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and Yong Hu *a

Heteroatom doping has been regarded as an effective route to tune the electronic structure of electrode

materials to achieve enhanced electrical conductivity as well as more electroactive sites and boost the

devices' capacitive performance and cycling stability. Herein, novel high-performance all-solid-state

asymmetric supercapacitors (ASCs) based on mesoporous Cu-doped Co9S8 rectangular nanotube arrays

(Cu-Co9S8 NTAs) are successfully fabricated. Using Cu–Co(CO3)0.5(OH) nanowire arrays as the precursor

and 1,3,5-benzenetricarboxylic acid (H3BTC) as the ligand, intermediate CuCo–MOF nanorod arrays are

first obtained and then converted into Cu-Co9S8 rectangular NTAs via a facile sulfidation reaction.

Interestingly, the intermediate CuCo–MOF nanorods play a determinant role in forming the hollow

nanostructures of the final products. Due to the arrays of the unique hollow nanostructures and novel

electronic properties induced by Cu doping, a battery-type electrode based on the Cu-Co9S8 NTAs

exhibits a high specific capacity of 366 mA h g�1 (2636 F g�1) at 2 A g�1 and excellent cycling stability

(94.0% capacity retention after 5000 cycles). Furthermore, all-solid-state ASCs assembled using the Cu-

Co9S8 NTAs as the positive electrode and active carbon as the negative electrode demonstrate a high

energy density of 71.93 W h kg�1 at a power density of 750 W kg�1 and outstanding cycling stability

(96.2% retention after 5000 cycles). The ASC device exhibits enhanced energy density compared with

reported state-of-the-art supercapacitors as well as excellent flexibility under different bending conditions.
1. Introduction

The growing demand for portable electronic devices has
promoted the development of small, lightweight and exible
energy storage devices.1–4 Supercapacitors (SCs), as one kind
of portable energy storage device, have attracted tremendous
interest in recent years by virtue of their fast charge/discharge
processes, superior cycle efficiency, high power density and
environmental friendliness.5–8 However, their practical
applications have been hindered by their low energy
density.9–11 Therefore, it is of critical importance to further
enhance the energy densities of SCs without compromising
their power densities by maximizing the cell voltage and
specic capacity.12–14 Typically, the voltage window can be
efficiently widened by assembling asymmetric super-
capacitors (ASCs),15,16 while high specic capacity can be
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achieved by developing battery-type faradaic electrode
materials.17

The electrode materials are the essential component in
determining the electrochemical performance of ASCs.15,18

Among various electrode materials, transition metal suldes
(TMSs) have been investigated as cathodes due to their better
electrical conductivity, lower electronegativity and higher elec-
trochemical activity compared with their corresponding metal
oxides,19–21 but they still suffer from the problems of poor
cycling stability and a low rate.22,23 Doping with different metal
ions is usually regarded as an easy and effective approach to
solve these drawbacks.24 Doping a second metal ion into the
lattice of a sulde can change the charge states since the het-
eroatomic metal tends to occupy the sites in the crystalline
structure, which can generate more active sites, tune the band
gap and therefore enhance the conductivity and boost the
electrochemical performance.24–26 For example, Lee and co-
workers developed cobalt-doped Fe3O4 which exhibited better
electrochemical performance than pure Fe3O4 electrodes.26

Despite the reported studies on the metal-ion-doping strategy to
improve electrochemical performances, studies on metal-ion-
doped cobalt suldes for SCs are still rare. In particular, this
is the rst time that mesoporous Cu-doped Co9S8 rectangular
nanotube arrays (NTAs) are reported.
J. Mater. Chem. A, 2019, 7, 5333–5343 | 5333
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The electrochemical properties of supercapacitors are also
largely limited by the sluggish ion/electron transport kinetics
and the volumetric expansion problem in the cycling process
which lead to undesirable performances. The construction of
hollow architectures with highly active surfaces and short
diffusion paths can overcome these obstacles.27,28 One of the
effective approaches is to construct hollow nanoarrays grown on
current collectors, which can effectively reduce internal resis-
tance and facilitate electron transfer.6 Hollow nanoarrays can
not only shorten the diffusion path of electrons/ions to promote
the reaction kinetics, but also provide efficient voids to
accommodate the volume expansion and prevent structure
degradation during cycling tests.29,30 Among the strategies for
preparing hollow nanoarrays, the self-templating approach is
fascinating for the production of various novel architectures.31

Additionally, metal–organic frameworks (MOFs), comprising
metal ions and organic ligands, have been widely employed as
self-templates to construct hollow functional materials for
electrochemical applications.32,33 In particular, the organic
frameworks can conne in situ generated metal ions, which can
be easily transformed into metal-based derivatives.34 Most of
the metal-based derivatives canmaintain the architecture of the
MOF, leading to uniform size, a large surface area and large
porosity to enhance electrochemical performances.35,36 There-
fore, it is desirable to develop a strategy for converting MOFs
into electroactive materials with controllable conversion rates.

Herein, we present a facile self-templating strategy to
construct mesoporous Cu-doped Co9S8 rectangular NTAs which
combine the advantages of metal ion doping and hollow
nanostructure arrays. In the synthesis, the intermediate CuCo–
MOF nanorod arrays (NRAs) are transformed from Cu-doped
Co(CO3)0.5(OH) (Cu-CCO) nanowire arrays (NWAs), and then
further converted into mesoporous Cu-doped Co9S8 rectangular
NTAs by a suldation reaction of thioacetamide (TAA) in
ethanol. Compared with the pristine Co9S8 NTAs, the Cu-Co9S8
NTAs exhibit a much higher specic capacity of 366 mA h g�1

(2636 F g�1) at a current density of 2 A g�1 and excellent cycling
stability. In addition, an ASC is assembled with the Cu-Co9S8
rectangular NTAs and activated carbon (AC) as the electrodes,
which exhibits a high energy density of 71.93 W h kg�1 at
a power density of 750 W kg�1 and 45.16 W h kg�1 at
15 kW kg�1, and long-term cycling stability. This excellent
electrochemical performance indicates its promising potential
for future practical applications.
2. Experimental section

All reagents used in this work were of analytical grade,
purchased from Shanghai Chemical Reagent Factory and used
as received without further purication.
2.1 Synthesis of Cu-CCO NWAs

Cu-CCO NWAs were grown on a Ni foam (NF 2 cm � 4 cm) by
a facile hydrothermal method. Briey, 0.060 g of Cu(NO3)2,
0.727 g of Co(NO3)2$6H2O and 0.750 g of urea were dissolved in
40 mL distilled water. The mixture was sonicated for 10 min to
5334 | J. Mater. Chem. A, 2019, 7, 5333–5343
obtain a pink solution. Then the solution was transferred into
a 50 mL Teon-lined stainless steel autoclave and cleaned NF
was immersed into the solution. The Teon-lined stainless steel
autoclave was maintained at 90 �C for 12 h. When the autoclave
cooled down to room temperature, the NF coated with the
precursor was washed with distilled water and ethanol several
times, and nally dried at 60 �C for 12 h.
2.2 Synthesis of CuCo–MOF NRAs

To prepare CuCo–MOF NRAs, 30 mg of 1,3,5-benzene-
tricarboxylic acid (H3BTC) was dissolved in a mixture of 10 mL
of DI water, 10 mL of ethanol, and 10 mL of DMF and the
mixture was sonicated for 10 min to obtain a clear solution. The
solution was transferred into a 50 mL Teon-lined stainless
steel autoclave and the Cu-CCO NWAs were immersed into the
solution. Then the Teon-lined stainless steel autoclave was
maintained at 150 �C for 12 h. When the autoclave cooled down
to room temperature, the NF coated with the Cu–Co MOF was
washed with distilled water and ethanol several times and dried
at 60 �C for 12 h.
2.3 Synthesis of Cu-Co9S8 rectangular NTAs

In a typical procedure, 0.18 g of TAA was dissolved in 40 mL
ethanol. Then the solution was transferred into a 50 mL Teon-
lined stainless steel autoclave and the CuCo–MOF NRAs were
immersed into the solution, which was maintained at 120 �C for
4 h to obtain the Cu-Co9S8 rectangular NTAs. Aer the reaction,
the NF was collected and washed with distilled water and
ethanol several times and dried at 60 �C for 12 h.
2.4 Synthesis of Cu-Co9S8 NRAs

The Cu-CCO NWA precursor was synthesized with the same
procedure described above, and then further vulcanized by
a hydrothermal reaction. In a typical procedure, 0.18 g of TAA
was rst dissolved in 40 mL ethanol. The solution was trans-
ferred into a 50 mL Teon-lined stainless steel autoclave and
the Cu-CCO NWAs were immersed into the solution, which was
maintained at 120 �C for 4 h. The nal product was washed with
distilled water and ethanol several times and dried at 60 �C for
12 h.
2.5 Assembly of solid-state ASCs

The solid-state ASCs were assembled by taking Cu-Co9S8 rect-
angular NTAs and activated carbon (AC) as the positive and
negative electrodes, respectively, and KOH/PVA as the gel elec-
trolyte. In a typical gel electrolyte preparation, 3 g of PVA was
dissolved in 20 mL of distilled water with stirring at 85 �C until
it became transparent. Then 10 mL of 0.3 g mL�1 KOH was
added dropwise slowly and constantly stirred for 2 h to obtain
the gel electrolyte. Subsequently, the Cu-Co9S8 rectangular NTA
and AC electrodes were both immersed into the gel electrolyte
for 5 min before they were assembled together and protected
with a Kapton lm.
This journal is © The Royal Society of Chemistry 2019
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2.6 Characterization

The crystallographic structure and phase purity of the samples
were investigated by powder X-ray diffraction (XRD) measure-
ments performed with a scan rate of 0.06� s�1 on a Philips
PW3040/60 X-ray diffractometer using Cu-Ka radiation. The
morphologies and microstructures were characterized by
scanning electron microscopy (SEM) on a Hitachi S-4800 scan-
ning electron micro-analyzer with an accelerating voltage of
5 kV, and transmission electron microscopy (TEM) and high-
resolution TEM (HRTEM) performed at 200 kV with a JEM-
2100F eld emission TEM. The surface compositions of the
samples were examined by X-ray photoelectron spectroscopy
(XPS) using an ESCALab MKII X-ray photoelectron spectrometer
with Al Ka X-ray as the excitation source.
2.7 Electrochemical measurements

The electrochemical performances of the samples were deter-
mined with CV, GCD, and EIS measurements by using a CHI
660E electrochemical workstation (Chenhua, Shanghai) in both
three-electrode and two-electrode systems. In the three-
electrode conguration, Pt foil was used as the counter elec-
trode, Hg/HgO as the reference electrode, and 6 M KOH as the
electrolyte, while in the two-electrode setup, the PVA/KOH gel
electrolyte was used. EIS measurements were performed at 5mV
in the frequency range of 10 mHz to 100 kHz at open circuit
potential.

The specic capacitance (Csp, F g�1) and specic capacity
(Cs, mA h g�1) of the electrodes in a half cell can be obtained
according to eqn (1) and (2)

Csp ¼ IDt

mDV
(1)

Cs ¼
2i

ð
Vdt

mV
(2)

where I is the current (A), Dt is the discharge time (s), m is the
mass of the active materials (g), DV is the potential window (V),
and

Ð
Vdt is the integral area under the discharge curve,

respectively.
For the assembled ASCs, the charge balance is obtained

according to the following equation

mþ
m�

¼ C�DV�
CþDVþ

(3)

where m is the mass of the active material (g), C is the specic
capacitance (F g�1), andDV is the potential (V) window range for
the positive and negative electrodes, respectively.

Based on charge balancing, the mass ratio of the Cu-Co9S8
rectangular NTA electrode to the AC electrode is optimized and
xed at around 1 : 6. The negative electrode was prepared by
coating a mixture of AC (80 wt%), carbon black (10 wt%) and
polyvinylidene-uoride (PVDF, 10 wt%) and a small amount of
N-methylpyrrolidone (NMP) onto a NF and then drying in an
oven at 70 �C for 12 h. The load of the active materials in the
assembled asymmetric device was about 10.5 mg (1.5 mg of Cu-
Co9S8 rectangular NTAs and 9.0 mg of AC).
This journal is © The Royal Society of Chemistry 2019
The energy density E (W h kg�1) and power density P (W
kg�1) of the ASCs in the Ragone plot can be calculated according
to the following equations:

E ¼ 1

2
CDV 2 (4)

P ¼ E

t
(5)

where C is the specic capacitance (F g�1), DV is the potential
(V) window, and t is the discharge time (s).
3. Results and discussion

The synthesis procedure of the Cu-Co9S8 rectangular NTAs is
schematically displayed in Fig. 1. Uniform Cu-CCO NWAs on NF
are rst prepared through a facile hydrothermal method, which
are transformed into aligned CuCo–MOF NRAs in a mixed
solution of 1,3,5-benzenetricarboxylic acid (H3BTC), DMF,
ethanol and distilled water at 150 �C for 12 h. Aer suldation,
mesoporous Cu-Co9S8 rectangular NTAs are achieved by a facile
anion-exchange reaction at 120 �C for 4 h.

The phase and composition of the as-prepared Cu-CCO
NWAs were investigated by XRD. As shown in Fig. S1 (see the
ESI†), all the diffraction peaks of Cu-CCO can be well indexed to
the Co(CO3)0.5(OH) phase (JCPDS no. 48-0083). Following the
conversion of the Cu-CCO NWAs in the presence of H3BTC, all
the peaks (Fig. S2, see the ESI†) of the resultant CuCo–MOF
NRAs match well with the simulated patterns in a previous
report.37 Aer suldation, the diffraction peaks of Cu-Co9S8
rectangular NTAs (Fig. 2a) corresponding to the cubic Co9S8
(JCPDS no. 02-1459) rather than any other impurity of copper
sulfate reveal the achieved Cu doping. Compared with the
pristine Co9S8 NTAs, the diffraction peaks of all 2q values in the
Cu-Co9S8 NTAs slightly shi toward higher angles, indicating
the substitution of Co2+ ions by Cu2+ ions (Fig. 2b), which is
expected to result in higher conductivity.38,39

The morphology and microstructure of the as-prepared
samples were characterized by SEM and TEM. The SEM
images of Cu-CCO precursors displayed in Fig. 3a and b reveal
that the surface of the NF substrate was uniformly coated with
nanowires. Amagnied SEM image (Fig. 3b) further depicts that
the nanowires are vertically aligned on the NF with a smooth
surface. As shown in Fig. 3c, the nanowires have been converted
into nanorods with a rectangular-like morphology. A close-up
SEM image (Fig. 3d) clearly demonstrates that the solid nano-
rods with an average diameter of 240 nm are vertically aligned
on the NF. The evolution of the rectangular-like morphology is
due to the coordination of the metal ions and ligand. Aer
a facile suldation, the intermediate CuCo–MOF NRAs are
transformed into hollow Cu-Co9S8 rectangular NTAs. The cor-
responding SEM images (Fig. 3e and f) demonstrate that the
rectangular-like units of Cu-Co9S8 NTAs are well inherited from
the CuCo–MOF NRAs and the hollow structure is generated
simultaneously. The cavities in the hollow architecture may
endow the structure with more electroactive sites and a large
interfacial region between the electrode and electrolyte for fast
J. Mater. Chem. A, 2019, 7, 5333–5343 | 5335

https://doi.org/10.1039/c8ta10998b


Fig. 1 Schematic illustration of the construction of the mesoporous Cu-Co9S8 rectangular NTAs 3D electrode.

Fig. 2 (a) XRD patterns of the as-prepared Cu-Co9S8 rectangular NTAs, Co9S8 rectangular NTAs and Cu-Co9S8 NRAs, and (b) the corresponding
XRD patterns in the range from 27 to 34�.
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diffusion, which contributes to enhancing the specic capacity.
Fig. 3f clearly demonstrates the open void structure with
a rough surface, which is attributed to the etching effect of S2�.
Specically, during the suldation process, S2� ions released
Fig. 3 SEM images of the as-prepared (a, b) Cu-CCO NWAs, (c, d)
CuCo–MOF NRAs, and (e, f) Cu-Co9S8 rectangular NTAs.

5336 | J. Mater. Chem. A, 2019, 7, 5333–5343
from the decomposition of TAA rst react with cobalt ions to
form a thin layer of Co9S8. Owing to the diffusion-controlled ion
exchange process, the outward diffusion of cobalt ions domi-
nates the inward diffusion of S2� ions.19 As a result, the hollow
interior with a large number of mesopores in the shell is
formed. In the case of the pure Co9S8 NTAs, the corresponding
SEM images (Fig. S3a and b, see the ESI†) also exhibit a similar
morphology and structure. During the morphology evolution of
the hollow architectures, the intermediate CuCo–MOF not only
serves as a self-template to develop the rectangular-like nanorod
morphology, but also plays an essential role in the next step to
form hollow rectangular nanotube arrays. In the absence of
H3BTC, only Cu-Co9S8 solid NRAs with a rough surface can be
obtained (Fig. S4a and b, see the ESI†). Owing to these unique
structural features, the Cu-Co9S8 rectangular NTAs display
a Brunauer–Emmett–Teller (BET) specic surface area of 37.02
m2 g�1 and an average pore size of 7.39 nm (Fig. S5, see the
ESI†), which can enable a large accessible surface area for
electrolyte penetration, initiate rapid electrochemical reactions
with electrolyte ions, and enhance the specic capacity.19,31,38

The TEM image (Fig. 4a) further reveals the hollow nature of the
Cu-Co9S8 rectangular NTAs by the sharp contrast between the
granular shell and the central void space, and it can be observed
that the thickness of the Cu-Co9S8 rectangular NTA shell is
about 20 nm and the interior diameter is about 200 nm. High-
This journal is © The Royal Society of Chemistry 2019
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Fig. 4 (a) TEM, (b) HREM, (c) corresponding SAED pattern, and (d) STEM images of the as-prepared Cu-Co9S8 rectangular NTAs, and elemental
mapping images of (e) S, (f) Co, and (g) Cu.
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resolution TEM (HRTEM) displays a lattice fringe spacing of
0.3 nm, which is consistent with the distance of the (311) plane
of Co9S8 (Fig. 4b). In addition, the corresponding selected area
electron diffraction (SAED) patterns (Fig. 4c) are assigned to the
different diffraction planes of Co9S8, which is consistent with
the XRD results. The elemental distribution of Cu-Co9S8 rect-
angular NTAs is investigated by elemental mapping, which
conrms that S, Co and Cu elements are uniformly distributed
throughout the hollow rectangular nanotubes (Fig. 4d–g). The
above results conrm that the obtained product is a compound
rather than a mixture of two suldes, which indicates the
successful doping of Cu.

XPS analysis was carried out to investigate the surface
chemical compositions and oxidation states of the as-
synthesized Cu-Co9S8 rectangular NTAs. The survey spectra in
Fig. 5a verify the coexistence of Co and S elements in the as-
prepared Cu-Co9S8 and Co9S8 NTAs, but the Cu element only
can be detected in the Cu-Co9S8 sample, further conrming the
successful doping of Cu ions into the Co9S8 and the corre-
sponding atomic percentages are shown in Table S1 (see the
ESI†). In the Co 2p spectrum, the Co 2p3/2 and Co 2p1/2 peaks
located at 780.5 and 796.0 eV belong to Co3+, while the peaks at
782.4 and 797.3 eV correspond to Co2+ 2p3/2 and Co2+ 2p1/2.40–42

However, compared with pristine Co9S8, the binding energy of
Co 2p shis 0.8 eV to lower energy due to the transferred elec-
trons from Cu ions to Co ions (Fig. 5b).43,44 As presented in
Fig. 5c, the S 2p spectrum of Cu-Co9S8 NTAs is similar to that of
the pristine Co9S8 sample and the peaks at 161.4 and 162.6 eV
are attributed to S 2p3/2 and S 2p1/2, respectively.45 The peak at
168.4 eV is assigned to S–O, which is due to the surface oxida-
tion. The Cu 2p spectrum (Fig. 5d) shows two main peaks at
around 934.6 and 954.6 eV corresponding to Cu 2p3/2 and Cu
2p1/2, respectively, and two shakeup satellite peaks at 942.3 and
962.5 eV are characteristic of Cu 2p, conrming the presence of
Cu2+ in the sample.46,47 All the above results verify that the Cu
ions are successful doped into Co9S8.
This journal is © The Royal Society of Chemistry 2019
The electrochemical performances of the Cu-Co9S8 rectan-
gular NTAs, Co9S8 rectangular NTAs and Cu-Co9S8 NRAs were
investigated in a three-electrode system with Hg/HgO as
a reference electrode and a Pt plate as a counter electrode in
a 6 M KOH aqueous electrolyte. Fig. 6a compares the cyclic
voltammetry (CV) curves of the as-prepared Cu-Co9S8 rectan-
gular NTAs, Co9S8 rectangular NTAs and Cu-Co9S8 NRAs ob-
tained at a scan rate of 5 mV s�1 with a potential window of 0–
0.5 V. A pair of redox peaks can be observed in each curve,
indicating the presence of a reversible faradaic reaction. And
the enclosed area of Cu-Co9S8 rectangular NTAs is much larger
than that of the others at the same scan rates, implying that Cu
doping and the hollow architecture can effectively enhance the
electrochemical performance. Coupled with the galvanostatic
charge/discharge curves (GCD) at 5 A g�1 (Fig. 6b), the dis-
charging time of the Cu-Co9S8 rectangular NTAs is longer than
that of their controlled counterparts, which matches well with
the CV curves. Those results measured at other current densi-
ties are demonstrated in Fig. S6 (see the ESI†). The calculated
specic capacities are summarized in Fig. 6c and S7 (see the
ESI†). Among all the electrodes, the Cu-Co9S8 rectangular NTA
electrode delivers the largest specic capacity of 366 mA h g�1

(2636 F g�1) at a current density of 2 A g�1, which is superior to
266 mA h g�1 (1980 F g�1) and 191 mA h g�1 (1320 F g�1) for
Co9S8 rectangular NTAs and Cu-Co9S8 NRAs, respectively. The
specic capacities of all electrodes decrease with the increase of
the current density, which can be ascribed to the shortened
time for ions from the electrolyte to diffuse into the active
materials. The Cu-Co9S8 rectangular NTA electrode delivers the
specic capacities of 366 (2636 F g�1), 344 (2480 F g�1), 294
(2120 F g�1), 257 (1851 F g�1), 243 (1755 F g�1), and 220 (1584 F
g�1) mA h g�1, corresponding to areal capacities of 0.57 (4.1 F
cm�2), 0.53 (3.8 F cm�2), 0.46 (3.3 F cm�2), 0.40 (2.9 F cm�2),
0.38 (2.7 F cm�2), and 0.34 (2.5 F cm�2) mA h cm�2 at the
current densities of 2, 5, 10, 15, 20, and 30 A g�1, respectively. In
particular, the specic capacity is also much higher than those
J. Mater. Chem. A, 2019, 7, 5333–5343 | 5337
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Fig. 5 XPS spectra of the as-prepared Cu-Co9S8 rectangular NTAs and Co9S8 rectangular NTAs. (a) Survey spectra and the high resolution XPS of
(b) Co 2p, (c) S 2p and (d) Cu 2p.
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of recently reported Co-based electrode materials (Table S2, see
the ESI†). Surprisingly, 60.3% of the capacity can be retained
even at a current density of 30 A g�1, which is much higher than
that of the others (Co9S8 rectangular NTAs, 31.2% and Cu-Co9S8
NRAs, 21.5%). The predominant electrochemical performance
is mainly attributed to the hollow architecture and obtained Cu
doping. The hollow architecture can efficiently reduce the
diffusion path between the electrode and electrolyte to enable
fast electrochemical reactions. And the doped Cu can act as an
electron donor to improve the conductivity and provide more
electroactive sites in Co9S8.

Electrochemical impedance spectroscopy (EIS) measure-
ments were performed to further evaluate the ion diffusion
kinetics. All the Nyquist plots consist of a semicircle in the high
frequency region, which indicates the charge transfer resistance
(Rct), and a straight line in the low frequency region, which
indicates the diffusion resistance (Rw). The axis intercept in the
high frequency region is the series resistance (Rs), which is
related to the electrolyte resistance, intrinsic resistance, and
interfacial contact resistance.6,24,48 As manifested in Fig. 6d, the
impedance spectrum of the Cu-Co9S8 rectangular NTAs shows
a more vertical line than the Cu-Co9S8 NRAs and Co9S8 rectan-
gular NTAs in the low frequency region, demonstrating a lower
ion diffusion resistance. From the inset of Fig. 6d, the Cu-Co9S8
rectangular NTA electrode exhibits an Rs of 0.35 U which is
smaller than that of Co9S8 rectangular NTAs (0.54 U) and Cu-
Co9S8 NRAs (0.78 U). Furthermore, the Cu-Co9S8 rectangular
NTA electrode also demonstrates the smallest Rct (0.64 U) (1.2 U
5338 | J. Mater. Chem. A, 2019, 7, 5333–5343
for Co9S8 rectangular NTAs and 1.5 U for Cu-Co9S8 NRAs) in the
three-electrode system, suggesting the most efficient electro-
chemical reaction. All the above results are consistent with the
CV and GCD curves. The rectangular NTAs act as an efficient
electron transportation bridge between the electrolyte and the
active materials, and Cu doping favors a faster charge transfer
rate and leads to more electroactive sites. Therefore, the struc-
tural and compositional advantages are essential for fast fara-
daic reactions. In addition, long term cycling stability is also
a critical factor for real energy storage devices. Fig. 6e exhibits
the cycling stability of Cu-Co9S8 rectangular NTAs, Co9S8 rect-
angular NTAs and Cu-Co9S8 NRAs at a current density of
10 A g�1. During the initial stage, the capacity of the Cu-Co9S8
rectangular NTAs increases steadily in the rst 700 cycles, which
is attributed to the gradual penetration of the electrolyte into
the electrode. Subsequently, the capacity of the electrode
remains almost constant until 3000 cycles and the capacity of
the electrode decreases slightly with further cycling. Clearly, Cu-
Co9S8 rectangular NTAs exhibit excellent cycling ability, main-
taining 94.0% of the initial capacity aer 5000 charge–discharge
cycles, which can be further conrmed by the EIS measure-
ments before and aer 5000 GCD cycles (Fig. S8, see the ESI†).
To understand the superior electrochemical performance of the
Cu-Co9S8 rectangular NTAs, the morphology and the phase of
Cu-Co9S8 rectangular NTAs aer 5000 cycling tests were inves-
tigated by SEM and XRDmeasurements. The morphology of the
Cu-Co9S8 rectangular NTAs is not greatly affected aer the
cycling tests (Fig. S9, see the ESI†). In addition, the diffraction
This journal is © The Royal Society of Chemistry 2019

https://doi.org/10.1039/c8ta10998b


Fig. 6 Electrochemical performance of the as-prepared Cu-Co9S8 rectangular NTAs, Co9S8 rectangular NTAs and Cu-Co9S8 NRAs: (a) CV
curves at 5 mV s�1. (b) GCD profiles measured at 5 A g�1. (c) Specific capacities at different current density. (d) EIS spectra. (e) Cycling stability at
the constant current density of 10 A g�1.
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peaks of Cu-Co9S8 rectangular NTAs are also indexed to Co9S8
(JCPDS no. 02-1459) aer the long-term cycling stability test
(Fig. S10, see the ESI†).49 These results further conrm that the
Cu-Co9S8 rectangular NTAs possess a good structural stability as
an electrode material for supercapacitors, which is ascribed to
the hollow structure and the doped metal ions. Specically, the
hollow structure is able to accommodate the volume change
during cycling and the Cu doping can improve the electronic
conductivity.

The CV curves of the Cu-Co9S8 rectangular NTA electrode at
various scan rates are plotted in Fig. 7a. All the curves retain an
analogous shape with the increase of the scan rate, demon-
strating the enhanced mass transport and good rate capabilities
of the electrode.50 Meanwhile, the position of the redox peaks
shis, which can be attributed to the internal resistance of the
electrode or electrode polarization.51 The involved energy
storage process can be described by the following equations:9

M9S8 (M ¼ Co, Cu) + 11OH� 4

M9S8(OH)11 (M ¼ Co, Cu) + 11e� (6)
This journal is © The Royal Society of Chemistry 2019
M9S8(OH)11 (M ¼ Co, Cu) + 9OH� 4

M9S8O10 (M ¼ Co, Cu) + 10H2O + 9e� (7)

To better understand the superior electrochemical perfor-
mance of the Cu-Co9S8 rectangular NTAs, the energy storage
mechanism and kinetics are further investigated in detail.
Generally, the relationship between the current (i) and scan rate
(v) obeys the power law expression as follows:52,53

i ¼ avb (8)

where a and b are appropriate parameters. The tting plot of
log(i) versus log(v) results in a straight line with a slope equal to
b. The value of b provides vital information about the charge
storage kinetics: b ¼ 1 implies a capacitive-controlled redox
reaction and b ¼ 0.5 indicates a diffusion-controlled redox
process. Therefore, it can be easily distinguished that the elec-
trochemical storage is a capacitive or diffusion controlled
process according to the value of b. In the case of Cu-Co9S8
J. Mater. Chem. A, 2019, 7, 5333–5343 | 5339
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Fig. 7 (a) The CV curves of the as-prepared Cu-Co9S8 rectangular NTAs electrode at different scan rates. (b) The plot of log(i) versus log(v). (c)
Separation of the capacitive and diffusion currents in the as-prepared Cu-Co9S8 rectangular NTAs electrode at a scan rate of 5 mV s�1. (d)
Relative contribution of the capacitive and diffusion-controlled charge storage at different scan rates.
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rectangular NTAs, the b-values of the cathodic and anodic peaks
are 0.52 and 0.54, respectively (Fig. 7b), indicating that the
charge–discharge process in the Cu-Co9S8 rectangular NTAs is
governed by a diffusion-controlled battery-type behavior.

The capacitive contribution to the total capacity can be
further quantitatively measured based on the following
equation:52,54

i(V) ¼ k1v + k2v
1/2 (9)

where i is the current at a xed potential V, k1 and k2 are
constants, and v is the scan rate. By plotting the relationship
between i and v1/2, we can determine the k1 and k2 constants and
then the contribution of the capacitive and diffusion-controlled
processes can be calculated directly. The typical CV curve at
5 mV s�1 is plotted in Fig. 7c, revealing 21% capacitive contri-
bution to the entire capacity. And the contributions of the two
different processes at other scan rates are also calculated in
Fig. 7d. With increased scan rates, the contributions of the
diffusion-controlled process decrease, because of the shortened
time for ions to diffuse into the lattices.51 Based on the above
discussion, the prominent electrochemical performance of the
as-obtained Cu-Co9S8 rectangular NTAs is attributed to the
following characteristics. Firstly, the 3D porous NF as a highly
conductive current collector can efficiently reduce the “dead
volume” caused by the addition of the polymer binder and
conductive additive, which could enhance the conductivity of
the electrode. Secondly, the MOF derived hollow structure with
the rough surface provides more electroactive sites, acts as
5340 | J. Mater. Chem. A, 2019, 7, 5333–5343
a “superhighway” to facilitate the ion and electron transfer, and
guarantees the sufficient interfacial contact between the elec-
trode and electrolyte. Thirdly, the voids between individual Cu-
Co9S8 rectangular NTAs serve as electrolyte reservoirs to
enhance the durability of electrodes. Fourthly, the doped Cu
ions act as electron donors to boost the conductivity and
provide more electroactive sites, resulting in improved specic
capacity.

In order to further investigate the practical energy storage
properties, we assembled ASCs with Cu-Co9S8 rectangular NTAs
as the positive electrode and AC as the negative electrode in
a polyvinyl alcohol (PVA)–KOH gel electrolyte. The electro-
chemical performances of the AC are demonstrated in Fig. S11
(see the ESI†), which shows a specic capacitance of 244 F g�1 at
1 A g�1. As shown in Fig. S12 (see the ESI†), the CV curves of the
Cu-Co9S8 rectangular NTAs and AC at a scan rate of 10 mV s�1 in
a three electrode system demonstrate the potential window of
0–0.5 V and�1 to 0 V, respectively, which leads to a large voltage
window up to 1.5 V for the ASC. Fig. 8a shows the CV curves of
Cu-Co9S8 NTAs//AC at different scan rates in the range of 5–
100 mV s�1, exhibiting a quasi-rectangular shape, which is
ascribed to an excellent charge match between the electrical
double layers and battery-type electrode materials. The resis-
tance of the materials in the two-electrode system is larger than
that in the three-electrode system (Fig. S13, see the ESI†). In
addition, KOH/PVA as the gel electrolyte inhabits the ion
diffusion, resulting in the absence of the redox peaks.55 Obvi-
ously, with increasing scan rate, the curves retain a rectangular
shape without distinct distortion, suggesting the excellent rate
This journal is © The Royal Society of Chemistry 2019
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Fig. 8 Electrochemical performance of the as-prepared Cu-Co9S8 NTAs//AC ASCs: (a) CV curves at different scan rates from 5 to 100mV s�1. (b)
GCD curves at different current densities from 1 to 20 A g�1. (c) The corresponding specific capacities and coulombic efficiency at different
current densities. (d) CV curves under different bending conditions. The inset of (d) shows the photographic images of the device under different
bending states. (e) Cycling stability at the constant current density of 10 A g�1. The insets of (e) shows the photographic images of LEDs lit up by
two Cu-Co9S8 NTAs//AC ASCs in series. (f) The Ragone plot related to energy and power densities compared to other ASCs.
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capability of the ASC. Fig. 8b presents the GCD curves of the ASC
from 1 to 20 A g�1, which exhibits a nearly symmetric behavior,
further revealing its superior electrochemical reversibility. This
result is also veried by the coulombic efficiency in Fig. 8c,
calculated with the following equation:

h ¼ td

tc
(10)

where tc and td are the charging and discharging times,
respectively. The coulombic efficiency can be achieved as 99.5%
when the current density is high up to 20 A g�1. According to the
GCD curves, the mass specic capacities of the ASC are plotted
in Fig. 8c and S14 (see the ESI†). The Cu-Co9S8 NTAs//AC ASC
delivers capacities from 95.9 mA h g�1 (230 F g�1, an areal
capacitance of 2.42 F cm�2) at 1 A g�1 to 60.2 mA h g�1
This journal is © The Royal Society of Chemistry 2019
(144 F g�1, an areal capacitance of 1.51 F cm�2) at 20 A g�1,
demonstrating the superior rate capability of the Cu-Co9S8
NTAs//AC ASC. In particular, the specic capacity is also much
higher than that of most of the recently reported Co-based
materials (Table S3, see the ESI†). Flexibility is one of the crit-
ical aspects of electronics and a series of bending tests were
performed. As shown in Fig. 8d, the CV curves almost overlap at
a scan rate of 50 mV s�1 at different bending angles, indicating
the superior mechanical stability of the ASCs. In addition, the
cycling stability is an essential factor to determine the appli-
cation of energy storage. Fig. 8e exhibits the obtained cycling
stability of the ASCs at a current density of 10 A g�1. It can be
clearly seen that the ASCs can retain 96.2% of the initial specic
capacity aer 5000 cycles, indicating their excellent durability.
To evaluate the kinetics of the Cu-Co9S8 NTAs//AC ASC, EIS
J. Mater. Chem. A, 2019, 7, 5333–5343 | 5341
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measurements are performed before and aer the 5000 cycles,
as shown in Fig. S15 (see the ESI†). The resistance Rs of 0.84 U

for ASCs indicated the high conductivity of the electrode, which
is crucially effective in enhancing the electrochemical perfor-
mance. Aer the 5000 cycle test, the Rs and Rct slightly increase,
demonstrating the superior electrical conductivity and
outstanding stability of the as-obtained device. In addition, in
order to fully explore the practical application of the ASCs as
energy storage devices, two ASCs were assembled in series,
which can easily light up light emitting diodes (LEDs) arranged
as four letters of “ZJNU” as shown in the inset of Fig. 8e.
Additionally, an electric motor fan can be easily driven by two
Cu-Co9S8 NTAs//AC ASCs in series (Fig. S16, see the ESI†).
Energy density and power density are the two essential param-
eters that determine the practical applications of SC devices.
The energy and power densities of the ASCs are calculated based
on the GCD curves and demonstrated in the Ragone plot
(Fig. 8f). Notably, the energy density of our as-fabricated ASC
reaches 71.93 W h kg�1 at a power density of 750 W kg�1 and
even remains at 45.16W h kg�1 at 15 kW kg�1, which is superior
to that of most of the reported all-solid-state asymmetric
supercapacitors, such as CuCo2S4–HNN//AC (44.1 W h kg�1 at
800 W kg�1),50 NNA@NiCo2S4//AC (47.29 W h kg�1 at
793 W kg�1),56 NiCo2S4//AC (42.7 W h kg�1 at 1583 W kg�1),57

Zn–Co–S/NF//AC/NF (31.9 W h kg�1 at 850 W kg�1),58 Co(P,S)/
CC//PCP/rGO (39 W h kg�1 at 800 W kg�1),59 Co9S8@Ni(OH)2//
AC (31.35 W h kg�1 at 252.8 W kg�1),60 Co9S8/a-MnS@N–
C@MoS2//NG (64.2 W h kg�1 at 729.2 W kg�1),61 Co9S8-NSA//AC
(20 W h kg�1 at 828.5 W kg�1),62 and Co9S8/NS–C-1.5 h//AC
(14.85 W h kg�1 at 681.82 W kg�1).63 These results further
verify that the ASCs with superior performance have great
potential for application in practical exible devices.
4. Conclusion

In summary, we have developed a facile self-templating strategy
to construct a novel type of mesoporous Cu-Co9S8 rectangular
NTA. The synthesis is governed by a diffusion-controlled two-
step strategy in which the Cu-CCO NWA precursors react with
H3BTC rst to produce arrays of CuCo–MOF nanorods and then
the nanorods are converted into Cu-Co9S8 rectangular NTAs by
a facile suldation reaction. Beneting from the unique struc-
tural and compositional advantages, the Cu-Co9S8 rectangular
NTAs deliver a high specic capacity of 366 mA h g�1 (2636 F
g�1) at a current density of 2 A g�1 and long-term stability with
94.0% capacity retention at a current density of 10 A g�1 over
5000 cycles. Moreover, the ASC device constructed with the Cu-
Co9S8 rectangular NTAs as the positive electrode and AC as the
negative electrode exhibits a high energy density of
71.93 W h kg�1 at a power density of 750 W kg�1, which is
superior to recently reported Co9S8 in the literature. The ASC
device also exhibits excellent cycling stability with 96.2%
capacity retention aer 5000 cycles. This work provides a simple
approach to prepare high-performance electrode materials with
arrays of hollow nanostructures for next-generation exible
energy storage or conversion applications.
5342 | J. Mater. Chem. A, 2019, 7, 5333–5343
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