (MOFs) to construct electrode
materials is expected to achieve higher electrochemical perfor-
mance through synergistic effects. In addition, the results show
that the larger the inner space of the hollow sphere, the better
its physical and chemical properties, such as low density, large
effective area, and good mass permeability. Thus, it has more
active sites and faster charge transfer ability, which further
improve the electrochemical properties of the material.**-*°
Various transition metal compounds with hollow sphere
structures have been applied in different energy storage fields,
such as NiS* and NiO.** The electrochemical performance of
the materials largely depends on their chemical constitution
and morphology.** Therefore, researchers are studying various
composite materials with different morphologies. However, the
introduction of MOF-derived materials to construct coating
structures is rarely reported.

In this article, a simple strategy to synthesize novel NiS,/ZIF-
67 composites with hollow sphere structures was reported.
Herein, NiS, with a structure containing hollow spheres was
firstly prepared as a carrier by hydrothermal method, and a thin
layer of ZIF-67 was then formed after resting on the outer
surface of NiS, for some time. Finally, the materials were
transformed into NiS,/ZIF-67 composites by this method. In
this process, the prepared NiS,/ZIF-67 composites could inherit
the spherical structure of the NiS, carriers. Moreover, the
prepared NiS,/ZIF-67 composite material was characterized in
detail, and its performance as the positive electrode of a super-
capacitor was evaluated. It was evident that the formation of the
ZIF-67 thin layer greatly increased the specific surface area and
active site of the material. The electrochemical characterization
results show that the capacitance of the NiS,/ZIF-67 composite
was 1297.8 Fg "at 1 Ag ™', which was much higher than that of
NiS, and ZIF-67. After 4000 cycles, the specific capacitance
retained 110.0% of the initial value. Its electrochemical prop-
erties are much better than those of other reported materials.

2. Experimental
2.1 Materials

All reagents are of analytical grade and do not require further
purification. All of the experimental water used in this study was
ultrapure water.

2.2 Synthesis of NiS, hollow spheres

1 mmol Ni(NOs),-6H,0 and 1 mmol urea were dissolved in
20 mL deionized water, then 4 mmol 1-cysteine as the S>~ source
and 50 mL deionized water were each added. The mixture was
treated by ultrasound for a period of time, and the hydro-
thermal reaction was carried out at 120 °C for 24 h. The black
precipitate was washed with distilled water and anhydrous
ethanol for several times and dried at 60 °C for 12 h to obtain
the hollow spherical NiS,.*

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

2.3 Preparation of NiS,/ZIF-67 and ZIF-67

1 mmol Co(NO;),-6H,0 and 4 mmol 2-methylimidazole (2-
MIM) were dissolved in 20 mL methanol. Then, a certain
amount of NiS, was added to 10 mL methanol by stirring and
uniformly dispersed. The mixture of the two solutions was aged
at room temperature for 24 h after the intense agitation. Finally,
the product was cleaned with methanol several times to remove
impurities, and dried at 60 °C for 12 h to obtain NiS,/ZIF-67.
Since the dosage of NiS, was 0.3, 0.5 and 0.7 mmol, the terms
of 0.3-NiS,/ZIF-67, 0.5-NiS,/ZIF-67 and 0.7-NiS,/ZIF-67 were
used to represent the different contents of the composite
materials in the following characterization and experiment,
respectively. Moreover, as a comparison, only ZIF-67 nano-
crystals were also synthesized through a nearly identical static
process without using NiS,.**

2.4 Characterization

The morphology and size of the products were characterized by
scanning electron microscopy (SEM) with a JSM-6510A micro-
scope and sputtering with gold. Transmission electron
microscopy (TEM) was carried out on a FEI Tecnai G2 F20 S-
TWIN transmission electron microscope. The samples were
tested by X-ray diffraction (XRD-7000), recorded by a Shimadzu
X-ray powder diffractometer with Cu-Ka radiation (1 = 0.15405
nm). X-ray photoelectron spectroscopy (XPS, ESCALAB-250) with
an Al-Ka radiation source was adopted. The Brunauer-Emmett-
Teller (BET) principle and N, adsorption-desorption measure-
ments were carried out using an ASAP 2020 V4.01 system to
determine the specific surface areas of the as-synthesized
materials. The information on the chemical bonding was ob-
tained by Fourier transformed infrared spectroscopy (FTIR,
Nicolet iS50).

2.5 Test of the electrochemical properties

The classical three-electrode system (saturated Hg/HgO refer-
ence electrode, platinum counter electrode and working elec-
trode) was used to study the electrochemical performance of the
samples prepared on a CHI 660E type electrochemical work-
station in 2 M KOH aqueous solution electrolyte. The working
electrode was prepared by mixing the active material with
acetylene black and polytetrafluoroethylene (PTFE) emulsion in
ethanol at a mass ratio of 8 : 1 : 1. Then, the mixture of the fully
ground to uniform black slurry was applied to the pretreated
nickel foam (active material decoration area of 1.0 x 1.0 cm?) at
8 MPa pressure for 30 seconds. Finally, the nickel foam con-
taining the active materials was dried at 60 °C for 12 h. The
electrochemical performances were assessed by cyclic voltam-
metry (CV), galvanostatic charge-discharge (GCD) measure-
ments, and electrochemical impedance spectroscopy (EIS). The
average specific capacitance (C;, F g~ ') of the electrodes was
calculated by eqn (1) according to the galvanostatic charge-
discharge curves,*
I x At

C=avxm )
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where I (A), At (s), AV (V) and m (g) are the discharge current,
discharge time, applied potential window and mass of the active
material on the working electrode, respectively.

3. Results and discussion
3.1 Morphology and structure characterization

NiS, was synthesized by the hydrothermal reaction of nickel
nitrate and r-cysteine. As is well shown in the XRD pattern
(Fig. S1aft), all of the diffraction peaks point to the cubic phase
NiS, (JCPDS card no. 89-1495). The characteristic peaks are
narrow and sharp, demonstrating that the synthesized NiS, is
phase-pure without impurity.*® The morphology and micro-
structure of the materials are characterized by SEM. In
Fig. S1b,T the morphology of NiS, is a hollow spherical structure
with the diameter of about 2.33 um, which is the same
conclusion as previously reported.”

Subsequently, the crystallographic phase of the NiS,/ZIF-67
materials was further measured by XRD, as shown in Fig. 1.
The XRD pattern spectra of the NiS,/ZIF-67 composites are
similar to that of the simulated ZIF-67 structure between 5° and
30°. The diffraction peaks at 26 = 7.38°, 10.46°, 12.82°, 16.56°,
18.16°, 22.28° and 24.68° are caused by the ZIF-67 structure.*®
The diffraction peaks at 260 = 31.48°, 35.48°, 38.84°, 45.16° and
53.44° could be ascribed to the (200), (210), (211), (220) and
(311) planes of cubic phase NiS,, respectively. Therefore, the
composite is composed of NiS,/ZIF-67 based on the XRD
results. It is worth noting that the peak in the NiS, part is not as
intense as the peak in the ZIF-67 part. In addition, the peak
intensity of the NiS, part in the different NiS,/ZIF-67 composite
materials increases continuously as the dosage of NiS, increases
from 0.3 mmol to 0.7 mmol. This may be due to the coating of
ZIF-67, as NiS, is unlikely to reflect many diffraction peaks.
Toward proving this point and understanding the structure and
morphology of NiS,/ZIF-67, SEM characterization was carried
out.

ZIF-67 particles are the shape of rhombic dodecahedrons
with a side length of about 500 nm (Fig. 2a and b). In Fig. 2c, it
can be seen that there is no obvious spherical structure when
the dosage of NiS, is only 0.3 mmol. As shown in Fig. 2d and e,
with the increasing moderate amount of NiS, introduced in the
preparation of ZIF-67, the basic structure of the composite
material is well inherited. Furthermore, a certain amount of
ZIF-67 is covered on the surface of the spherical structure of

—0.3-NiS,/ZIF-67

—— 0.5-NiS,/ZIF-67

0.7-NiS,/ZIF-67

Intensity (a.u.)

— Simulated ZIF-67

NiS, JCPDS No.89-1495
| L L 1
T T T
10 20 30 40 50
20 (Degree)

Fig.1 XRD patterns of the synthesized products.

23914 | RSC Adv, 2022, 12, 23912-23921

View Article Online

Paper

Fig. 2 SEM images of ZIF-67 (a and b), 0.3-NiS,/ZIF-67 (c), 0.5-NiS,/
ZIF-67 (d and e) and 0.7-NiS,/ZIF-67 (f).

NiS,, and the spherical structure surface of NiS, changed from
smooth to being full of wrinkles. Meanwhile, some ZIF-67 is
scattered outside of the main structure. When the NiS, content
reached 0.7 mmol (Fig. 2f), a small part of the hollow NiS,
spheres was not covered by ZIF-67.

The hollow spherical coating structure of 0.5-NiS,/ZIF-67 was
further studied by TEM, as shown in Fig. 3a and b. As presented
in Fig. 3a, the contrast between the black edges and the white
interior confirms the hollow structure of the spheres. From the
partially enlarged image in Fig. 3b, the surface of NiS, is covered
with a layer of rhomboid dodecahedron ZIF-67 with distinct
interfaces. The TEM results are in good agreement with the SEM
results. Furthermore, the EDS elemental mapping images
shown in Fig. 3¢ obviously illustrate the uniform distribution of
the Ni, Co and S elements in a hollow sphere, demonstrating
the successful preparation of the NiS,/ZIF-67 composite.

To identify the composition of the composite materials, an
EDS measurement was carried out to confirm the presence and
the approximate proportion of the Co, Ni and S elements. As
shown in Fig. S2,7 the EDS spectra of the 0.5-NiS,/ZIF-67
composite further confirmed the existence of Ni, Co and S
elements in the composite. The atomic mole ratio of Ni: Co : S

Fig. 3 TEM images of 0.5-NiS,/ZIF-67 (a and b). EDS elemental
mapping images of 0.5-NiS,/ZIF-67 (c).

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra04317c

Open Access Article. Published on 24 August 2022. Downloaded on 2/24/2026 10:34:43 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

is about 1:3:2. The Ni/S ratio is very close to the stoichio-
metric ratio of NiS,. The high content of the Co element may be
attributed to the ZIF-67 scattered around.

The surface elemental and chemical composition of 0.5-
NiS,/ZIF-67 were characterized by XPS. The survey spectrum
(Fig. S3at) shows that 0.5-NiS,/ZIF-67 consists of Ni, Co, O, C
and S elements without other impurities. Two shake-up satel-
lites and two main peaks are shown in the high-resolution XPS
spectrum of Ni 2p (Fig. S3bt), which can be considered as the Ni
2ps, and Ni 2p,, orbitals of Ni**, respectively.* In addition, the
high-resolution XPS spectrum of Co 2p (Fig. 4a) is consistent
with two main peaks (Co 2p;/, and Co 2p,,,) and two shake-up
satellites (Sat.). These diffraction peaks indicate the presence
of Co*".** In Fig. 4b, the C 1s spectra has three types of func-
tional groups, which are C-OH (288.6 eV), C=0 (286.0 eV) and
C-C (284.6 eV). In this regard, it shows the main mode of each
element.

It is of significance that the specific surface area of the
electrode materials influence the electrochemical performance.
The specific surface areas of NiS,, ZIF-67 and NiS,/ZIF-67
composites are determined by the N, adsorption-desorption
isotherms. The specific BET surface areas of NiS, and ZIF-67 are
1.89 and 1360.10 m” g, respectively (Fig. S47). In addition, the
specific surface areas of 0.3-NiS,/ZIF-67, 0.5-NiS,/ZIF-67 and 0.7-
NiS,/ZIF-67 are 765.18, 577.16 and 547.70 m” g, respectively
(Fig. 5). Compared with NiS,, the specific surface area of the
NiS,/ZIF-67 composite is significantly increased. With the
increase in the amount of NiS, introduced, the specific surface
area decreases successively. Generally, the surface area was
directly related to the high electrochemical performance.** The
increased specific surface area is able to afford more active sites

Intensity (a.u.)

295 290 285 280

Binding Energy (¢V) Binding Energy (eV)

Fig. 4 XPS spectra for Co 2p (a) and C 1s (b) of 0.5-NiS,/ZIF-67.
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Fig. 5 N, adsorption/desorption isotherms of NiS,/ZIF-67.
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to improve the charge storage efficiency.> It can be inferred that
the composition and surface area of the electrode material may
be the key factors leading to the excellent charge storage
performance.>>*

Fig. S5t shows the FT-IR spectra results of four different
materials. The vibrational bands within the range of 600-
1500 cm™ ' should be assigned to ZIF-67, and the composites
possesses the characteristic stretching and bending patterns of
the imidazole ring. The stretching vibrational peak at
1629 cm ™" corresponds to the stretching mode of C=N in 2-
MIM. Meanwhile, the band at 3134 cm™* can be ascribed to the
stretching mode of C-H from the aromatic ring and the
aliphatic chain of 2-MIM.** In addition, the peak intensities of
0.3-NiS,/ZIF-67, 0.5-NiS,/ZIF-67 and 0.7-NiS,/ZIF-67 decreased
successively, which also proved that the relative content of ZIF-
67 continuously decreased. Because of the ordinary electro-
chemical performance and stability of ZIF-67 and NiS,, different
amounts of introduction lead to differences in the morphology
and performance.

The description of the synthesis process of the NiS,/ZIF-67
composite is arranged as follows (Scheme 1). Firstly, urea is
used to create an alkaline environment, and NiS, is synthesized
from nickel nitrate and i-cysteine by hydrothermal method.
After that, NiS, is dispersed in methanol and thoroughly mixed
with the added cobalt nitrate. In this process, upon adding 2-
methylimidazole solution, the Co®" dispersed on the surface of
NiS, reacts with 2-methylimidazole to form a ZIF-67 layer. ZIF-
67 has a coating effect on NiS,, and a NiS,/ZIF-67 composite
material is subsequently formed. By controlling the dosage of
the nickel source, the ratio of nickel to cobalt can be controlled,
which strongly affects the electrochemical performance of the
composite material.

3.2 Electrochemical performances

To explore the electrochemical performances of NiS,, ZIF-67
and NiS,/ZIF-67 were studied by CV and GCD with a three-
electrode system in 2 M KOH electrolyte. As depicted in
Fig. 6a, the representative CV curves of 0.5-NiS,/ZIF-67 were
detected in the range from 5 to 50 mV s~ with a potential
window of 0-0.5 V. The cyclic voltammograms of the other
composites are displayed in Fig. S6.7 At different scanning
rates, a pair of redox peaks is observed, indicating that
a reversible Faraday reaction occurs in the electrochemical
charge-discharge process. Although the combined area of the
CV curve expands, the peak current increases and its shape does
not significantly change. The results show that the electrode
material has the advantages of fast ion and electron transfer,
high reversibility and large rate capacity.*

Fig. 6b shows the CV curves of 0.3-NiS,/ZIF-67, 0.5-NiS,/ZIF-
67, 0.7-NiS,/ZIF-67, ZIF-67 and NiS, at 10 mV s~ '. Importantly,
the larger the integral area of the CV curve, the better the
capacitance performance of the electrode material.*® Obviously,
0.5-NiS,/ZIF-67 has the largest comprehensive area, so it could
be preliminarily inferred that the specific capacitance of the
NiS, material is increased through the composite with ZIF-67.
The large CV areas of the 0.5-NiS,/ZIF-67 composites strongly

RSC Adv, 2022, 12, 23912-23921 | 23915
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Scheme 1 Schematic illustration of the fabrication process of NiS,/ZIF-67.

suggest that its specific capacitance is superior to that of other
materials.

In order to further appraise the electrochemical perfor-
mance, GCD detection under different current densities was
carried out, as shown in Fig. S7.7 Fig. 6¢ shows the charge-
discharge curves of NiS,/ZIF-67 in contrast with NiS, and ZIF-67
at 1 A g~ ". The discharge time of 0.5-NIS,/ZIF-67 composite is
obviously longer than that of other materials, and the specific
capacitances for 0.3-NiS,/ZIF-67, 0.5-NiS,/ZIF-67 and 0.7-NiS,/
ZIF-67 are 672.0, 1297.9 and 593.8 Fg ' at 1 A g, respectively.
Meanwhile, the specific capacitances of ZIF-67 and NiS, are 74.7
and 384.0 F g7, respectively. The specific capacitance of each
material displayed by GCD is also in line with the CV
measurement results. Through the combination of NiS, and the
ZIF-67 materials, the specific capacitances of NiS, and ZIF-67
have been greatly improved. The addition of ZIF-67 also
affects the specific capacitance of the composite. Combined
with the previous characterization, it can be found that the
excellent morphology of 0.5-NiS,/ZIF-67 leads to its highest
specific capacitance.

Moreover, the specific capacities of the NiS,, ZIF-67 and NiS,/
ZIF-67 composites were calculated at different current densi-
ties,”” and the results are shown in Fig. 6d. The calculated values
are shown in Table S1.1 The specific capacitance of 0.5-NiS,/ZIF-
67 is apparently higher than that of 0.3-NiS,/ZIF-67 and 0.7-
NiS,/ZIF-67. 1t is worth noting that the specific capacitance
retention of NiS, is only 7.0% at 10 A g~ *. However, the reten-
tion rate of the composite with ZIF-67 increased to 27.1% (0.5-
NiS,/ZIF-67).

Fig. 7a shows the Nyquist diagram of the three electrodes to
illustrate the impedance characteristics of the samples. The
Nyquist diagram of the electrode material for the redox super-
capacitors typically consists of a semicircle in the high

23916 | RSC Adv, 2022, 12, 23912-23921

frequency region that is associated with the Faraday reaction,
and a straight line in the low frequency region that is associated
with the Warburg impedance.*®*** According to the equivalent
circuit model, the electrode system consists of the electrolyte
solution resistance (R.), Faraday charge transfer resistance (R.;)
related to electron transfer, Warburg impedance (Z,) during ion
diffusion and the double-layer capacitance (CPE) at the
electrode/electrolyte interface. The parameters were fitted by
Zview software. The R values of the 0.3-NiS,/ZIF-67, 0.5-NiS,/
ZIF-67 and 0.7-NiS,/ZIF-67 composites are 2.40, 1.65 and 2.66 Q,
respectively. EIS experiments show that 0.5-NiS,/ZIF-67 has
lower charge transfer resistance than the other composites.*®
The cycling performance of the 0.5-NiS,/ZIF-67 electrode was
assessed by GCD detection for 4000 cycles at 5 A g~ * (Fig. 7b).
Surprisingly, the specific capacitance retention of 0.5-NiS,/ZIF-
67 was 120.0% after 2000 cycles, and it remained at 110.0%
even after 4000 cycles. The capacitance of ZIF-67 and NiS,
remains only 80.0% and 17.9% after 2000 cycles, respectively.
Meanwhile, the electrochemical performance of NiS, deterio-
rated rapidly during the cycle. This indicates that the 0.5-NiS,/
ZIF-67 composites have a long cycle life as the electrode mate-
rial of the supercapacitor. It can be seen that the electro-
chemical performance of 0.5-NiS,/ZIF-67 was greatly improved
compared with that of the other materials, such as Ni(OH),,*
graphene/NiS,,* and Co/Zn-Ni-MOF//CNTs-COOH.** As shown
in Fig. S8,f electrochemical impedance spectra experiments
were performed on NiS, before and after the cycle. It was found
that the R, value was reduced from the previous value of 1.65 Q
to 0.85 Q. The high cycle property is primarily attributed to the
unique coating that formed the core-shell structure. The clad-
ding makes the overall structure of the composite more stable
and less prone to deformation. The surface of the material has
a ZIF-67 coating layer, which not only improves the active site of

© 2022 The Author(s). Published by the Royal Society of Chemistry
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the material, but also effectively relieves the large structural
contraction and expansion of NiS, during the cycle test.

3.3 Electrochemical properties of 0.5-NiS,/ZIF-67//AC HSC

For further research on the electrochemical property of the 0.5-
NiS,/ZIF-67 composites, a hybrid supercapacitor (HSC) was
prepared in 6 M KOH electrolyte with 0.5-NiS,/ZIF-67 and acti-
vated carbon (AC) as the positive and negative electrodes,
respectively (Fig. 8a).

Fig. S9a and bt shows the CV and GCD test results of AC. The
CV curves at different scanning rates all have the same shape,
and the GCD curves at various current densities are smooth
straight lines without potential platforms, which is consistent
with the behavior of a typical electric double-layer capacitor.®*®
Moreover, the specific capacitances of AC is 158.4, 137.6, 118.4,
96.0 and 80.0 F g~ " at 0.5, 1, 2, 5 and 10 A g~ ', respectively.

© 2022 The Author(s). Published by the Royal Society of Chemistry

The mass ratio of the positive and negative electrode is
calculated by the following eqn (2):5%%

m,  C_xAV_

=_—— _~— 2
m_  C, x AV, 2)

where m, C; and AV are the mass (g), specific capacitance (Fg ")
and applied potential window (V). Furthermore, C. and C_, and
AV, and AV_ were the specific capacitance and the potential
window of the GCD tests of the positive and negative electrodes,
respectively. The optimal mass ratio of the electrode materials is
Mac) : M(o.5-Nis,/zIF-67) = 4.2 ¢ 1.

The energy density (E, W h kg™ ') and power density (P, W
kg™ ') of the HSC were determined based on the total mass of
the active materials using the following two formulas:**

E= %CA V> (3)
E x 3600
=5 @

where C (F g ') was the specific capacitance of the HSC calcu-
lated from the GCD curves based on the total mass of the active
materials on both electrodes, and AV (V) and At (s) were the
potential range and the discharge time of the assembled device
obtained from the GCD tests, respectively.

According to the CV curves of the electrodes with two voltage
windows of 0 to 0.5 and —1.0 to 0 V obtained in a separate three-
electrode configuration (Fig. 8b), it could be expected that the
HSC device would provide a stable operating voltage of 1.5 V.
Fig. 8c shows the CV curves of the device at different scanning
rates in the range of 5-50 mV s~ in a potential window of 0-
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Fig. 8 (a) Schematic illustration of the 0.5-NiS,/ZIF-67//AC HSC. (b)
CV curves of the 0.5-NiS,/ZIF-67 and AC electrodes tested at 10 mV
s71in a three-electrode system. Electrochemical performance of the
0.5-NiS,/ZIF-67//AC HSC: (c) CV curves, (d) GCD curves, (e) cycling
performance at 5 A g~%, and (f) Ragone plot correlating £ and P; the
insets show pictures of the LEDs powered by the 0.5-NiS,/ZIF-67//AC
HSC.

1.5 V. The CV curves remain in the same shape even at high
scanning rates, which fully demonstrates the advantages of
energy storage devices, such as the excellent electrical perfor-
mance and chemical charge storage performance.®” In addition,
these CV curves show similar twisted rectangular shapes, indi-
cating the mutual influence of the EDLC type and the faradaic
pseudocapacitance type electrodes on the total capacity.®

Fig. 8d presents the GCD curves of 0.5-NiS,/ZIF-67//AC HSC
at different current densities. After that, the cycle stability of 0.5-
NiS,/ZIF-67//AC HSC was further tested at 5 A g~ * (Fig. 8e). After
300 cycles, the specific capacitance retention was increased to
133.3%, and this characteristic could be maintained for up to
5000 cycles. The GCD curves in the first 3 cycles, 350-352 cycles
and the last 3 cycles are presented in the inset of Fig. 8e.

It could be found that the discharge time was significantly
improved after 350 cycles. The cycles start after 350 times and
the last 3 cycles almost overlap each other, which further
demonstrate that the device has excellent cycle stability and
application potential. As can be seen from the Ragone plot
(Fig. 8f), the energy density of 0.5-NiS,/ZIF-67//AC HSC at
4111 W kg 'is 9.5 Whkg ™.

In order to reflect the actual working performance of the 0.5-
NiS,/ZIF-67//AC HSC device, the two HSCs were connected in
series to illuminate commercial yellow light-emitting diodes
(LEDs, 2.0-2.2 V) for more than 30 minutes (Fig. 8f illustration).
Moreover, the red and green LEDs could be lit.
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4. Conclusions

In summary, the NiS,/ZIF-67 composite was prepared by in situ
growth of ZIF-67 via static reaction using NiS, hollow spheres as
the carrier, which was used as electrode materials for super-
capacitors. In the process of charging-discharging, the ZIF-67
coating significantly not only improved the conductivity, but
also limited the deformation of NiS,. Compared with pure NiS,,
the specific capacitance of 0.5-NiS,/ZIF-67 increased from 384.0
to 1297.8 F g~ at 1 A g~ ", After 4000 cycles, the capacitance
retention rate of 0.5-NiS,/ZIF-67 at 1 A g’1 was 110%, which also
demonstrated the good cycle stability (the capacitance retention
rates of NiS, and ZIF-67 are only 17.6% and 80.0% after 2000
cycles). Additionally, the corresponding 0.5-NiS,/ZIF-67//AC
HSC achieved an energy density of 9.5 W h kg™* at 411.1 W
kg ' and possessed excellent electrochemical cycling stability
after 5000 cycles. This study demonstrates a mild and easy way
to synthesize coating forming core-shell composites with
excellent electrochemical properties and application potential
in supercapacitors.
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