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ABSTRACT: The rapidly developing wearable flexible electronics makes the develop-
ment of high-performance flexible energy storage devices, such as all-solid-state
supercapacitors (SCs), particularly important. Herein, we report the fabrication of
CNTs/NiCoSe2 hybrid films on carbon cloth (CC) through a facile co-electrodeposition
method based on flexible electrodes for all-solid-state SCs. The NiCoSe2 sheets grown on
CNTs uniformly with a diameter of 50−100 nm act as the active materials. The CNTs in
the hybrid films act as the scaffold to offer more deposition sites for NiCoSe2 and provide a
conductive network to facilitate the transfer of electrons. Moreover, the one-step
electrodeposition process avoids the usage of any organic binders. Benefiting from the high
intrinsic reactivity and unique 3D architecture, the obtained CNTs/NiCoSe2 electrode
delivers high specific capacity (218.1 mA h g−1) and satisfactory durability (over 5000
cycles). Remarkably, the CNTs/NiCoSe2//AC flexible all-solid-state (FASS) ASC provides remarkable energy density (112.2 W h
kg−1) within 0−1.7 V and maintains 98.1% of its initial capacity after 10,000 cycles. In addition, this flexible ASC device could be
fabricated at a large scale (5 × 6 cm2), and the LED arrays (>3.7 V) can be easily lighted up by three ASCs in series, showing its
potential practical application.
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1. INTRODUCTION

The booming market of smart wearable and integrated
electronics, such as electronic skins, smart textiles, flexible
displays, and personal health monitoring, has stimulated the
demand for flexible energy storage devices.1−3 SCs, as one of
the commercial power sources, play an increasing significant
role in wearable and integrated devices due to their exceptional
power density and high cycle efficiency up to a million
cycles.4−6 It is well known that Faraday pseudocapacitors can
provide much higher energy density than electric double-layer
capacitors (EDLCs) due to different energy storage mecha-
nisms.7−9 In the past decades, lots of transition metal
compounds have been widely exploited as pseudocapacitor
materials to achieve high capacitive performance. However,
poor electrical conductivity and low rate performance limit the
full play of their theoretical capacitance.10 Recent experimental
and theoretical investigations reveal that the performance of
SCs depends to a large extent on the structures and properties
of electrode materials. Herein, choosing proper active materials
and designing rational electrode structure are the two feasible
strategies to acquire peak performance for SCs.11

As one group of emerging multifunctional materials, metallic
selenides have been extensively studied and applied in various
electrochemical reactions such as SCs,12−15 water electrol-
ysis,16 and rechargeable batteries,17,18 owing to their high
theoretical capacity, ease of chemical bonding, and superior
metallic characteristics. For example, three-dimensional hier-

archical nanostructured GeSe2 was fabricated by Shen and co-
workers via a simple thermal evaporation method delivering a
high specific capacitance of 300 F g−1 at 1 A g−1.12 As high as
933 F g−1 at 1 A g−1 is achieved for nickel selenide spheres.19

Bamboo-like CoSe2 arrays exhibit a high specific capacitance of
544.6 F g−1 at 1 mA cm−2.20 Compared with monometallic
selenides, the introduction of the second metal atoms endows
bimetallic selenides a higher electrochemical performance.21

Until now, a series of bimetallic selenides have been reported
as the cathode for SCs.14,22,23 Among them, Ni/Co bimetallic
selenides attracted tremendous attention and were studied
extensively for advanced SCs due to their multifarious valences,
satisfied electrochemical activities, attractive electrical con-
ductivity, and high theoretical specific capacity.24,25 For
example, NiCoSe2 nanorods on Ni foam show a high areal
capacity of 1.4 mA h cm−2 at 3 mA cm−2. NiCoSe2 nanoflakes
on Ni form via electrodeposition that was reported by us can
reach 485 mA h g−1 at 2 A g−1.26 In Ni−Co bimetallic
selenides, multiple redox-active sites will be formed by the co-
existence of both Ni and Co atoms. Specially, a higher
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electronic conductivity will be realized due to the covalent
interaction between the orbital overlapping of Ni 2d, Co 2d,
and Se 3p. It is mainly due to the different valence electrons
with different spin configurations in both Ni and Co atoms,
which make the valance interaction between the above two
transition metal atoms possible.27,28 However, the inefficient
surface contact between bimetallic selenides and conductive
substrate always leads to only partial bimetallic selenides
participating in the energy storage process and thus inevitably
dwarf the capacitive and rate capability of the electrode. To
further improve the electronic conductivity and utilization of
active materials, samples with various morphologies, especially
grown on the conductivity scaffold, have been synthesized and
reported.13,23,29 Especially, carbon nanotubes (CNTs) can be
used as both current collectors and supporters for the
construction of a high-performance electrode because of
their intrinsic properties of high specific surface area,
outstanding stability, and superior conductivity.30,31 For
example, powder NiSe2@CNTs deliver a high rate perform-
ance with 92% capacitance retention when the current density
increased from 1 to 10 A g−1.13 NiCoSe2 lamella arrays on N-
CNTs were also reported with a specific capacitance of 1308 F
g−1 at 1 A g−1.32 Despite these exciting advances, fabrication of
transition metal selenide-based electrodes that integrate superb
electronic conductivity and high utilization rate of the whole
materials by a sample process remains an enormous challenge.
Consequently, we reported a co-electrodeposition process to

generate self-supported CNTs/NiCoSe2 hybrid films on
carbon cloth (CC). The CNTs/NiCoSe2 hybrid films were
directly grown on CC, which could form a strong combination
between active materials and the substrate and induce efficient
electron transport.33 “Dead surface” of active materials caused
by using the polymer binders was also addressed effectively. As
a result, the CNTs/NiCoSe2 electrode with rich active sites
and high conductivity delivers enhanced reversibility, improved
stability, and excellent bifunctional activity. The CNTs/
NiCoSe2//AC FASS ASC achieves a high power density of
8.5 kW kg−1 and an excellent energy density of 112.2 W h kg−1

and reserves a superior durability of 98.1% after 10,000 cycles.
Notably, this ASC can be scaled up into 5 × 6 cm2, which
further illustrated the practical applications of this hybrid
electrode material.

2. EXPERIMENTAL SECTION
2.1. Materials. CNTs (5−15 nm) were obtained from

TANFENG Tech. Inc. Lithium chloride monohydrate (LiCl·H2O),

cobalt(II) chloride hexahydrate (CoCl2·6H2O), and nickel(II)
chloride hexahydrate (NiCl2·6H2O) were purchased from Sinopharm
Chemical Reagent Co., Ltd. Selenium dioxide (SeO2) was bought
from Alfa Aesar (China) Chemical Co. Ltd. Polyethylene glycol
10,000 (PEG, H(OCH2CH2)nOH, MW: 8500−11,500) came from
Shanghai Macklin Biochemical Co., Ltd. All the reagents were used as
received.

2.2. Synthesis of the CNTs/NiCoSe2 Composite. Before the
synthesis of the CNTs/NiCoSe2 composite, pure CC (1 × 3 cm2) was
activated through the hydrothermal process to enhance its hydro-
philicity.34 At room temperature, the CNTs/NiCoSe2 composite was
fabricated through the cyclic voltammetry (CV) method at 5 mV s−1

for two cycles from −1.6 to 0 V with CC, Pt foil, and Ag/AgCl as the
working, counter, and reference electrodes, respectively. CVs for the
deposition of CNTs, NiCoSe2, and CNTs/NiCoSe2 on ACC are
illustrated in Figure S1. In a typical procedure, 25 mg of PEG (as
surfactant) was soluble in 25 mL of DI water, followed by adding 200
mg of LiCl (as a support electrolyte) and 0.022 g of concentrated
H2SO4 to adjust the bath pH (∼1). After stirring evenly, 3 mg of
CNTs was added in the above solution under ultrasonic condition.
Finally, NiCl2·6H2O, CoCl2·6H2O, and SeO2 with a molar ratio of
1:1:2 were added successively to form a uniformly dispersed solution.
The CNTs and NiCoSe2 samples were prepared thorough the same
method with the synthesis of CNTs/NiCoSe2. The electrolyte for the
deposition of CNTs was the absence of NiCl2·6H2O, CoCl2·6H2O,
and SeO2, while for NiCoSe2 was the absence of CNTs. Samples
obtained after electrodeposition were carefully washed by DI water
and dried at 60 °C for 12 h. The mass loading of CNTs, NiCoSe2, and
CNTs/NiCoSe2 on CC was about 0.2, 0.7, and 1.3 mg cm−2,
respectively.

2.3. Characterization. The crystalline structure, phase, and
chemical state of CNTs/NiCoSe2 were identified by X-ray diffraction
(XRD, Rigaku MiniFlex600) and X-ray photoelectron spectroscopy
(XPS, Thermo Fisher ESCALAB 250Xi), respectively. The
morphologies and micro−nanostructures of samples were charac-
terized by transmission electron microscopy (TEM, FEI Tecnai G2
F20) and scanning electron microscopy (SEM, Phenom Pharos). The
Brunauer−Emmett−Teller (BET) specific surface area (SSA) and
pore size distribution were characterized by N2 adsorption/desorption
isotherms (BET, Kubo X1000). Raman spectra were obtained by an
iHR550 spectrometer (HORIBA Scientific) to further determine the
structural characteristics of the as-fabricated samples.

2.4. Electrochemical Tests. The electrochemical performance
tests including CV, galvanostatic charge/discharge (GCD), and
electrochemical impedance spectroscopy (EIS) were performed on
a CHI 660E workstation (Chenhua Shanghai) with CNTs/NiCoSe2,
Pt foil, and Hg/HgO as the working, counter, and reference
electrodes, respectively. All the electrochemical tests under the
three-electrode system were carried out with 3 M KOH as the
electrolyte. The FASS CNTs/NiCoSe2//AC ASC device with a PVA/
KOH gel electrolyte35 was constructed to evaluate the practical

Figure 1. Schematic illustration for the growth of CNTs/NiCoSe2 hybrid films on CC.
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application of this ASC. Briefly, the CNTs/NiCoSe2 electrode and the
AC electrode were fully infiltrated with the PVA/KOH gel electrolyte
and then moisture was volatilized in the electrolyte at room
temperature overnight. Finally, the CNTs/NiCoSe2 electrode and
the AC electrode were assembled face to face to form a FASS ASC. A
plastic film was used for further packaging of the device.

3. RESULTS AND DISCUSSION

Figure 1 illustrates the preparation processes of the CNTs/
NiCoSe2 electrode. With the combined advantages of CNTs
and NiCoSe2, the derived composite exposes unique micro−
nanostructures with abundant large pores and rich conductive

networks. The powder XRD pattern of the CNTs/NiCoSe2
composite is shown in Figure 2a. Note that, before the XRD
test, the as-fabricated CNTs/NiCoSe2 sample was scraped
from the CC to eliminate the influence of the substrate. The
peak around 26.04° is assigned to the (002) diffraction of
CNTs.36 Except the peak of CNTs, the other four diffraction
peaks are well indexed to NiCoSe2 (JCPDS card no. 70-2851),
and no obvious impurity peaks are found.
The chemical state of the CNTs/NiCoSe2 sample was

detected by XPS. Figure 2b shows the full XPS survey
spectrum of the sample, which demonstrates the co-existence
of C, O, Se, Ni, and Co elements in this sample. The peaks

Figure 2. Spectroscopic characterization of CNTs/NiCoSe2: (a) XRD pattern; (b) full XPS survey spectrum; and XPS elemental spectra of (c) C
1s, (d) Ni 2p, (e) Co 2p, and (f) Se 3d.

Figure 3. SEM images of (a) CNTs, (b) NiCoSe2, and (c) CNTs/NiCoSe2 samples and (d−f) TEM images and (g−k) elemental mapping images
of the CNTs/NiCoSe2 sample.
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located at 284.8 and 286.3 eV in the C 1s spectrum (Figure 2c)
can be identified as C−C and C−O, respectively.37,38 The Ni
2p spectrum is fitted well with one major spin−orbit doublet,
located at 856.4 and 874.6 eV, which indicated the existence of
Ni2+ (Figure 2d).39 The fitting peaks at binding energies of
781.1 and 797.3 eV in Co 2p spectra can be assigned to Co2+

(Figure 2e).40 Interestingly, there exist a small amount of Ni0

and Co0 in the Ni 2p and Co 2p spectrum, which may be
derived from the reduction of divalent Ni/Co ions during the
electrodeposition process. This can enhance the conductivity
of the electrode to a certain extent. Figure 2f presents the Se 3d
spectra. The binding energies at 53.7 and 54.6 eV can be
traceable in metal selenide bonds and also similar to other
transition metal selenides.13 The peak at 58.8 eV comes from
the oxidized Se.
The SEM image indicates that pure CNTs (Figure 3a) are

interacting together and self-assembled into a 3D loose
structure, which can be used to increase the electrical and
ionic conductivity to provide a connected electron/ion
pathway, thus ensuring fast electro/ion transport, while pure
NiCoSe2 without CNTs (Figure 3b) shows a densely stacked
structure on the surface of the CC substrate. After the co-
electrodeposition process, CNTs/NiCoSe2 composites were
successfully decorated on the surface of CC with a porous 3D
interconnected structure. Such morphology has been believed
to be beneficial for the penetration of electrolyte ions into
electrode materials. Meanwhile, the numerous micropores exist
in the composite can shorten the ion transport pathways and
supply rich electro-active sites for energy storage.

TEM was used to further investigate the detailed
information of the CNTs/NiCoSe2 sample. As depicted in
Figure 3d−f, after treating with the co-electrodeposition
process, some fluffy unorganized slices are well covered on
CNTs. The uniform interlacing of the composite results in a
3D architecture with much fatter volume and higher porosity,
which greatly increase the SSA and provide abundant reaction/
adsorption sites for electrolyte ions, indicating that this hybrid
electrode would have good electrochemical property. Raman
spectroscopy was used to study the disorder degree of the
prepared samples (Figure S2). Obviously, the Raman spectra
of each sample exhibit two strong peaks at ∼1345 and 1590
cm−1, which belong to D and G bands, respectively. The bands
at about 2700 and 2960 cm−1 verify the existence of defective
graphite carbon in these samples. It can be noted that the
stepped increase of the relative intensity of D and G peaks (ID/
IG) of raw-CC (0.99), ACC (1.02), CNT/ACC (1.05),
NiCoSe2/ACC (1.04), and CNTs/NiCoSe2/ACC (1.10).
The multiple defect sites and edges can be introduced on
the surface of CC due to the increased structural distortion,
resulting in the generation of a tremendous amount of
capacitive sites and ultimately enhancing the performance of
the device. These results manifest that each treatment step
increases the BET SSA of the sample,41 which can be verified
by the N2 adsorption/desorption measurement. The SSA of
the composite calculated from the BET plots is ∼117.4 m2 g−1,
almost 3 times larger than that of pristine NiCoSe2 (42.9 m2

g−1) (Figure S3). Meanwhile, the average pore size of the
CNTs/NiCoSe2 sample is 8.96 nm, which is also bigger than

Figure 4. Comparison of (a) CVs, (b) GCDs, and (c) Nyquist plots of CNTs, NiCoSe2, and CNTs/NiCoSe2 electrodes; (d−g) electrochemical
performance of the CNTs/NiCoSe2 electrode; and (h,i) comparison of specific capacity and cycling performance of NiCoSe2 and CNTs/NiCoSe2.
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the pure NiCoSe2 sample (6.62 nm). The increased SSA of the
CNTs/NiCoSe2 electrode with a 3D micro−nanostructure can
offer multiple ion transport channels and more electrolyte
accessible areas, which is in favor of the rapid transmission of
electrons and ions, thus leading to an enhanced charge storage
capability.42 The EDS mapping images (Figure 3g−k)
demonstrate that the signals of C, Ni, Co, and Se are evenly
distributed in the whole observation region, which confirms
the compositional homogeneity of the obtained product.
The electrochemical performances of the CNTs/NiCoSe2

electrode were investigated to detect its possibility of high
energy storage material for SCs. Pure CNTs and NiCoSe2
electrodes were fabricated for comparison. It is worth noting
that the CNTs/NiCoSe2 electrode possesses a larger CV
integrated area and higher redox peak intensity than the CNTs
electrode and NiCoSe2 electrode (Figure 4a), suggesting that a
higher capacity value could be expected for the CNTs/
NiCoSe2 electrode. Besides, the discharge time for the CNTs/
NiCoSe2 electrode is much longer than those for the CNTs
and NiCoSe2 (Figure 4b), implying that the CNTs/NiCoSe2
electrode delivers a higher specific capacity. The enhanced
electrochemical activity indicates that the existence of CNTs
with good electrical conductivity leads to a low internal
resistance; particularly, CNTs offer rich charge transfer paths,
resulting in rapid Faraday redox reactions.43 Meanwhile, the
hybrid films with an abundant mesoporous structure can
contribute to rapid electron transfer throughout the whole
electrode. Consequently, the CNTs/NiCoSe2 electrode
exposes a higher specific capacity of 218.1 mA h g−1 than
the pure CNTs electrode (29.2 mA h g−1) and the NiCoSe2
electrode (155.7 mA h g−1) at 5 A g−1.
The charge-transfer kinetics of the electrodes were further

estimated through EIS measurement. An equivalent circuit
model (Figure S4) was used to fit the Nyquist plots (Figure
4c), and the corresponding results are depicted in Figure S5
and Table S1. Benefiting from the synergistic effects between
CNTs and NiCoSe2, the CNTs/NiCoSe2 electrode reveals a
modified charge-transfer resistance (Rct) and equivalent series
resistance (Rs), suggesting that this electrode has an enhanced

charge mobility and electrical conductivity. All those results
further convincingly prove that the CNTs/NiCoSe2 electrode
can take full advantages of CNTs and NiCoSe2. In this case,
the introduction of CNTs can effectively enhance the electron
conductivity and facilitate the electron transport. Otherwise,
the high porosity of the hybrid films minimizes the ions’
diffusion distance and maximizes the contact area. Thus, the
CNTs/NiCoSe2 electrode shows outstanding electrochemical
properties. Finally, the direct growth of NiCoSe2-decorated
CNTs on CC results in less “dead area” of the electro-active
materials and provides efficient paths for rapid ionic/electronic
transport.
Meanwhile, from 5 to 50 mV s−1, a dramatic increase in the

current density of all CVs can be seen clearly (Figure 4d),
signifying the fast transfer of electrons and ions at the interface
between CNTs/NiCoSe2 and KOH. The capacitive contribu-
tion can be evaluated by eq S1. The CVs and GCDs of the
NiCoSe2 electrode are presented in Figure S6. As summarized
in Figures 4e and S6b, the CNTs/NiCoSe2 electrode possesses
excellent reversibility than the NiCoSe2 electrode. The linear
correlation of the corresponding peak current also proves that
the electrochemical reactions inside of the CNTs/NiCoSe2
electrode and NiCoSe2 electrode are dominated by a diffusion-
controlled mechanism.44 Meanwhile, eq S2 was used to
characterize the total response current (i) at a scan rate of v.
The fitting results are displayed in Figures 4f, S6c, and S7.
Obviously, at 20 mV−1, the CNTs/NiCoSe2 electrode
possesses a much higher capacitive process contribution than
the NiCoSe2 electrode. At the same time, the CNTs/NiCoSe2
electrode still retains a 57.6% capacitive contribution at 1 mV
s−1. Since the capacitive process represents fast kinetics, the
CNTs/NiCoSe2 electrode with higher capacitive process
contribution has superior rate capability. Figure 4g indicates
the GCDs of the CNTs/NiCoSe2 electrode at different current
densities (1−20 A g−1). The GCDs with a nearly symmetry
shape suggest that the hybrid electrode possesses a satisfactory
Coulomb efficiency.45 The discharge-specific capacity values at
various current densities are plotted in Figure 4h (according eq
S3). At 1 A g−1, the CNTs/NiCoSe2 electrode shows a specific

Figure 5. (a) CVs and (b) GCDs of CNTs/NiCoSe2//AC ASC; (c) specific capacity of the CNTs/NiCoSe2//AC ASC from 1 to 10 A g−1; (d)
Ragone plots; (e) cyclic stability of CNTs/NiCoSe2//AC ASC; and (f) Nyquist plots of CNTs/NiCoSe2//AC ASC before and after 10,000
cycling.
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capacity of 251.8 mA h g−1, which is much higher than the
NiCoSe2 electrode and other transition metal-based selenides
or a CNTs-based electrode (Table S2). When the current
density increases from 1 to 20 A g−1, the retention of specific
capacity can be reached 71.9%, which exceeds that of the
NiCoSe2 sample (67.7%). Furthermore, at 2 A g−1, the CNT/
NiCoSe2 electrode shows an enhanced durability (Figure 4i),
which arises from the high chemical stabile CNTs, and the
unique 3D architecture of the composite can accommodate the
volume changes of NiCoSe2 during long-term cycling.46 From
all the above analyses, the self-standing CNTs/NiCoSe2
electrode is beneficial to use in SCs since it possesses large
SSA, abundant porous structures, high specific capacity, and
excellent cycling stability.
To further assess the applicability of the CNTs/NiCoSe2

electrode, a FASS CNTs/NiCoSe2//AC ASC was constructed.
The mass of AC in the CNTs/NiCoSe2//AC ASC was
determined by eqs S5 and S6 and Figure S8. The CNTs/
NiCoSe2 mass on the surface of ACC is 1.3 mg. At 1 A g−1, the
mass specific capacity of CNTs/NiCoSe2 and AC is 251.8 and
71.8 mA h g−1, respectively. Therefore, the AC mass in CNTs/
NiCoSe2//AC is 3.2 mg. Figure S9 depicts the CV curves for
the CNTs/NiCoSe2 electrode and the AC electrode at 50 mV
s−1 in the three-electrode system. Clearly, their voltage window
is 0 to 0.7 and −1.0 to 0 V, respectively, demonstrating that the
working voltage window of the ASC can be extended up to 1.7
V. To confirm the stable operation voltage window of the
CNTs/NiCoSe2//AC ASC, the typical CV and GCD curves
acquired in various voltage windows (1.1 to 1.9 V) are
illustrated in Figure S10. Apparently, under 0−1.7 V or less,
the ASC still displays good electrochemical stability, but when
the voltage window up to 1.9 V, polarization phenomenon
could produce in both CVs and GCDs. Therefore, the
optimum voltage window of CNTs/NiCoSe2//AC ASC was

identified as 0−1.7 V. The NiCoSe2//AC ASC, meanwhile,
was also fabricated for comparison (Figure S11).
The CVs of the CNTs/NiCoSe2//AC ASC (Figure 5a)

show a capacitive feature from 5 to 50 mV s−1, which are a
large discrepancy with the rectangle-shaped CV curves of
carbon-based symmetric SCs because the ASC device contain
both battery-like reaction electric double-layer capacitive
behavior. In addition, at a fixed potential window, GCD
measurement was used to examine the electrochemical
performance of the ASC through varying the current densities
from 1 to 10 A g−1 (Figure 5b). The specific capacity values
corresponding to each applied current density from GCD
curves are graphically represented in Figure 5c. Obviously, the
CNTs/NiCoSe2//AC ASC delivers a much higher specific
capacity of 132.2 mA h g−1 at 1 A g−1 than NiCoSe2//AC ASC
(64.8 mA h g−1 at 1 A g−1). Besides, the Ragone plots obtained
based on eqs S7 and S8 and GCD data are depict in Figure 5d.
Surprisingly, the CNTs/NiCoSe2//AC ASC offers an ultra-
high energy density of 112.2 W h kg−1 at 850 W kg−1 and
remains 67.1 W h kg−1 even at a high power density of 8.5 kW
kg−1. These results are outperformed or comparable to the
NiCoSe2//AC ASC (55 W h kg−1 at 850 W kg−1) and other
latest reported transition metal compounds based on
ASCs.4,13,38,47,48

The durability of SCs is another vital parameter to assess
their practicability. Figure 5e shows comparative capacity
retention of NiCoSe2//AC and CNTs/NiCoSe2//AC ASC at
2 A g−1 upon 10,000 cycles. It is satisfying that after 10,000
cycles, the capacity retention of CNTs/NiCoSe2//AC ASC
can be maintained at about 98.1% of the initial value, which is
superior than that of NiCoSe2//AC ASC (92.3%). This result
is also verified by the EIS test results (Figure 5f). Obviously, at
a low-frequency region, the slope of each straight line is close
to 90°, and the nearly unchanged Rs and Rct values of the

Figure 6. Practical application of the CNTs/NiCoSe2 ASC device. (a) Charged flexible CNTs/NiCoSe2//AC ASC device and its open-circuit
voltage (1.43 V); (b−d) CVs at different bending angles at 50 mV s−1 and five red LEDs powered by two connected ASC devices with different
bending angles and different times; (e,f) large-sized CNTs/NiCoSe2//AC ASC (5 × 6 cm2) and photograph of an LED array (>3.7 V) powered by
three connected ASCs.
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CNTs/NiCoSe2//AC ASC device after the cycling test (as
listed in Table S3) demonstrate that the well-protected cross-
lined hybrid structure of CNTs/NiCoSe2 effectively suppresses
the structural changes caused by the long cycle process.
To explore the application of CNTs/NiCoSe2//AC ASCs as

a power supply for flexible electronics, the flexibility and
mechanical stability of such ASCs were further evaluated. As
shown in Figure 6a, a charged flexible CNTs/NiCoSe2//AC
ASC device delivers an open-circuit voltage of 1.432 V. The
CNTs/NiCoSe2//AC ASC device is easily bent (Figure 6b,c).
Compared to the CV curve without bending (red one), the CV
curves at bending angles of 90° (green line) and 180° (blue
line) remain almost unchanged. The robust mechanical
property of our ASC device can also confirm by repeated
bending of this device from 0 to 180° with 500 cycles. Clearly,
the specific capacity of the ASC is still maintained about 95.5%
after 500 bends (Figure S12). Notice that the brightness of five
red LEDs powered by two connected ASCs do not change
with different bending angles of ASCs (Figure 6c1−c3). The
powered LEDs can also be lighted for more than 10 min
(Figure 6d). Such experiments confirm the excellent flexibility
and stability of the device. Meanwhile, the CNTs/NiCoSe2//
AC ASC is scaled up into 5 × 6 cm2 (Figure 6e), and three of
them connected in series can power an LED array (>3.7 V)
easily, which proves that the CNTs/NiCoSe2 materials are
suitable for commercial size SCs.

4. CONCLUSIONS
In summary, the CNTs/NiCoSe2 film was successfully
deposited on the CC via the co-electrodeposition process
and directly acted as SC’s cathode. As expected, due to the
accessible active sites, short ion transport paths, and beneficial
synergistic properties, the specific capacity, rate capability, and
durability of the CNTs/NiCoSe2 electrode are concurrently
improved. Meanwhile, the assembled flexible all-solid-state
CNTs/NiCoSe2//AC ASC shows ultra-high energy density
(112.2 W h kg−1), outstanding durability (98.1% capacity
retention after 10,000 cycles), and exceptional flexibility.
Therefore, this CNTs/NiCoSe2 electrode is an up-and-coming
candidate for use as a positive electrode for high-performance
flexible and wearable electronics. Meanwhile, the proposed co-
electrodeposition strategy is the possibility of designing and
fabrication of different kinds of CNTs based on transition
metal-based flexible electrodes for other energy storage
devices.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsami.1c15392.

CVs of the samples during the electrodeposition
process; Raman spectra of each treatment step; N2
adsorption/desorption isotherms and pore size distribu-
tion of the NiCoSe2 and CNTs/NiCoSe2 sample;
equivalent circuit models; raw and fit Nyquist plots of
CNTs, NiCoSe2, and CNTs/NiCoSe2 electrodes;
electrochemical performances of the NiCoSe2 electrode;
capacitive process contribution of the CNTs/NiCoSe2
electrode at 1 mV s−1; GCD curve of the AC electrode
at 1 A g−1; overlaps of the CV plots of AC and CNTs/
NiCoSe2 electrodes; CVs and GCDs of CNTs/
NiCoSe2//AC at different potential windows; CVs and

GCDs of NiCoSe2//AC; normalized capacities of the
flexible all-solid-state CNTs/NiCoSe2//AC ASC with
bending angles of 0−180° tested for 500 bends; fitted
impedance data of the CNTs/NiCoSe2 electrode;
comparison of energy storage behavior of other
transition metal-based selenides or CNTs-based materi-
als with this work; impedance data of CNTs/NiCoSe2//
AC before and after cycling; formulas to calculate power
law; contribution of capacitive process; specific capacity;
specific capacitance; mass of AC used in the ASC device;
energy density; and power density (PDF)

■ AUTHOR INFORMATION
Corresponding Authors

Qiang Zhao − School of Materials and Energy, University of
Electronic Science and Technology of China, Chengdu
610054, People’s Republic of China; Yangtze Delta Region
Institute (Huzhou), University of Electronic Science and
Technology of China, Huzhou 313001, People’s Republic of
China; orcid.org/0000-0002-3058-4225;
Email: zqphys@uestc.edu.cn

Yongqi Zhang − Yangtze Delta Region Institute (Huzhou),
University of Electronic Science and Technology of China,
Huzhou 313001, People’s Republic of China; Institute of
Fundamental and Frontier Sciences, University of Electronic
Science and Technology of China, Chengdu 611731, China;
orcid.org/0000-0001-8013-847X; Email: yqzhang@

uestc.edu.cn

Authors
Beirong Ye − School of Materials and Energy, University of
Electronic Science and Technology of China, Chengdu
610054, People’s Republic of China

Jinglin Zhou − School of Materials and Energy, University of
Electronic Science and Technology of China, Chengdu
610054, People’s Republic of China

Xianjun Cao − School of Materials and Energy, University of
Electronic Science and Technology of China, Chengdu
610054, People’s Republic of China

Jinshu Wang − School of Materials and Energy, University of
Electronic Science and Technology of China, Chengdu
610054, People’s Republic of China; orcid.org/0000-
0002-7970-665X

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsami.1c15392

Author Contributions
B.Y. designed and completed the experiments, processed the
experimental data, drew the figures, and wrote the manuscript.
J.Z. assisted in lighting experiments. X.C. did the revision work.
Q.Z., Y.Z., and J.W. discussed the experimental plan and
supervised the study.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This work was financially supported by the Fundamental
Research Funds for the Central Universities (grant no.
ZYGX2019J024), the National Natural Science Foundation
of China (grant no.52002052), and the National Key Research
a nd De v e l o pmen t P r o g r am o f Ch i n a ( g r a n t
no.2017YFA0701001).

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.1c15392
ACS Appl. Mater. Interfaces XXXX, XXX, XXX−XXX

G

https://pubs.acs.org/doi/suppl/10.1021/acsami.1c15392/suppl_file/am1c15392_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c15392/suppl_file/am1c15392_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.1c15392?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c15392/suppl_file/am1c15392_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Qiang+Zhao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-3058-4225
mailto:zqphys@uestc.edu.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yongqi+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-8013-847X
https://orcid.org/0000-0001-8013-847X
mailto:yqzhang@uestc.edu.cn
mailto:yqzhang@uestc.edu.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Beirong+Ye"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jinglin+Zhou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xianjun+Cao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jinshu+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-7970-665X
https://orcid.org/0000-0002-7970-665X
https://pubs.acs.org/doi/10.1021/acsami.1c15392?ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.1c15392?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


■ REFERENCES
(1) Lv, T.; Liu, M.; Zhu, D.; Gan, L.; Chen, T. Nanocarbon-Based
Materials for Flexible All-Solid-State Supercapacitors. Adv. Mater.
2018, 30, 1705489.
(2) Zhou, Y.; Maleski, K.; Anasori, B.; Thostenson, J. O.; Pang, Y.;
Feng, Y.; Zeng, K.; Parker, C. B.; Zauscher, S.; Gogotsi, Y.; Glass, J.
T.; Cao, C. Ti3C2Tx MXene-Reduced Graphene Oxide Composite
Electrodes for Stretchable Supercapacitors. ACS Nano 2020, 14,
3576−3586.
(3) Zhang, Y.; Ouyang, B.; Long, G.; Tan, H.; Wang, Z.; Zhang, Z.;
Gao, W.; Rawat, R. S.; Fan, H. J. Enhancing bifunctionality of CoN
nanowires by Mn doping for long-lasting Zn-air batteries. Sci. China
Chem. 2020, 63, 890−896.
(4) Xia, X.; Zhang, Y.; Chao, D.; Xiong, Q.; Fan, Z.; Tong, X.; Tu, J.;
Zhang, H.; Fan, H. J. Tubular TiC Fibre Nanostructures as
Supercapacitor Electrode Materials with Stable Cycling Life and
Wide-Temperature Performance. Energy Environ. Sci. 2015, 8, 1559−
1568.
(5) Wang, H.; Zhang, Y.; Ang, H.; Zhang, Y.; Tan, H. T.; Zhang, Y.;
Guo, Y.; Franklin, J. B.; Wu, X. L.; Srinivasan, M.; Fan, H. J.; Yan, Q.
A High-Energy Lithium-Ion Capacitor by Integration of a 3D
Interconnected Titanium Carbide Nanoparticle Chain Anode with a
Pyridine-Derived Porous Nitrogen-Doped Carbon Cathode. Adv.
Funct. Mater. 2016, 26, 3082−3093.
(6) Kale, A. M.; Manikandan, R.; Justin Raj, C.; Dennyson Savariraj,
A.; Voz, C.; Kim, B. C. Protonated Nickel 2-Methylimidazole
Framework as an Advanced Electrode Material for High-Performance
Hybrid Supercapacitor. Mater. Today Energy 2021, 21, 100736.
(7) Zhong, Y.; Xia, X.; Shi, F.; Zhan, J.; Tu, J.; Fan, H. J. Transition
Metal Carbides and Nitrides in Energy Storage and Conversion. Adv.
Sci. 2016, 3, 1500286.
(8) Xu, M.; Sun, M.; Rehman, S. U.; Ge, K.; Hu, X.; Ding, H.; Liu,
J.; Bi, H. One-Pot Synthesis of CoO−ZnO/rGO Supported on Ni
Foam for High-Performance Hybrid Supercapacitor with Greatly
Enhanced Cycling Stability. Chin. Chem. Lett. 2021, 32, 2027−2032.
(9) Ma, C.; Mo, Y.; Liu, L.; Yu, Y.; Chen, A. ZIF-Derived
Mesoporous Carbon Materials Prepared by Activation via Na2SiO3 for
Supercapacitor. Chin. Chem. Lett. 2021, 32, 1485−1490.
(10) Xia, X.; Zhang, Y.; Chao, D.; Guan, C.; Zhang, Y.; Li, L.; Ge,
X.; Bacho, I. M.; Tu, J.; Fan, H. J. Solution Synthesis of Metal Oxides
for Electrochemical Energy Storage Applications. Nanoscale 2014, 6,
5008−5048.
(11) Shen, S.; Zhou, R.; Li, Y.; Liu, B.; Pan, G.; Liu, Q.; Xiong, Q.;
Wang, X.; Xia, X.; Tu, J. Bacterium, Fungus, and Virus Micro-
organisms for Energy Storage and Conversion. Small Methods 2019, 3,
1900596.
(12) Wang, X.; Liu, B.; Wang, Q.; Song, W.; Hou, X.; Chen, D.;
Cheng, Y.-b.; Shen, G. Three-Dimensional Hierarchical GeSe2
Nanostructures for High Performance Flexible All-Solid-State Super-
capacitors. Adv. Mater. 2013, 25, 1479−1486.
(13) Zheng, Y.; Tian, Y.; Sarwar, S.; Luo, J.; Zhang, X. Carbon
Nanotubes Decorated NiSe2Nanosheetsfor High -PerformanceSuper-
capacitors. J. Power Sources 2020, 452, 227793.
(14) Shi, X.; Wang, H.; Ji, S.; Linkov, V.; Liu, F.; Wang, R. CoNiSe2
NanorodsDirectly Grown on Ni Foam as Advanced Cathodes for
Asymmetric Supercapacitors. Chem. Eng. J. 2019, 364, 320−327.
(15) Subhadarshini, S.; Pavitra, E.; Rama Raju, G. S.; Chodankar, N.
R.; Goswami, D. K.; Han, Y.-K.; Huh, Y. S.; Das, N. C. One-
Dimensional NiSe−Se Hollow Nanotubular Architecture as a Binder-
Free Cathode with Enhanced Redox Reactions for High-Performance
Hybrid Supercapacitors. ACS Appl. Mater. Interfaces 2020, 12, 29302−
29315.
(16) Deng, S.; Yang, F.; Zhang, Q.; Zhong, Y.; Zeng, Y.; Lin, S.;
Wang, X.; Lu, X.; Wang, C. Z.; Gu, L.; Xia, X.; Tu, J. Phase
Modulation of (1T-2H)-MoSe2/TiC-C Shell/Core Arrays via Nitro-
gen Doping for Highly Efficient Hydrogen Evolution Reaction. Adv.
Mater. 2018, 30, 1802223.
(17) Santhoshkumar, P.; Shaji, N.; Sim, G. S.; Nanthagopal, M.;
Park, J. W.; Lee, C. W. Facile and Solvothermal Synthesis of

Rationally Designed Mesoporous NiCoSe2 Nanostructureand Its
Improved Lithium and Sodium Storage Properties. Appl. Mater. Today
2020, 21, 100807.
(18) Li, Y.; Chen, M.; Liu, B.; Zhang, Y.; Liang, X.; Xia, X.
Heteroatom Doping: An Effective Way to Boost Sodium Ion Storage.
Adv. Energy Mater. 2020, 10, 2000927.
(19) Yang, J.; Sun, Z.; Wang, J.; Zhang, J.; Qin, Y.; You, J.; Xu, L.
Hierarchical NiSe2 Spheres Composed of Tiny Nanoparticles for
High Performance Asymmetric Supercapacitors. CrystEngComm
2019, 21, 994−1000.
(20) Chen, T.; Li, S.; Gui, P.; Wen, J.; Fu, X.; Fang, G. Bifunctional
Bamboo-Like CoSe2 Arrays for High-Performance Asymmetric
Supercapacitor and Electrocatalytic Oxygen Evolution. Nanotechnol-
ogy 2018, 29, 205401.
(21) Su, C.; Xu, S.; Zhang, L.; Chen, X.; Guan, G.; Hu, N.; Su, Y.;
Zhou, Z.; Wei, H.; Yang, Z.; Qin, Y. Hierarchical CoNi2S4
Nanosheet/NanotubeArray Structure on Carbon Fiber Cloth for
High-Performance Hybrid Supercapacitors. Electrochim. Acta 2019,
305, 81−89.
(22) Yan, M.; Yao, Y.; Wen, J.; Long, L.; Kong, M.; Zhang, G.; Liao,
X.; Yin, G.; Huang, Z. Construction of a Hierarchical NiCo2S4@PPy
Core−Shell Heterostructure Nanotube Array on Ni Foam for a High-
Performance Asymmetric Supercapacitor. ACS Appl. Mater. Interfaces
2016, 8, 24525−24535.
(23) Wang, Y.; Zhang, W.; Guo, X.; Jin, K.; Chen, Z.; Liu, Y.; Yin,
L.; Li, L.; Yin, K.; Sun, L.; Zhao, Y. Ni−Co Selenide Nanosheet/3D
Graphene/Nickel Foam Binder-Free Electrode for High-Performance
Supercapacitor. ACS Appl. Mater. Interfaces 2019, 11, 7946−7953.
(24) Hou, L.; Shi, Y.; Wu, C.; Zhang, Y.; Ma, Y.; Sun, X.; Sun, J.;
Zhang, X.; Yuan, C. Monodisperse Metallic NiCoSe2 Hollow Sub-
Microspheres: Formation Process, Intrinsic Charge-Storage Mecha-
nism, and Appealing Pseudocapacitance as Highly Conductive
Electrode for Electrochemical Supercapacitors. Adv. Funct. Mater.
2018, 28, 1705921.
(25) Wang, L.; Feng, Z.; Zhang, H.; Li, D.; Xing, P. One-step
electrodeposited 3D porous NiCoSe2 nanosheet array for high-
performance asymmetric supercapacitors. Nanotechnology 2020, 31,
125403.
(26) Ye, B.; Cao, X.; Zhao, Q.; Wang, J. Additive Assisted
Electrodeposition of Nanostructured NiCoSe2 for High Performance
Asymmetric Supercapacitor. J. Energy Storage 2020, 31, 101632.
(27) Zhu, H.; Jiang, R.; Chen, X.; Chen, Y.; Wang, L. 3D Nickel-
Cobalt Diselenide Nanonetwork for Highly Efficient Oxygen
Evolution. Sci. Bull. 2017, 62, 1373−1379.
(28) Liu, B.; Zhao, Y.-F.; Peng, H.-Q.; Zhang, Z.-Y.; Sit, C.-K.; Yuen,
M.-F.; Zhang, T.-R.; Lee, C.-S.; Zhang, W.-J. Nickel-Cobalt
Diselenide 3D Mesoporous Nanosheet Networks Supported on Ni
Foam: An All-pH Highly Efficient Integrated Electrocatalyst for
Hydrogen Evolution. Adv. Mater. 2017, 29, 1606521.
(29) Zhang, Y.; Xia, X.; Liu, B.; Deng, S.; Xie, D.; Liu, Q.; Wang, Y.;
Wu, J.; Wang, X.; Tu, J. Multiscale Graphene-Based Materials for
Applications in Sodium Ion Batteries. Adv. Energy Mater. 2019, 9,
1803342.
(30) Huang, L.; Li, J.; Liu, B.; Li, Y.; Shen, S.; Deng, S.; Lu, C.;
Zhang, W.; Xia, Y.; Pan, G.; Wang, X.; Xiong, Q.; Xia, X.; Tu, J.
Electrode Design for Lithium−Sulfur Batteries: Problems and
Solutions. Adv. Funct. Mater. 2020, 30, 1910375.
(31) Xie, P.; Yuan, W.; Liu, X.; Peng, Y.; Yin, Y.; Li, Y.; Wu, Z.
Advanced Carbon Nanomaterials for State-of-the-Art Flexible Super-
capacitors. Energy Storage Mater. 2021, 36, 56−76.
(32) Meng, A.; Shen, T.; Huang, T.; Song, G.; Li, Z.; Tan, S.; Zhao,
J. NiCoSe2/Ni3Se2 LamellaArrays Grown on N-DopedGraphene
Nanotubes with Ultrahigh-RateCapability and Long-Lerm Cycling
for Asymmetric Supercapacitor. Sci. China Mater. 2020, 63, 229−239.
(33) Liu, X.; Xu, W.; Zheng, D.; Li, Z.; Zeng, Y.; Lu, X. Carbon
Cloth as an Advanced Electrode Material for Supercapacitors:
Progress and Challenges. J. Mater. Chem. A 2020, 8, 17938−17950.
(34) Li, J.; Wang, Y.; Xu, W.; Wang, Y.; Zhang, B.; Luo, S.; Zhou, X.;
Zhang, C.; Gu, X.; Hu, C. Porous Fe2O3 Nanospheres Anchored on

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.1c15392
ACS Appl. Mater. Interfaces XXXX, XXX, XXX−XXX

H

https://doi.org/10.1002/adma.201705489
https://doi.org/10.1002/adma.201705489
https://doi.org/10.1021/acsnano.9b10066?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.9b10066?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s11426-020-9739-2
https://doi.org/10.1007/s11426-020-9739-2
https://doi.org/10.1039/c5ee00339c
https://doi.org/10.1039/c5ee00339c
https://doi.org/10.1039/c5ee00339c
https://doi.org/10.1002/adfm.201505240
https://doi.org/10.1002/adfm.201505240
https://doi.org/10.1002/adfm.201505240
https://doi.org/10.1016/j.mtener.2021.100736
https://doi.org/10.1016/j.mtener.2021.100736
https://doi.org/10.1016/j.mtener.2021.100736
https://doi.org/10.1002/advs.201500286
https://doi.org/10.1002/advs.201500286
https://doi.org/10.1016/j.cclet.2020.12.011
https://doi.org/10.1016/j.cclet.2020.12.011
https://doi.org/10.1016/j.cclet.2020.12.011
https://doi.org/10.1016/j.cclet.2020.08.041
https://doi.org/10.1016/j.cclet.2020.08.041
https://doi.org/10.1016/j.cclet.2020.08.041
https://doi.org/10.1039/c4nr00024b
https://doi.org/10.1039/c4nr00024b
https://doi.org/10.1002/smtd.201900596
https://doi.org/10.1002/smtd.201900596
https://doi.org/10.1002/adma.201204063
https://doi.org/10.1002/adma.201204063
https://doi.org/10.1002/adma.201204063
https://doi.org/10.1016/j.jpowsour.2020.227793
https://doi.org/10.1016/j.jpowsour.2020.227793
https://doi.org/10.1016/j.jpowsour.2020.227793
https://doi.org/10.1016/j.cej.2019.01.156
https://doi.org/10.1016/j.cej.2019.01.156
https://doi.org/10.1016/j.cej.2019.01.156
https://doi.org/10.1021/acsami.0c05612?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.0c05612?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.0c05612?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.0c05612?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adma.201802223
https://doi.org/10.1002/adma.201802223
https://doi.org/10.1002/adma.201802223
https://doi.org/10.1016/j.apmt.2020.100807
https://doi.org/10.1016/j.apmt.2020.100807
https://doi.org/10.1016/j.apmt.2020.100807
https://doi.org/10.1002/aenm.202000927
https://doi.org/10.1039/c8ce01805g
https://doi.org/10.1039/c8ce01805g
https://doi.org/10.1088/1361-6528/aab19b
https://doi.org/10.1088/1361-6528/aab19b
https://doi.org/10.1088/1361-6528/aab19b
https://doi.org/10.1016/j.electacta.2019.03.013
https://doi.org/10.1016/j.electacta.2019.03.013
https://doi.org/10.1016/j.electacta.2019.03.013
https://doi.org/10.1021/acsami.6b05618?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.6b05618?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.6b05618?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.8b19386?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.8b19386?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.8b19386?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adfm.201705921
https://doi.org/10.1002/adfm.201705921
https://doi.org/10.1002/adfm.201705921
https://doi.org/10.1002/adfm.201705921
https://doi.org/10.1088/1361-6528/ab5bc2
https://doi.org/10.1088/1361-6528/ab5bc2
https://doi.org/10.1088/1361-6528/ab5bc2
https://doi.org/10.1016/j.est.2020.101632
https://doi.org/10.1016/j.est.2020.101632
https://doi.org/10.1016/j.est.2020.101632
https://doi.org/10.1016/j.scib.2017.09.012
https://doi.org/10.1016/j.scib.2017.09.012
https://doi.org/10.1016/j.scib.2017.09.012
https://doi.org/10.1002/adma.201606521
https://doi.org/10.1002/adma.201606521
https://doi.org/10.1002/adma.201606521
https://doi.org/10.1002/adma.201606521
https://doi.org/10.1002/aenm.201803342
https://doi.org/10.1002/aenm.201803342
https://doi.org/10.1002/adfm.201910375
https://doi.org/10.1002/adfm.201910375
https://doi.org/10.1016/j.ensm.2020.12.011
https://doi.org/10.1016/j.ensm.2020.12.011
https://doi.org/10.1007/s40843-019-9587-5
https://doi.org/10.1007/s40843-019-9587-5
https://doi.org/10.1007/s40843-019-9587-5
https://doi.org/10.1039/d0ta03463k
https://doi.org/10.1039/d0ta03463k
https://doi.org/10.1039/d0ta03463k
https://doi.org/10.1016/j.nanoen.2018.12.061
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.1c15392?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Activated Carbon Cloth for High-PerformanceSymmetric Super-
capacitors. Nano Energy 2019, 57, 379−387.
(35) Chen, W.; Wei, T.; Mo, L.-E.; Wu, S.; Li, Z.; Chen, S.; Zhang,
X.; Hu, L. CoS2 Nanosheets on Carbon Cloth for Flexible All-Solid-
State Supercapacitors. Chem. Eng. J. 2020, 400, 125856.
(36) Zhang, W.; Yang, W.; Zhou, H.; Zhang, Z.; Zhao, M.; Liu, Q.;
Yang, J.; Lu, X. Self-Discharge of Supercapacitors Based on Carbon
Nanotubes with Different Diameters. Electrochim. Acta 2020, 357,
136855.
(37) Li, J.; Zhao, H.; Wang, M.; Zhu, Y.; Li, B.; Yu, X.; Xu, J.;
Cheng, Y.; Ouyang, L.; Shao, H. Rational Design of 3D N-Doped
Carbon Nanosheet Framework Encapsulated Ultrafine ZnO Nano-
crystals as Superior Performance Anode Materials in Lithium Ion
Batteries. J. Mater. Chem. A 2019, 7, 25155−25164.
(38) Zhang, Y.; Lin, B.; Wang, J.; Tian, J.; Sun, Y.; Zhang, X.; Yang,
H. All-Solid-State Asymmetric Supercapacitors Based on ZnO
Quantum Dots/Carbon CNT and Porous N-doped Carbon/CNT
Electrodes Derived from a Single ZIF-8/CNT Template. J. Mater.
Chem. A 2016, 4, 10282−10293.
(39) Zhang, Y.; Ouyang, B.; Xu, J.; Chen, S.; Rawat, R. S.; Fan, H. J.
3D Porous Hierarchical Nickel−Molybdenum Nitrides Synthesized
by RF Plasma as Highly Active and Stable Hydrogen-Evolution-
Reaction Electrocatalysts. Adv. Energy Mater. 2016, 6, 1600221.
(40) Zhang, Y.; Ouyang, B.; Xu, J.; Jia, G.; Chen, S.; Rawat, R. S.;
Fan, H. J. Rapid Synthesis of Cobalt Nitride Nanowires: Highly
Efficient and Low-Cost Catalysts for Oxygen Evolution. Angew.
Chem., Int. Ed. 2016, 55, 8670−8674.
(41) Kordek, K.; Jiang, L.; Fan, K.; Zhu, Z.; Xu, L.; Al-Mamun, M.;
Dou, Y.; Chen, S.; Liu, P.; Yin, H.; Rutkowski, P.; Zhao, H. Two-Step
Activated Carbon Cloth with Oxygen-Rich Functional Groups as a
High-Performance Additive-Free Air Electrode for Flexible Zinc−Air
Batteries. Adv. Energy Mater. 2019, 9, 1802936.
(42) Lyu, L.; Seong, K.-d.; Kim, J. M.; Zhang, W.; Jin, X.; Kim, D.
K.; Jeon, Y.; Kang, J.; Piao, Y. CNT/High Mass Loading MnO2/
Graphene-Grafted Carbon Cloth Electrodes for High-Energy
Asymmetric Supercapacitors. Nano-Micro Lett. 2019, 11, 88.
(43) Yu, J.; Tian, Y.; Zhou, F.; Zhang, M.; Chen, R.; Liu, Q.; Liu, J.;
Xu, C.-Y.; Wang, J. Metallic and Superhydrophilic Nickel Cobalt
Diselenide Nanosheets Electrodeposited on Carbon Cloth as a
Bifunctional Electrocatalyst. J. Mater. Chem. A 2018, 6, 17353−17360.
(44) Fu, M.; Lv, R.; Lei, Y.; Terrones, M. Ultralight Flexible
Electrodes of Nitrogen-Doped Carbon Macrotube Sponges for High-
Performance Supercapacitors. Small 2021, 17, 2004827.
(45) Fan, H.; Zhang, X.; Wang, Y.; Lang, J.; Gao, R. Highly
Conductive KNiF3@Carbon Nanotubes Composite Materials with
Cross-Linked Structure for High Performance Supercapacitor. J.
Power Sources 2020, 474, 228603.
(46) Xia, X.; Chao, D.; Zhang, Y.; Zhan, J.; Zhong, Y.; Wang, X.;
Wang, Y.; Shen, Z. X.; Tu, J.; Fan, H. J. Generic Synthesis of Carbon
Nanotube Branches on Metal Oxide Arrays Exhibiting Stable High-
Rate and Long-Cycle Sodium-Ion Storage. Small 2016, 12, 3048−
3058.
(47) Zhang, X.; Yang, S.; Jiang, Y.; An, D.; Huang, J.; Chen, D.;
Zhang, Y.; Yu, F.; Chen, Y. Multi-Dimensional Graded Electrodes
with Enhanced Capacitance and Superior Cyclic Stability. J. Power
Sources 2021, 481, 228911.
(48) Chen, Z.; Zheng, L.; Zhu, T.; Ma, Z.; Yang, Y.; Wei, C.; Liu, L.;
Gong, X. All-Solid-State Flexible Asymmetric Supercapacitors
Fabricated by the Binder-Free Hydrophilic Carbon Cloth@MnO2
and Hydrophilic Carbon Cloth@Polypyrrole Electrodes. Adv.
Electron. Mater. 2019, 5, 1800721.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.1c15392
ACS Appl. Mater. Interfaces XXXX, XXX, XXX−XXX

I

https://doi.org/10.1016/j.nanoen.2018.12.061
https://doi.org/10.1016/j.nanoen.2018.12.061
https://doi.org/10.1016/j.cej.2020.125856
https://doi.org/10.1016/j.cej.2020.125856
https://doi.org/10.1016/j.electacta.2020.136855
https://doi.org/10.1016/j.electacta.2020.136855
https://doi.org/10.1039/c9ta08377d
https://doi.org/10.1039/c9ta08377d
https://doi.org/10.1039/c9ta08377d
https://doi.org/10.1039/c9ta08377d
https://doi.org/10.1039/c6ta03633c
https://doi.org/10.1039/c6ta03633c
https://doi.org/10.1039/c6ta03633c
https://doi.org/10.1002/aenm.201600221
https://doi.org/10.1002/aenm.201600221
https://doi.org/10.1002/aenm.201600221
https://doi.org/10.1002/anie.201604372
https://doi.org/10.1002/anie.201604372
https://doi.org/10.1002/aenm.201802936
https://doi.org/10.1002/aenm.201802936
https://doi.org/10.1002/aenm.201802936
https://doi.org/10.1002/aenm.201802936
https://doi.org/10.1007/s40820-019-0316-7
https://doi.org/10.1007/s40820-019-0316-7
https://doi.org/10.1007/s40820-019-0316-7
https://doi.org/10.1039/c8ta04950e
https://doi.org/10.1039/c8ta04950e
https://doi.org/10.1039/c8ta04950e
https://doi.org/10.1002/smll.202004827
https://doi.org/10.1002/smll.202004827
https://doi.org/10.1002/smll.202004827
https://doi.org/10.1016/j.jpowsour.2020.228603
https://doi.org/10.1016/j.jpowsour.2020.228603
https://doi.org/10.1016/j.jpowsour.2020.228603
https://doi.org/10.1002/smll.201600633
https://doi.org/10.1002/smll.201600633
https://doi.org/10.1002/smll.201600633
https://doi.org/10.1016/j.jpowsour.2020.228911
https://doi.org/10.1016/j.jpowsour.2020.228911
https://doi.org/10.1002/aelm.201800721
https://doi.org/10.1002/aelm.201800721
https://doi.org/10.1002/aelm.201800721
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.1c15392?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

