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Transition-metal sulfides have been recognized as one of the promising electrodes for high-performance
hybrid supercapacitors (HSCs). However, the poor rate performance and short cycle life heavily impede
their practical applications. Herein, an advanced electrode based on hierarchical porous cobalt-
manganese-copper sulfide nanodisk arrays (Co-Mn-Cu-S HPNDAs) on Ni foam is fabricated for high-
capacity HSCs, using metal-organic frameworks as the self-sacrificial template. The synergistic effects
of ternary Co-Mn-Cu sulfides and the hierarchical porous structure endow the as-obtained electrode with
fast redox reaction kinetics. As expected, the resultant Co-Mn-Cu-S HPNDAs electrode delivers an ultra-
high specific capacity of 536.8 mAh g�1 (3865 F g�1) at 2 A g�1 with a superb rate performance of 63%
capacity retention at 30 A g�1. Remarkably, an energy density of 63.8 W h kg�1 at a power density of
743 W kg�1 with a long cycle life is also achieved with the quasi-solid-state Co-Mn-Cu-S HPNDAs//
ZIF-8-derived carbon HSC. This work offers a new pathway to fabricate high-performance multiple
transition-metal-sulfide-based electrode materials for energy storage devices.

� 2021 Elsevier Inc. All rights reserved.
1. Introduction

Supercapacitors have received intense interests as energy stor-
age technologies due to high power density that is about 100 times
higher than Li-ion batteries, fast charge and discharge rate, long
cycle life, and high safety [1,2]. Hence, they have been served as
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back-up power systems to complement batteries in hybrid vehicles
[3]. The bottleneck still is the low energy density, which seriously
impedes their development. In this regard, hybrid supercapacitors
(HSCs) that couple electrical double-layer capacitive materials
with pseudocapacitive or battery-type materials offer a favorable
choice by providing a larger capacitance and extending the output
voltage window meanwhile [4–6].

To this end, various kinds of pseudocapacitive and battery-type
materials have been diffusely studied in the past decades. Transi-
tion metal sulfides, especially cobalt sulfides have been demon-
strated promising candidates for HSCs as they possess the merits
of high theoretical specific capacitance, excellent electrical conduc-
tivity, thermal stability, and complex redox reactions [7,8]. The low
electronegativity of sulfur can help maintain the structural integ-
rity through reducing structure expansions, and therefore boosts
the mechanical flexibility [9]. However, they usually suffer from
poor rate capability and limited cyclic life [10]. The key to solving
the problems is to accelerate electron/electrolyte transport in the
electrode materials. Among these strategies, introduction of
hetero-metal to adjust the surface reactivity is an effective method
to enhance the electrochemical properties [11]. In particular,
cobalt-manganese or cobalt-copper sulfides have been received
considerable research attention due to their multiple valence
states, but the results were not so satisfied. According to the previ-
ous studies, the introduction of manganese could improve the rate
capability of redox electrode materials [12,13], while the copper
ions might improve the conductivity [14,15]. Therefore, it is essen-
tial to fabricate a ternary cobalt-manganese-copper sulfide system
to synergistically enhance the electrochemical performance.

Metal-organic frameworks (MOFs) provide ideal precursors for
constructing multi-elemental materials with hierarchical porous
nanostructures, which contributes to mass transport [16–18]. By
tuning the metal clusters and organic ligands, a variety of MOF-
derived transition metal sulfides with different nanostructures
have been used as high-performance electrode materials for SCs,
such as Ni-Co sulfide nanocages [19], Ni sulfide nanorods [20], Co
sulfide nanoarrays [21], and Zn-Co sulfide nanosheet arrays [22].
The direct growth of MOFs arrays on conductive substrates is crit-
ical to avoid the agglomeration, which can effectively increase the
utilization of the electroactive materials [23]. Nevertheless, there
are relatively few reports on MOF-derived ternary transition metal
sulfides with a unique 3D hierarchical porous structure. The chal-
lenge is the precise and controllable conversion of the MOF tem-
plates to guarantee good compatibility of the electrode materials.

In this study, we for the first time demonstrate that the intro-
duction of manganese and copper can significantly improve the
charge storage performance of cobalt sulfides. A facile self-
templated strategy is developed for the in-situ synthesis of hierar-
chical porous cobalt-manganese-copper sulfide nanodisk arrays
(denoted as Co-Mn-Cu-S HPNDAs) on nickel foam (NF). The Co-
Mn-Cu-S HPNDAs electrode delivers an ultrahigh specific capacity
of 536.8 mAh g�1 (3865 F g�1) at 2 A g�1, and excellent rate perfor-
mance with 63% capacity retention at 30 A g�1, which surpasses
cobalt sulfide nanodisk arrays (Co-S NDAs), hierarchical porous
cobalt-copper sulfide nanodisk arrays (Co-Cu-S HPNDAs) and
hierarchical porous cobalt-manganese sulfide nanodisk arrays
(Co-Mn-S HPNDAs). The superior performance of the Co-Mn-Cu-S
HPNDAs can be ascribed to the the structural merits and
synergistic effect of ternary Co-Mn-Cu-S components.
Furthermore, the quasi-solid-state HSC assembled with Co-Mn-
Cu-S HPNDAs and MOF-derived nanoporous carbon (NPC) presents
a maximum energy density of 63.8 W h kg�1 at a power density of
743 W kg�1, and prominent cycling stability without degradation
after 5000 cycles. This work can provide a direction for construct-
ing MOF-based hierarchical porous nanoarrays of ternary chalco-
genides in other related energy storage fields.
299
2. Experiments

2.1. In-situ growth of ZIF-67 on NF

40 mL of aqueous Co(NO3)2�6H2O solution (50 mM) was poured
into an aqueous solution (40 mL) containing 2-methylimidazole
(MIM, 0.4 M) in a 100 mL of beaker. After sonication for 10 min,
a piece of NF (3 � 4 cm2) was put into the above solution for
1.5 h at room temperature. Then the NF coated with ZIF-67 was
washed with deionized water and ethanol, and dried at 60 �C
overnight.

2.2. Preparation of ZIF-67@Co-Mn-Cu-OH NDAs

A piece of NF coated with ZIF-67 was immersed into a mixed
solution containing 50 mL of aqueous Mn(CH3COO)2�4H2O solution
(30 mM) and 50 mL of aqueous CuSO4�5H2O solution (10 mM).
After 5 min later, the NF was washed with deionized water and
ethanol, and then dried at 60 �C overnight. The obtained product
is denoted as ZIF-67@cobalt-manganese-copper hydroxide nan-
odisk arrays (ZIF-67@Co-Mn-Cu-OH NDAs).

For comparison, ZIF-67@cobalt-copper hydroxide nanodisk
arrays (ZIF-67@Co-Cu-OH NDAs) and ZIF-67@cobalt-manganese
hydroxide nanodisk arrays (ZIF-67@Co-Mn-OH NDAs) were was
synthesized with the same procedure of ZIF-67@Co-Mn-Cu-OH
NDAs, but without the addition of Mn(CH3COO)2�4H2O and CuSO4-
�5H2O, respectively.

2.3. Preparation of Co-Mn-Cu-S HPNDAs

A NF coated with ZIF-67@Co-Mn-Cu-OH NDAs was put into an
ethanol solution (40 mL) that contains 1.6 mmol of thioacetamide
(TAA), and was then transferred into a Teflon-lined autoclave at
120 �C for 4 h. The NF coated with Co-Mn-Cu-S HPNDAs was
washed with deionized water and ethanol, and dried at 60 �C
overnight.

For comparison, Co-S NDAs was synthesized through sulfidation
of ZIF-67 at 120 �C for 4 h with TAA as the sulfur source. Co-Cu-S
HPNDAs and Co-Mn-S HPNDAs were also prepared with the same
procedure above by using ZIF-67@Co-Cu-OH NDAs and ZIF-67@Co-
Mn-OH NDAs as the precursor, respectively. The mass loading of
samples was 1.5 mg cm�2 � 2.0 mg cm�2.

2.4. Preparation of MOF-derived NPC

The MOF-derived NPC was prepared according to the previous
report [24,25]. Typically, 48 mM Zn(CH3COO)2�2H2O was added
into a 200 mL of methanol solution containing 0.4 mM polyvinyl
pyrrolidone (PVP, K30) to prepare the solution A. Next, the solution
A was mixed with another methanol solution (200 mL) containing
160 mM MIM, and stirred for 1 h. After 24 h, the ZIF-8 was
obtained with centrifugation and washed. MOF-derived NPC was
prepared by calcination of ZIF-8 at 900 �C for 5 h under N2

atmosphere.
The details for materials characterizations, electrochemical

measurements, and fabrication of the quasi-solid-state HSC can
be seen in the supporting information.
3. Results and discussion

The synthesis process of Co-Mn-Cu-S HPNDAs is presented in
Fig. 1. Uniform ZIF-67 nanoarrays are first grown on the NF
through the coordination between cobalt ions and MIM ligand.
Subsequently, the ZIF-67 nanoarrays are etched by the Mn2+ and
Cu2+ ions and meanwhile, the Co-Mn-Cu-OH nanosheets are



Fig. 1. Synthetic procedure of the Co-Mn-Cu-S HPNDAs.
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deposited on the surface of ZIF-67 arrays. As a result, the ZIF-
67@Co-Mn-Cu-OH NDAs with a core-shell structure are obtained.
Fig. 2. FESEM images of the as-prepared (a, b) ZIF-67, (c, d) ZIF
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As shown in Fig. S1, the bright purple NF turns dull purple, demon-
strating the successful conversion of ZIF-67@Co-Mn-Cu-OH NDAs.
-67@Co-Mn-Cu-OH NDAs, and (e, f) Co-Mn-Cu-S HPNDAs.



Fig. 3. (a, b) TEM images, (c) HRTEM image, and (d) SAED pattern of the Co-Mn-Cu-S HPNDAs.
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Finally, after a sulfidation process with TAA, black Co-Mn-Cu-S
with hierarchical porous nanodisk array architecture is achieved.

The morphological evolution from ZIF-67 to Co-Mn-Cu-S
HPNDAs was then monitored by field emission scanning electron
microscopy (FESEM) and X-ray powder diffraction (XRD). As pre-
sented in Fig. 2a and 2b, uniform pentagonal nanodisk arrays of
ZIF-67 with an average thickness of about 200 nm on NF substrate
is observed. The corresponding XRD pattern is displayed in Fig. S2,
which consists well with the ZIF-67 reported previously, verifying
the formation of pure ZIF-67 [26,27]. After the process of ion
exchange/etching, the pentagonal nanodisk structure of ZIF-67 is
maintained, yet the thickness of ZIF-67 nanodisk becomes thinner,
and the edge and corner become fuzzier (Fig. 2c and 2d). Clearly
observation shows that numerous Co-Mn-Cu-OH nanosheets are
arranged on the surface of ZIF-67 nanodisks, resulting in a rough
surface. The XRD pattern of the ZIF-67@Co-Mn-Cu-OH NDAs shows
the characteristic diffraction peaks of ZIF-67. In addition to these
peaks, the small peaks at 34.9�, 39.4�, 60.9� and 62.4� are assigned
to the (012), (015), (110) and (113) planes of CoMn LDH (JCPDS
NO.40-0216), respectively [28,29], while peaks at 38.5�, 52.5� and
64.9� correspond well to the (150), (�431) and (280) planes of
CoCu LDH (JCPDS NO.29-1416), respectively [30]. The formation
of the Co-Mn-Cu-OH nanosheets is due to the co-precipitation of
Co2+, Mn2+ and Cu2+ ions. Furthermore, after a sulfidation proce-
dure with TAA, the ZIF-67@Co-Mn-Cu-OH NDAs were converted
into Co-Mn-Cu-S and their nanodisk structure was maintained
(Fig. 2e and 2f). Elemental mapping indicates that Mn, Cu, Co and
S elements are homogeneously distributed in whole nanodisk
(Fig. S3). As shown in the XRD pattern (Fig. S4), the main diffraction
peaks at 31.36�, 38.05�, 50.25� and 55.00� are assigned to the
(311), (400), (511) and (440) planes of Co3S4 (JCPDS NO.42-
1448). In addition to peaks of Co3S4, characteristic peaks of MnCo2-
S4 (JCPDS NO.23-1237) [31] and CuCo2S4 (JCPDS NO.42-1450) can
be found, which demonstrate that the sample is composed of
Co3S4, MnCo2S4 and CuCo2S4 composites. The diffraction peaks at
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19.62� and 21.98� are ascribed to sulfur (JCPDS NO.24-1251) from
TAA decomposition [32,33].

To highlight the advantages of Co-Mn-Cu-S HPNDAs, some con-
trast samples were prepared. Co-S NDAs was synthesized through
sulfidation of ZIF-67 at 120 �C for 4 h with TAA as the sulfur source.
Co-Cu-S HPNDAs and Co-Mn-S HPNDAs were also prepared with
the same procedure to Co-Mn-Cu-S HPNDAs, but without the addi-
tion of manganese salt and copper salt, respectively. The XRD pat-
terns all demonstrate the successful synthesis of Co-S, Co-Cu-S, and
Co-Mn-S samples (Fig. S4). The morphologies of the control sam-
ples of Co-Mn-S HPNDAs, Co-Cu-S HPNDAs and Co-S NDAs are pre-
sented in Fig. S5-S7. It can be seen that Co-S NDAs and Co-Cu-S
HPNDAs preserve the nanodisk structure intactly, whereas the
nanodisks of the Co-Mn-S are etched seriously. To exclude the
effects of the type of anions and the concentration of the additional
metal salts, 30 mM Mn(CH3COO)2 is replaced by 10 mM MnSO4 in
the synthesis of the Co-Mn-S HPNDAs. As shown in Fig. S8, the pro-
duct shows the similar morphology with the Co-Mn-S HPNDAs,
indicating that the anions and the concentrations of manganese
salts have no influence on the morphology of the as-obtained sam-
ple. Hence, the highly etched morphology of Co-Mn-S HPNDAs is
due to the stronger etching degree of Mn2+ ions compared to
Cu2+ ions.

The hierarchical porous architecture of Co-Mn-Cu-S HPNDAs
was further verified by transmission electron microscopy (TEM)
and high-resolution TEM (HRTEM). The TEM image clearly demon-
strates that the nanodisk is composed of ultrathin mesoporous
nanosheets (Fig. 3a). Furthermore, the magnified image also man-
ifests the existence of micropores in the nanosheet (Fig. 3b). This
combined with the above demonstrates that the hierarchical pore
structure of Co-Mn-Cu-S HPNDAs contains mesopores and microp-
ores. HRTEM image exhibits the distinct lattice fringes of 0.236 nm,
0.193 nm and 0.29 nm, which corresponds to (400) plane of Co3S4,
(224) plane of CuCo2S4 and (220) plane of MnCo2S4, respectively
(Fig. 3c) [13,31]. The selected area electron diffraction (SAED) pat-
tern shows several concentric rings, verifying the polycrystalline



Fig. 4. XPS spectra of (a) Co 2p, (b) Cu 2p, (c) Mn 2p and (d) S 2p for the Co-Mn-Cu-S HPNDAs. (e) N2 adsorption-desorption isotherms and (f) pore-size distribution curve of
the Co-Mn-Cu-S HPNDAs.
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nature of Co3S4, CuCo2S4 and MnCo2S4 in the Co-Mn-Cu-S HPNDAs
sample (Fig. 3d). The metal-ion contents of all samples are deter-
mined by inductively coupled plasma atomic emission spec-
troscopy (ICP). As shown in Table S1, the atomic content of Co in
the Co-S NDAs is about 39.86%, which consists well with the
Co3S4. In addition, Co-Mn-Cu-S HPNDAs contain 31.71% of Co,
2.15% of Mn and 9.71 % of Cu. The atomic ratio of Mn and Cu in
Co-Mn-Cu-S HPNDAs is about 1:5. Besides, the contents of Mn
and Cu in Co-Mn-Cu-S HPNDAs are similar to those of Co-Mn-S
HPNDAs and Co-Cu-S HPNDAs, respectively.

X-ray photoelectron spectroscopy (XPS) measurements were
carried out to explore the chemical compositions and elemental
states of Co-Mn-Cu-S HPNDAs. The survey spectrum only shows
the characteristic peaks of Co 2p, Cu 2p, Mn 2p, O 1s and S 2p, indi-
cating the synthesis of pure Co-Mn-Cu-S (Fig. S9). The high-
resolution XPS spectrum of Co 2p can be fitted into two spin-
orbit doublets and two shake-up satellites (Fig. 4a). The peaks
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located at 796.2 eV and 780.8 eV are assigned to Co 2p1/2 and Co
2p3/2 orbitals of Co3+, while the peaks at 797.5 eV and 782.3 eV
are associated with Co2+, further indicating the coexistence of
Co3+ and Co2+ in the sample [7]. The Cu 2p XPS spectrum is fitted
to two peaks at 952.3 eV and 932.2 eV, which are attributed to
Cu+ (Fig. 4b) [34–36]. In terms of Mn 2p spectrum, the major three
peaks at 645.6 eV, 641.8 eV and 638.5 eV originate from Mn4+,
Mn3+ and Mn2+, respectively (Fig. 4c) [37–40]. Meanwhile, the
high-resolution S 2p spectrum reveals the characteristic peaks at
162.8 eV and 161.7 eV that can be ascribed to the S 2p1/2 and S
2p3/2 of S2-, respectively (Fig. 4d). Furthermore, the peak of SAO
at 168.3 eV is observed which may be due to the surface oxidation
of Co-Mn-Cu-S HPNDAs [41].

The pore structure of the as-obtained Co-Mn-Cu-S HPNDAs, Co-
S NDAs, Co-Cu-S HPNDAs and Co-Mn-S HPNDAs was then investi-
gated by N2 adsorption/desorption tests. As demonstrated in
Fig. 4e and Fig. S10, all the N2 adsorption/desorption curves reveal



Fig. 5. Electrochemical performances of the Co-Mn-Cu-S HPNDAs, Co-Mn-S HPNDAs, Co-Cu-S HPNDAs and Co-S NDAs. (a) CV curves at 10 mV s�1, (b) GCD curves at 2 A g�1,
(c) Specific capacities at different current densities, (d) EIS spectra. (e) Cycling stability and coulombic efficiency of the Co-Mn-Cu-S HPNDAs at a current density of 20 A g�1.
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the typical Type I isotherms with a hysteresis loop, indicating the
coexistence of micropores and mesopores in the samples. The hier-
archical porous structure of the Co-Mn-Cu-S HPNDAs can also be
certified by the pore size distribution curve, in which the microp-
ores are centered at 0.9 nm, while the mesopores are focused on
5.6 nm and 23.2 nm (Fig. 4f). The coexistence of micropores and
mesopores can boost the physical adsorption of electrolytes and
facilitate the mass transport. Thus, Co-Mn-Cu-S HPNDAs with the
unique hierarchical porosity achieve a high Brunauer-Emmett-
Teller (BET) surface area of 615 m2 g�1, which are higher than
the Co-S NDAs (405 m2 g�1). The large BET surface area is beneficial
for the exposure of more active sites to electrolytes to enhance the
electrochemical reactions.

The electrochemical performances of the as-prepared Co-Mn-
Cu-S HPNDAs, Co-S NDAs, Co-Cu-S HPNDAs and Co-Mn-S HPNDAs
samples were first studied in the three-electrode configuration. As
shown in Fig. 5a, all the cyclic voltammogram (CV) curves show a
potential window of 0–0.5 V and a pair of redox peaks, indicating
the redox behavior of the hybrids. The possible electrochemical
reactions are shown as follows [33,42–44].
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CoSþ OH� $ CoSOH þ e� ð1Þ

CuCo2S4 þ OH� þ H2O $ CuSOH þ 2CoSOH þ e� ð2Þ

MnCo2S4 þ OH� þ H2O $ MnSOH þ 2CoSOH þ e� ð3Þ

CoSOH þ OH� $ CoSOþ H2Oþ e� ð4Þ

CuSOH þ OH� $ CuSOþ H2Oþ e� ð5Þ

MnSOH þ OH� $ MnSOþ H2Oþ e� ð6Þ
The integral area of the CV curve and peak current response of

Co-Mn-Cu-S HPNDAs are significantly larger than those of others,
suggesting the superior electrochemical performance of Co-Mn-
Cu-S HPNDAs. Such results can also be verified by the longest dis-
charge time of Co-Mn-Cu-S HPNDAs in the galvanostatic charge-
discharge (GCD) curves (Fig. 5b). Fig. 5c presents the GCD curves
of the four samples at different current densities from 2 to 30 A
g�1. The Co-Mn-Cu-S HPNDAs electrode delivers a much higher
specific capacity of 536.8 mAh g�1 (3865 F g�1) at 2 A g�1 com-



Fig. 6. (a) CV curves of the Co-Mn-Cu-S HPNDAs at different scan rates. (b) The plot of log(i) versus log(v). (c) Separation of the diffusion and capacitive-controlled currents of
Co-Mn-Cu-S HPNDAs at a scan rate of 10 mV s�1. (d) Relative contribution of the diffusion and capacitive-controlled charge storage at different scan rates.
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pared to 223.5 mAh g�1 (1609 F g�1) of Co-S NDAs, 259.1 mAh g�1

(1866 F g�1) of Co-Cu-S HPNDAs, and 309.8 mAh g�1 (2230 F g�1)
of Co-Mn-S HPNDAs. The value is also superior to other reported
electrode materials based on transition metal sulfides (Table S2).
In addition, a good rate performance with 63% capacity retention
can be obtained for Co-Mn-Cu-S HPNDAs when the current density
increases from 2 to 30 A g�1. The value also surpasses those of Co-
Cu-S HPNDAs (42%), Co-Mn-S HPNDAs (59%) and Co-S NDAs (54%)
electrodes. The superior capacity and rate capability of Co-Mn-Cu-
S HPNDAs are due to the synergistic effect of ternary cobalt, man-
ganese, copper incorporation and the hierarchical porous structure.

The reaction kinetics of the different samples was assessed
using electrochemical impedance spectra (EIS) measurements. As
presented in Fig. 5d, all Nyquist plots are composed of two parts:
a semicircle in high frequency region and a straight line in the
low frequency region. The smaller semicircle in high frequency
region and higher slope in low frequency region of Co-Mn-Cu-S
HPNDAs demonstrate a lower charge transfer resistance (Rct) and
faster ion diffusion kinetics, respectively. Furthermore, long cycling
stability is also a pivotal factor to assess the electrochemical per-
formance of electrode materials. As shown in Fig. 5e and Fig. S11,
Co-Mn-Cu-S HPNDAs can maintain 87% of the initial capacity after
5000 cycles, which exceeds Co-S (34%) and reveals its robust elec-
trochemical stability. The initial increase of specific capacity at the
first 1000 cycles may be due to the gradual permeation of elec-
trolytes into the electrodes to activate the materials [25].

The detailed energy storage mechanism was deeply researched
via CV measurements. As shown in Fig. 6a, the anodic and cathodic
peaks move to the positive potential and negative potential with
the increase of the scan rate, respectively, which can be attributed
to the polarization effect [45]. Moreover, all the CV curves present
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similar shape even at a high scan rate of 50 mV s�1, demonstrating
superior reversibility and rate capability. The relationship between
peak current (i) and scan rate (v) can be used to investigate the
reaction kinetics [46,47]:

i ¼ avb ð7Þ
where a and b stand for constants. When the value of b equals 1.0,
representing a surface capacitive controlled process, while it is clo-
sely related to the diffusion-controlled reaction when the value of b
equals 0.5 [48]. For Co-Mn-Cu-S HPNDAs, the b-values of cathodic
and anodic peak are 0.57 and 0.53, respectively, suggesting a
diffusion-controlled behavior (Fig. 6b). The respective contributions
of capacitive controlled and diffusion-controlled processes to the
total charge storage can be obtained through the following equation
[49]:

iðVÞ ¼ k1v þ k2v1=2 ð8Þ
where i(V) stands for the response current, v is the scan rate, k1 and
k2 are constants. As shown in Fig. 6d, the diffusion-controlled pro-
cess contributes 83% of the entire capacity at 5 mV s�1. It decreases
with the increase of scan rate because of the limited diffusion of
ions into the bulk [50].

On the basis of the foregoing, the superior electrochemical per-
formance of Co-Mn-Cu-S HPNDAs can be attributed to the follow-
ing aspects. For the one hand, the incorporation of Mn and Cu in
cobalt sulfides can provide more active sites and introduce a syn-
ergistic effect to boost the redox reactions. For the other hand,
the 3D hierarchical porous structure is beneficial for the penetra-
tion of electrolytes and thus accelerates the ion diffusion kinetics.

To assess the potential of Co-Mn-Cu-S HPNDAs in practical
application, the quasi-solid-state HSC device was assembled with
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Co-Mn-Cu-S HPNDAs as the positive electrode, MOF-derived NPC
as the negative electrode, and polyvinyl alcohol (PVA)-KOH gel as
the electrolyte. As shown in Fig. S12, the NPC electrode exhibits a
specific capacitance of 371 F g�1 at 1 A g�1. Fig. 7a shows CV curves
of the Co-Mn-Cu-S HPNDAs//NPC HSC with potential windows,
which indicates that the potential windows of the device can be
extended to 1.5 V without evident polarization. The CV curves all
display the quasi-rectangular shape at different scan rate from 5
to 100 mV s�1, indicating the good match between positive and
negative electrodes (Fig. 7b). As demonstrated in Fig. 7c, GCD
curves of the HSC device present a good symmetry shape, implying
its excellent electrochemical reversibility. As a result, a maximum
specific capacity of 205 F g�1 at 1 A g�1 and superb rate perfor-
mance with 63% of the capacity retention are reached for the
HSC device (Fig. 7d). The energy and power densities of the Co-
Mn-Cu-S HPNDAs//NPC HSC are plotted in Fig. 7e. The HSC device
delivers a maximum energy density of 63.8 W h kg�1 at a power
density of 743 W kg�1 and even maintained 40 W h kg�1 at a
Fig. 7. Electrochemical performances of the Co-Mn-Cu-S HPNDAs//NPC HSC. (a) CV curv
different scan rates from 5 to 100 mV s�1. (c) GCD curves at different current densities fro
compared with other HSCs. (f) Cycling stability at the current density of 10 A g�1.
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power density of 9.7 kW kg�1, which are superior to the recently
reported transition metal sulfide-based devices, such as CuCo2S4-
HNN//AC (44.1 W h kg�1 at 800 W kg�1) [51], Co2CuS4/NG//NG
(53.3 W h kg�1 at 795 W kg�1) [52], MnCo2S4//rGO (31.3 W h kg�1

at 800 W kg�1) [13], MnCo2S4/CC//PCP/rGO (43 W h kg�1 at
801 W kg�1) [53], NiCo2S4//AC (44.8 W h kg�1 at 790 W kg�1)
[54], NiCo2S4/NCF//OMC/NCF (45.5 W h kg�1 at 510 W kg�1) [55],
CoSx/C//PCNFs (15 W h kg�1 at 413 W kg�1) [56], Co3S4//AC
(54.8 W h kg�1 at 400 W kg�1) [57], Co3S4/CoMo2S4//AC
(33.1 W h kg�1 at 850 W kg�1) [58], Co9S8-QD//C (56.4 W h kg�1

at 880 W kg�1, Table S3) [59]. Moreover, the HSC device can main-
tain 5000 cycles without obvious loss in capacity at 10 A g�1, fur-
ther indicating the out-standing cycling stability (Fig. 7f). Also, the
results are comparable to those of other transition-metal sulfide-
based HSCs (Table S3). The superior electrochemical performances
of the Co-Mn-Cu-S HPNDAs//NPC HSC device endow it with great
potential in practical energy storage application and two HSCs con-
es at the scan rate of 20 mV s�1 with different potential windows. (b) CV curves at
m 1 to 10 A g�1. (d) Specific capacities at different current densities. (e) Ragone plots
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nected in series can lighten the LED lights and make a small fan
work easily.

4. Conclusion

In summary, a facile self-templated strategy has been devel-
oped to fabricate ternary Co-Mn-Cu-S HPNDAs on NF as an
advanced electrode for HSC. Owning to the structural merits and
synergistic effect of ternary Co-Mn-Cu-S components, the Co-Mn-
Cu-S HPNDAs electrode exhibits an ultrahigh capacity of 536.8
mAh g�1 at 2 A g�1 and out-standing rate performance with 63%
capacity retention from 2 to 30 A g�1. In addition, when assembled
for a quasi-solid-stateHSC, the energydensity reaches 63.8Whkg�1

and a long cycle life of 5000 cycles is acquired. These results all
demonstrate the great potential of multiple-transition-metal
chalcogenides with sophisticated structures for high-performance
HSCs.
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