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ABSTRACT: It is meaningful to exploit copper sulfide materials
with desired structure as well as potential application due to their
cheapness and low toxicity. A low-temperature and facile
solvothermal method for preparing three-dimensional (3D)
hierarchical covellite (CuS) microspheres from an ionic liquid
precursor [Bmim],Cu,Cls (Bmim = 1-butyl-3-methylimidazolium) is
reported. The formation of CuS nanostructures was achieved by
decomposition of intermediate complex Cu(Tu),Cl (thiourea = Tu),
which produced CuS microspheres with diameters of 2.5—4 um
assembled by nanosheets with thicknesses of 10—15 nm. The ionic
liquid, as an “all-in-one” medium, played a key role for the fabrication | l
and self-assembly of CuS nanosheets. The alkylimidazolium rings T power density (W re'
W sity )
([Bmim]*) were found to adsorb onto the (001) facets of CuS
crystals, which inhibited the crystal growth along the [001] direction, while the alkyl chain had influence on the assembly of Cu$
nanosheets. The CuS microspheres showed enhanced electrochemical performance and high stability for the application in
supercapacitors due to intriguing structural design and large specific surface area. When this well-defined CuS electrode was
assembled into an asymmetric supercapacitor (ASC) with an activated carbon (AC) electrode, the CuS//AC-ASC demonstrated
good cycle performance (~88% capacitance after 4000 cycles) and high energy density (15.06 W h kg™ at a power density of
392.9 W kg ™). This work provides new insights into the use of copper sulfide electrode materials for asymmetric supercapacitors
and other electrochemical devices.
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B INTRODUCTION

areal capacitances, slow rate capabilities, and low energy

As a bottom-up approach, self-assembly of low-dimensional
(e.g, one-dimensional (1D) nanorods, two-dimensional (2D)
nanosheets) building blocks into their higher-order three-
dimensional (3D) multifunctional superstructures is a fascinat-
ing technique to achieve a wide range of novel functional
materials with regular architectures.'" The architectures and
properties of inorganic materials are believed to show a close
relationship. Three-dimensional hierarchical micro/nanostruc-
tures have a distinct ability for electron transfer and stability of
the structure compared with 1D and 2D nanostructures, which
integrate the advantages of the nanoscale building blocks and
their assembled architectures.”® As an important p-type
semiconductor, copper sulfide (CuS) is a kind of cheap and
environmentally friendly semiconductor due to its abundance
and low toxicity." Thus, CuS is a promising option for
applications in photothermal conversion, biosensors, gas
sensors, Li ion batteries, catalysts, superionic materials, and
solar cell devices.””” Rencently, CuS has been found to show
potential application as a supercapacitor.” '* However, low
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densities of CuS electrodes are still big challenges. One of
the solutions to these problems lies in controlling the structure
of CuS materials. Extensive studies have focused on the
synthesis of CuS 3D hierarchical architectures by various
controllable synthetic strategies to promote their application
properties. These structures include wool-ball-like micro-
flowers,"" hierarchical ball-flowers,"” shuttlelike bundles,"®
concave polyhedral superstructures,'* nanostructures as-
sembled of nanoplates, nanoparticles, and nanotubes, "’
complex symmetrical nanostructures,'® hierarchical hexagonal
stacked plates,'” and so on. However, few reports pay close
attention to improving the supercapacitor performance of CuS
electrodes through the designed 3D hierarchical architectures.
Furthermore, these methods either involve mostly surfactant-
or template-assisted pathways or require high temperature,
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which increases the reaction complexity as well as the energy
consumption. Therefore, it remains a big challenge to exploit a
simple and environmentally friendly strategy to synthesize CuS
materials with devisable 3D hierarchical architectures for
application in supercapacitors.

Recently, ionic liquids (ILs) have been considered as a new
type of green alternative solvents owing to their unique physical
and chemical properties."® As a definition of supramolecular
fluids, ILs can construct expanded hydrogen-bond systems in
the liquid state and display an outstanding ability to self-
assemble different nanostructures due to the existence of large
number of noncovalent interactions (such as van der Waals
forces, electrostatic interactions, hydrogen bonding, and 7—=
stacking).'” In particular, ionic liquid (IL) precursor can serve
as an “all-in-one” solvent to simplify the reaction system and
then control the structures and compositions of the final
products.”® Until now, many nanomaterials, such as BiOX (X =
Cl, Br, I), ferric giniite, Ag/AgCl composites, CuSe nanoflakes,
iron-based fluoride nanomaterials, and a-Fe,O; cubes, were
successfully synthesized by the “all-in-one” ILs.' ™" In the
formation of the above nanostructures, the final devisable
architectures were achieved by the surface adsorption and
orientation arrangement of ILs.

Due to the numerous advantages of ILs, we look forward to
employing ILs for the synthesis of CuS with expected 3D
hierarchical structure. Up to now, there have been several
studies on the preparation of CuS by using ILs. For example,
Cu$ nestlike hollow spheres*® could be prepared via an oil—
water interface method from the IL 1-butyl-3-methylimidazo-
lium tetrafluoroborate ([Bmim]BF,). However, the obtained
CuS microstructures were nonuniform, with large quantities of
CuS microcrystallites concomitantly generated. Then Yao et
al.*” obtained uniform flowerlike CuS nanostructures by the IL
[Cgmim][BF,], but a toxic solvent, CHCl;, was used in the
reaction. In this paper, we introduced an IL precursor
[Bmim],Cu,Cly as a Cu source, and developed a solvothermal
method to fabricate well-defined 3D CuS hierarchical
structures. The major benefits of the present route are lower
temperature, simpler reaction system, and greater security
compared to the previous studies. The as-prepared hierarchical
CuS microspheres were assembled by thin CuS sheets. The IL
acted as solvent—reactant—template, which not only guided the
growth direction, but also conducted the assembly of CuS
nanosheets. As expected, the CuS electrode shows high
capacitance values, great rate capability, and good cycling
ability. Furthermore, an asymmetric supercapacitor (ASC)
assembled by CuS microspheres and activated carbon (AC) as
positive and negative electrodes reveals a high energy density of
15.06 W h kg™" at a power density of 392.9 W kg™, indicating
the potential application of CuS as a long-term performance
electrode material for asymmetric supercapacitor device.

B EXPERIMENTAL DETAILS

Materials. All reagents were of analytical grade and were used
without further purification. Ionic liquids [C,mim]Cl (x = 4, 8; 1-
butyl-3-methylimidazolium chloride and 1-octyl-3-methylimidazolium
chloride) were purchased from Shanghai Chengjie Chemical Co. Ltd.

Synthesis of [Bmim],Cu,Cls. For the synthesis of
[Bmim],Cu,Cl,, 0.01 mol of [Bmim]Cl and 0.01 mol of CuCl,
were mixed and added into a three-necked flask with stirring. The
mixture was heated by oil bath at 85 °C for 12 h, and then the product
[Bmim],Cu,Clg was collected and dried at 80 °C under vacuum for 6
h. [Bmim],CuCl, was synthesized by 0.03 mol of [Bmim]Cl and 0.01
mol of CuCl,, and [Omim],Cu,Cl; was synthesized by 0.01 mol of

[Omim]Cl and 0.01 mol of CuCl,, keeping the other experimental
conditions unchanged. The general structural feature of
[Bmim],Cu,Cly is shown in Figure S1.

Synthesis of 3D Hierarchical CuS Microspheres. In a typical
synthesis, 0.31 g of [Bmim],Cu,Cl, (0.5 mmol) was added into 24 mL
of absolute ethanol under stirring to form a homogeneous green
solution. Then, 0.304 g of thiourea (4 mmol) was added under
continuous stirring; the color of the solution was changed from green
to white. After stirring for 10 min, the mixture was transferred into a
30 mL Teflon-lined autoclave, sealed, and heated at 100 °C for 20 h.
After being cooled to room temperature, the resulted solid was
centrifuged and washed with deionized water and anhydrous ethanol
three times. The as-prepared samples were dried at 60 °C for 12 h. For
comparison, CuS samples were also prepared by using [Bmim],CuCl,,
[Omim],Cu,Cly, and CuCl,-2H,0 as precursors with the same Cu
amount under the same conditions.

Characterization. The products were characterized by XRD, SEM,
EDS, XPS, TEM, high-resolution (HR) TEM, and BET measure-
ments. Powder X-ray diffraction (XRD) measurements were
conducted on a Rigaku-Dmax 2500 diffractometer with Cu Ka
radiation (4 = 0.1518 nm). Scanning electron microscopy (SEM)
images were carried out on a JEOL JSM-6700F field emission scanning
electron microscope (15 kV) coupled with energy dispersive X-ray
spectroscopy (EDS). The chemical states of the elements were
determined on Kratos Axis Ultra DLD multitechnique X-ray
photoelectron spectrometer (XPS). Transmission electron microscopy
(TEM) images were performed with a Tecnai G2 F20 TEM. The
nitrogen adsorption—desorption isotherm was determined using the
Brunauer—Emmett—Teller (BET) equation by a surface area analyzer
ASAP 2020 (Micromeritics).

Electrochemical Measurements. Electrochemical activities of
the as-prepared 3D hierarchical CuS microspheres were evaluated by a
three-electrode arrangement in 2 M KOH electrolyte. An Hg/HgO
electrode and bright Pt plate were used as the reference electrode and
counter electrode, respectively. The working electrodes were
fabricated by mixing the active material (3D hierarchical CuS
microspheres or platelike CuS prepared by CuCl,-2H,0), acetylene
black, and polyvinylidene fluoride (PVDF) in N-methyl-2-pyrrolidone
(NMP) with a weight ratio of 8:1:1. In our experiment, about 2.4 mg
of active materials was loaded on a piece of nickel foam (1.0 cm X 1.0
cm); the actual mass is determined by weighing. A Zahner IM6e
electrochemical workstation was used for conducting cyclic
voltammetry (CV) analyses with voltage scan rates of S, 10, 20, 50,
and 100 mV s™'. A LAND battery system was used for galvanostatic
charge—discharge (CD) investigations at the current densities of 0.5, 1,
2,3,5,and 8 A g™". The specific capacitance is calculated according to
the following equation:

IAt

mAV (1)

where C (F g™') represents the specific capacitance, I (A) designates
the discharge current, At (s) is the total discharge time, m (g) is the
mass of active materials, and AV (V) is the potential drop during
discharge.

Fabrication of the Asymmetric Supercapacitor. For the
fabrication of the asymmetric supercapacitor, CuS microspheres and
AC were used as the positive and negative electrodes, respectively. The
separator was cellulose paper, and the electrolyte was 2 M KOH. The
voltammetric charges (Q) can be evaluated as follow:

Q=CAVm )

where C represents the specific capacitance (F g™') of each electrode,
AV is the potential window (V) of each electrode, and m is the mass
loading (g) of each electrode. To achieve a charge balance of the ASC,
the voltammetric charges of the positive electrode and the negative
electrode followed the equation Q, = Q_. Therefore, the mass ratio of
the positive electrode and negative electrode followed the equation
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m._ C_AV_
m_  CAV, 3)

In our experiment, the specific capacitance values of AC and CuS
electrodes are 115 and 204 F g™' at a current density of 2 A g™\
According to the potential windows of the two electrodes, the mass
ratio is calculated to be m,/m_ = 1.13 in CuS//AC-ASC.

The energy density E (W h kg™") and power density P (W kg™")
were calculated as follows:

P C AV? 1000
2 3600 4)

E
P = —-3600
At (3)

where C represents the specific capacitance (F g™') and AV designates
the potential range (V); At is the discharge time (s).

B RESULTS AND DISCUSSION

CuS 3D hierarchical architectures are prepared by the reaction
of an ethanol solution of [Bmim],Cu,Cls; (the general
structural feature is shown in Figure S1) with thiourea at 100
°C for 20 h. The XRD pattern of the product is shown in
Figure 1a. All of the diffraction peaks can be well indexed to the

Intensity (a.u.)

Figure 1. (a) XRD pattern, (b—d) SEM images, (e¢) TEM image, and
(f) HRTEM image of as-prepared 3D hierarchical CuS microspheres.
The inset of (f) is a TEM image of nanosheets that built up the Cu$
microstructures.

hexagonal phase of Cu$ (covellite type, space group P63/mmc),
with the lattice parameters of a = 3.792 A and ¢ = 16.344 A
(JCPDS No. 06-0464). No other peaks of impurities indicate
the high purity of the sample. Compared with the standard
XRD pattern for CuS, the (102) reflection peak is remarkably

enhanced, which reveals that the CuS crystals are growth-
oriented.”

The morphological feature of the as-prepared CuS micro-
spheres was observed by SEM and TEM images, as shown in
Figure 1b—f. The low magnification (Figure 1b) of the 3D Cu$
architectures indicates that the as-prepared products are large-
scale microspheres with diameters of 2.5—4 um. The high-
magnification SEM images (Figure 1lc,d) reveal that the entire
3D hierarchical CuS structures are formed by interdigitation of
bunches of nanosheets, and the average thickness of CuS
nanosheets is ca. 10 nm. The EDS pattern (Figure S2) of the
product clearly revealed that the obtained product only
consisted of Cu and S elements. The atomic ratio of Cu to S
is found to be approximately 1:1, confirming the stoichiometry
of CuS. Figure le shows a panoramic TEM image of a single
spherelike microstructure; the microspheres are assembled by
CuS nanosheets, which validates the SEM results. The inset of
Figure 1f indicates that these nanosheets are composed of
several ultrathin subnanosheets. As can be seen from the
HRTEM image (Figure 1f), two apparent lattice fringes reveal
both the interplanar distance at ca. 0.308 nm and the
intersection angle of approximately 120° indicating the (102)
plane sets of the CuS microstructures, which corresponds to the
XRD result. Because of the intrinsic anisotropic characteristic of
CuS layered nanostructure, the CuS crystals are possibly
preferentially oriented a10n7g the [102] direction, and restrained
along the [001] direction.”'”*"

Time-dependent experiments were carried out to investigate
the evolution process of CuS 3D hierarchical microspheres.
The results of XRD profiles and SEM images are shown in
Figure 2 and 3, respectively. With maintaining the temperature
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Figure 2. XRD patterns of as-obtained products after different reaction
times: (a) 6, (b) 12, (c) 14, and (d) 1S h. Tu = CS(NH,),.

at 100 °C for 6 h, the product was pure-phase intermediate
complex Cu(Tu);Cl blocks (Figures 2a and 3a). When the
reaction continued for 12 h, CuS was found to coexist with
Cu(Tu),Cl (Figure 2b); it could be seen that some CuS
nanosheets existed on the surface of Cu(Tu);Cl blocks (Figure
3b). On prolonging the reaction time to 14 h, the vast majority
of Cu(Tu);Cl decomposed (Figure 3c). The distinct character-
istic peaks of Cu(Tu);Cl were not found from the XRD pattern
(Figure 2c); the low intensity of peaks may be due to the poor
crystallinity of CuS nanosheets. EDS pattern and XPS analysis
(Figure S3) show that the product only consisted of Cu and S
elements; the atomic ratio of Cu to S is ca. 1:1, as shown in
Table SI. The valences of Cu and S correspond to CuS
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Figure 3. SEM images of as-obtained products after different reaction
times: (a) 6, (b) 12, (c) 14, and (d) 15 h.

according to XPS.>' The result indicates that Cu(Tu);Cl
decomposed completely. High-resolution TEM (inset of Figure
3c) shows the clear lattice fringes which further corroborate the
formation of CuS nanostructure. However, some amorphous
components indicate that the structure of CuS is not intact.
With further increasing the reaction time to 15 h, the XRD
pattern only showed pure CuS (Figure 2d), revealing a
complete phase transition into CuS. The spherelike structure
assembled by CuS nanosheets was formed as shown in Figure
3d.

According to the above results, it could be concluded that the
formation of CuS can be divided into three stages: (i) the
formation of intermediate complex Cu(Tu),Cl blocks, (ii) their
conversion into CuS nanosheets at low reaction rate, and (iii)
assembly of CuS nanosheets into 3D microspheres. To reveal
the phase transformation from Cu(Tu);Cl into CuS, we
investigated the crystal structure of intermediate complex
Cu(Tu);Cl and the final product CuS. As reported
previously,’>*® the crystal structure of Cu(Tu);Cl is ionic,
containing chloride ions and alternate —Cu—S—Cu—S—Cu—
S— helical chains of cationic [Cu(Tu);]* (Figure S4a). In the
polymeric chain, Cu" ions are tetrahedrally coordinated by four
sulfur atoms from surrounding thiourea ligands, and two of
thiourea ligands act as a bridge between Cu atoms.
Interestingly, the structure of hexagonal CuS crystal (Figure
S4b) consists of alternative two [CuS] tetrahedron layers and a
[CuS] triangle plane layer in the ¢ direction. The structural
similarity between Cu(Tu);Cl and CuS crystals ensured the
successful transformation from Cu(Tu),Cl to CuS; a postulate
of the structure evolution process was put forward as shown in
Scheme 1. Part of the tetrahedron chains connected with each
other to form a [CuS] tetrahedron layer, while the rest first
transformed to [CuS] triangle plane chains and then
polymerized to a [CuS] triangle plane layer. Finally, two
tetrahedron layers and one triangle plane layer built a new
layered structure of CuS crystals. In this way, CuS nanosheets
renucleate through the heterogeneous nucleation pathway
accompanied by the dissolution of the Cu(Tu);Cl blocks.

On the basis of the above analysis, the whole reaction process
can be demonstrated. It could be conjectured that when
[Bmim],Cu,Cls was dissolved in ethanol solution, Cu,Cl¢*~
was released from the IL. Then an amount of thiourea was
added into the reaction system. Because of the interaction

Scheme 1. Phase Transformation from Cu(Tu);Cl into CuS“

“Color code of the atoms: blue, Cu; red, S; gray, C; yellow, N; green,
Cl. H atoms are omitted for clarity.

between CI™ and the Lewis acidic H atoms in the C, position of
[Bmim]" rings (Figure S1), thiourea molecular can easily attack
Cu?*, and thence CuCl precipitation was obtained by the rapid
reaction between Cu,Cl>~ with thiourea. In this case, trace
amounts of Cu" dissociated by CuCl would coordinate with Tu
rather than Cl™ to form Cu(Tu);", because of the strong
complexing ability between Cu® and Tu (Cu(Tu);", log 5 =
13; CuCl,", CuClL™, log 3, = 5.5, log B3 = 5.7).>* Then
Cu(Tu);* would rapidly react with CI~, which consequently
caused CuCl precipitation gradually transformed into Cu-
(Tu);Cl precipitation. The color of the solution tuned from
green to brown, and finally to white, as seen in Figure SS5. After
being maintained at 100 °C for a long time, Cu(Tu),Cl
intermediate slowly decomposed into CuS. The corresponding
reaction process can be expressed as in eqs 6—9. Note that the
temperature and long reaction time are indispensable for the
decomposition of Cu(Tu);Cl, which was conducive to the
fabrication of CuS nanosheets and their assembly into CuS
microspheres.

[Bmim], Cu,Clg = 2[Bmim]" + Cu,Cl*~ (6)

Cu,Cl*™ + 2Tu — 2CuCll + C,S,N;H + 2H"' + 4CI”

?)

CuCl + 3Tu — Cu(Tu),Cl (8)
Cu(Tu),Cl + O, + H"

— CuS) + NH,* + CI” + CO;*~ 9)

To investigate the effect of [Bmim],Cu,Cl; on the
morphology of CuS, CuS samples were prepared by CuCl,-
2H,0 and [Bmim],CuCl, instead of [Bmim],Cu,Cls. As
shown in Figure S6, when CuCl,-2H,0 is used as Cu source,
the final products are a disordered platelike structure with a
thickness of about 80 nm. However, when [Bmim],CuCl, is
employed, the products maintain the spherelike structure
assembled by nanosheets. Therefore, it can be seen that IL
precursor serves a key role for guiding the fabrication of thin
CuS nanosheets.
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The effect of [Bmim],Cu,Cl; on the formation of CuS
sheetlike architectures may be explained from the view of
crystal growth habit and dynamics. As can be seen from Figure
S7, the interactions between a [CuS] tetrahedron layer and a
[CuS] triangle layer are covalent bonds, while the interactions
within the S—S layers are van der Waals interactions (the green
bond in Figure S7). The intrinsic anisotropic characteristics
cause the growth of CuS crystal along the top—bottom
crystalline planes rather than along the c-axis.”> When
Cu(Tu);Cl decomposed into CuS nucleus, [Bmim]* would
adsorb on the surface of CuS nucleus due to the Lewis acidity
of the H atoms in the C, position of [Bmim]* rings. [Bmim]*
prefers to adsorb on the thermodynamically stable (001) plane
to minimize the surface energy of the structure, which is similar
to CuSe nanoflakes that are prepared in the presence of an IL
precursor.”’

Scheme 2a shows the atom arrangement of the covellite CuS
crystal viewed from the [001] direction. Obviously, in various

Scheme 2. (a) Corresponding Crystallographic Model of
CuS Covellite Structure Viewed from the [001] Direction;”
(b) Shape Evolution from Cu(Tu);Cl into CuS; (c)
Schematic Illustration of a Projected View of [Bmim]* Ions
Absorbed on the (001) Surface of CuS To Form a Layer

(@

(b)

CuS nanosheets

dlssolved further growth ¢/

re-| nnclcxtlon, self assembly

Cu(Tu);C1 block

Cu(Tu)3Cl block

()

c
e
a b @

“The green balls indicate the S ions adsorbed with [Bmim]* ions.

directions, all the distances between adjacent S atom adsorption
sites are 0.65 nm, which is suitable for the distance of the 7—x
stack (0.6—0.7 nm) between the imidazole rings.36 The result
also conforms to the geometric matching principle, which is
proved in our previous work about the adsorption of IL on the
substrate.”” Scheme 2b shows a schematic illustration of the
effect of IL on the shape evolution from Cu(Tu);Cl into CuS.
When Cu(Tu),Cl blocks dissolved into CuS nucleus, [Bmim]*
ions would vertically adsorb on the (001) plane of CuS

crystal;*® a relatively tight coverage layer on the CuS surface is
formed through the 7-stacking interactions (Scheme 2c). Thus,
the growth of the CuS crystal along the [001] direction is
restrained, thereby leading to the formation of CuS$
nanostructure that prevents the direction vertical to the (001)
crystal plane. Finally, CuS crystal growth mainly processes
oriented growth to form thin sheetlike CusS.

The other influence of ILs on the formation of CuS
microstructures is that ILs contribute to the assembly of
sheetlike CuS into 3D hierarchical architectures. In our work,
[Omim],Cu,Clg was used as precursor to disclose the effect of
alkyl chain length. An SEM image (Figure S8) shows that a
spherelike structure assembled by nanosheets is obtained.
However, the arrangement of the nanosheets is orderly, and the
intervals among the nanosheets are even larger. It is indicated
that long-chain IL tends to form a loose hierarchical structure.
There may be two reasons for this: one is that IL tends to form
thermotroplc liquid crystal with the increasing of alkyl chain
length, % and the arrangement of [Bmim]" ions is more orderly
along a preferred direction; additionally, long-chain ILs possess
large steric effects to form a tighter coverage layer, which
effectively prevents the penetration of substances. Overall, by
means of surface adsorption and self-assembly, IL is able to
successfully control the morphology of CuS. The as-obtained
CuS 3D hierarchical structure composed of thin nanosheets will
provide the possibility of high specific surface area and efficient
electron transfer.

The nitrogen adsorption and desorption isotherms of CuS
thin nanosheet 3D structures (marked as S-1) and thick
platelike structures (synthesized by CuCl,-2H,0O, marked as S-
2) are shown in Figure 4. Both materials exhibited a typical IV

180
1 0.0025+
o0 1507 _~0.00201 S-1
"8 1 = —o—S-2
© 1204 _.= 0.0015
~ 0
g 1 = 0.0010
£ 0.00104
I
Q = 0.00054
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< 0.00004
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b Pore Diameter (nm)
= 304
= J
g
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O L

0.0 0.2 0.4 0.6 0.8 1.0
Relative Pressure (P/PO)

Figure 4. N, adsorption—desorption isotherms with corresponding
pore size distribution plots (inset) of S-1 and S-2.

isotherm, which indicated mesoporous features of the two
materials. The BET specific surface area of the CuS
microspheres (S-1) was 25.6 m”> g~', which is 3.3 times larger
than that of CuS nanoplates (S-2, 7.8 m* g™'). The average
pore diameters of both materials were placed in the mesopore
region (inset of Figure 4): the maxima were centered at 4.2 and
2.3 nm for S-1 and S-2, respectively. The high BET specific
surface area and well-developed mesoporous structure of CuS
microspheres are advantageous for energy storage applications
due to their capability to promote electrolyte penetration and
ion transport, and provide more active sites for electrochemical
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Figure 5. (a and b) CV curves of S-1 and S-2 at various scan rates. (c) Galvanostatic charge—discharge curves of S-1 and S-2 at a current density of
0.5 A g”'. (d) Galvanostatic charge and discharge curves of S-1 at different current densities. (e) Rate performances of S-1 at various current
densities. (f) Cycling performances of S-1 at a current density of 2 A g”'; the inset in (f) shows the charge—discharge voltage profiles for the last 10

cycles at the same current density.

reactions. Therefore, it can be predicted that 3D hierarchical
CuS microspheres (S-1) might show better performance in
energy storage applications.

To qualitatively show the superiority of CuS microspheres
(S-1) over thick nanoplates (S-2), we investigated the
electrochemical behavior of two materials. Figure 5a,b depicts
the CV curves of the S-1 and S-2 electrodes at different scan
rates ranging from 5 to 100 mV s™". All the CV curves display a
similar shape, which is different from an ideal rectangular shape,
indicating pseudocapacitive characteristics. Obviously, a pair of
redox peaks at can be observed 0.4 and 0.48 V; the redox
reactions may be involved in the reaction between CuS and
CuSOH,* which is similar to the redox reactions of CoS/
CoSOH™ and Ni(OH),/NiOOH" electrode, since Co, Ni,
and Cu are in a contiguity family and show similar
characteristics. The integrated areas of the S-1 electrode are
substantially larger than those for the S-2 electrode at the same
sweep rates in Figure Sab, suggesting that the specific
capacitances of CuS microsphere supercapacitors are much
larger than those for CuS platelike structure based devices.

Figure Sc shows charge—discharge (CD) curves for S-1 and
S-2 electrodes obtained in a potential range between 0 and 0.5
V at a charging—discharging current density of 0.5 A g™". The
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shapes of the CD curves indicate the characteristics of
pseudocapacitance; the specific capacitance of S-1 (237 F
g™') is calculated to be higher than that of S-2 (96 F g),
which is in agreement with the result of the CV measurements.
In addition, CD curves of S-1 sample at current densities from
0.5 to 8 A g~" are shown in Figure Sd. All the rapid CD curves
show good electrochemical reversibility of the S-1 electrode
within a stable potential window of 0—0.5 V. According to eq 1,
Figure Se calculates a series of specific capacitances against
different current densities from the CD curves. The specific
capacitances of CuS microspheres are 237, 216, 204, 195, 187,
and 180 F g_1 at current densities of 0.5, 1,2, 3, 5, and 8 A g_l,
respectively. About 75.9% of the original value is retained when
the current density increases from 0.5 to 8 A g~'. The result
suggests a good rate capability.

The aforementioned results demonstrate that CuS micro-
spheres show superior performance, which could be ascribed to
the thin nanosheets and 3D hierarchical structure. Compared
with the thick platelike structure, the thin nanosheets
significantly shorten the diffusion pathway perpendicular to
the facet and provide higher surface area, which increases the
number of electrochemically active sites for the redox
reaction.”® Purthermore, the cavities among the nanosheets
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Figure 6. Electrochemical performance of a CuS//AC asymmetric supercapacitor. (a) CV curves of the CuS//AC asymmetric supercapacitor at
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can provide a larger pore volume, which is beneficial for
sufficient contact between the electrolyte and electrode.
Importantly, the enhanced accessible surface between the thin
nanosheets can improve the electronic conductivity, and thus
reduce the charge transfer resistance, which could be
determined by the electrochemical impedance spectrum
(EIS). As shown in Figure S9, the Nyquist plots of S-1 and
S-2 electrodes indicate a low charge transfer resistance of the S-
1 sample because of the negligible semicircle at a high
frequency region. In a low frequency region, a greater slope of
S-1 line compared to S-2 reveals a more facile ion diffusion to
the surface of S-1 in the electrolyte and a more ideal capacitor
behavior.*

Cycling performance is an important factor for evaluating a
supercapacitor. The cycling stability of the S-1 electrode over
3000 cycles at a current density of 2 A g™ is evaluated. As
shown in Figure 5f, the 3D hierarchical nanostructured
electrode shows good electrochemical stability and the specific
capacitance loses only 26% after 3000 cycles. The inset of
Figure 5f is the discharge—charge voltage profiles for the last 10
cycles of the CuS microspheres, which reveal a highly reversible
charge—discharge process and good cycling performance. The
3D hierarchical structures play a key role for the stable cycling,
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which can enhance the structural stability and flexibility, and
prevent the nanosheets stacking on each other. The CuS
samples obtained by [Bmim],CuCl, and [Omim],Cu,Cly have
similar 3D hierarchical structures. We summarize the BET
analysis and electrochemical performance of CuS samples
synthesized by different precursors in Table S2. It is found that
the BET specific surface areas of two CuS samples are larger
than that of CuS nanoplates and the electrochemical perform-
ances of two samples are much better than that of CuS
nanoplates, which further indicate the important role of 3D
hierarchical structures. The specific capacitance and cycling
stability of CuS electrode in our work reach a relatively high
level compared with various CuS morphologies (Table S3),
which further indicates the good electrochemical performance
of CuS microspheres. Although some works (refs S4 and SS in
Supporting Information) report simple approaches without any
surfactant or template to prepare different CuS structures with
high specific capacitance, the temperature in their experiment is
too high (150 °C), and the as-prepared samples are not
uniform, which limits their cycling stability.

To further investigate the CuS electrode for real applications,
an asymmetric supercapacitor device is fabricated by using AC
as the negative electrodes and 3D hierarchical CuS micro-
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spheres as the positive electrodes, respectively. CV curves of
CuS and AC electrodes at a scan rate of 20 mV s~ (Figure S10,
Supporting Information) reveal that the CuS and AC electrodes
have stable voltage windows of 0—0.5 V and —1 to 0 V,
respectively. It could be expected that the voltage window could
be extended to 1.5 V by the CuS//AC asymmetric super-
capacitor. Figure 6a shows a series of CV curves collected at 20
mV s~" with an operating ASC voltage ranging from 0.8 to 1.8
V to get the best operating potential of CuS//AC-ASC. As
expected, the stable potential window without noticeable
polarization curves can be obtained when the operational
voltage of ASC is extended to as large as 1.5 V, which is larger
than that of conventional AC-based symmetric supercapacitors
(0.8—1.0 V) in aqueous electrolytes.”> However, when the
operational voltage reaches 1.8 V, oxygen will emerge. The
typical CV curves of the CuS//AC-ASC device at different scan
rates ranging from S to 100 mV s~ are shown in Figure 6b.
The increasing scan rate cannot obviously influence the shape
of CV curves, indicating excellent reversibility and good rate
capability of CuS//AC-ASC. Figure 6¢ demonstrates a
galvanostatic charging—discharging measurement of CuS//
AC-ASC at different current densities from 0.5 to 8 A g™
with a potential window of 0—1.5 V. The slight nonlinearity of
the discharge curves is attributed to the result of the redox
reaction. Furthermore, the calculated specific capacitance values
displayed in Figure 6d are 48.2, 45.4, 42.3, 40.6, 38.4, and 37 F
g_1 at 0.5,1,2,3,5,and 8 A g_l, respectively. It is noteworthy
that CuS//AC-ASC could maintain 76.7% of capacitance
retention even when the current density reaches 8 A g7,
suggesting superior rate capability. Figure 6e presents the
cycling stability of CuS//AC-ASC tested by carrying out
continuous CD measurements over a current density of 1 A g™
within the voltage window of 0—1.5 V. Obviously, the specific
capacitance can still retain as high as 88% after 4000 cycles,
which indicates the high cycle stability of the as-fabricated
CuS//AC-ASC device. EIS measurement is employed to
examine the change of charge transfer resistance before and
after 4000 cycles. Figure 6f shows that CuS//AC-ASC exhibits
no obvious resistance change after 4000 cycles compared to the
first cycle, which further illustrates the excellent stability of the
ASC device.

The energy and power density are important parameters to
evaluate the performance of the asymmetric supercapacitor.
Figure 7a shows the Ragone plot of the CuS//AC asymmetric
supercapacitor device based on the CD measurement. A
maximum energy density of 15.06 W h kg™ can be obtained at
a power density of 392.9 W kg™, and it still maintains 12 W h
kg™' even at a high power density of 4320 W kg™', which is
advantageous over many symmetrical supercapacitors such as
CNTs//CNTs (<10 W h kg™),** AC//AC supercapacitors (8
W h kg™' at a power density of 35 kW kg™')," and 3D
graphene/MnO,//3D graphene/MnO, supercapacitors (6.8 W
h kg™ at a power density of 62 W kg™").* It is also higher than
that of previously reported asymmetric supercapacitors such as
Co(OH),-nanowires//AC-ASC (13.6 W h kg™" at the power
density of 153 W kg™"),*’ Ni—Co/graphene//AC-ASC (7.6 W
h kg™" at the power density of 5600 W kg™"),** Bi,03//MnO,-
ASC (11.3 W h kg™ at a power density of 352.6 Wkg™'),”" and
V,05//RGO-ASC (13.3 Whkg™" at a power density of 12.5 W
kg™).>* In practical applications, our asymmetric super-
capacitors demonstrate the ability to power a commercial
light-emitting diode (LED) well, although the capacitance
grade is very low (Figure 7b).
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Figure 7. (a) Ragone plot of the CuS//AC asymmetric supercapacitor
compared with other reported data. (b) Simple application to light a
commercial light-emitting diode (LED).

B CONCLUSIONS

In conclusion, 3D hierarchical CuS microspheres have been
successfully prepared by a Cu-based IL precursor. During the
fabrication of CuS, IL had directed the final structure, which
includes the following: (1) the adsorption of alkyl imidazolium
rings ([Bmim]*) onto the (001) facets of covellite CuS$ inhibits
the crystal growth along the [001] direction; (2) the alkyl chain
had an influence on the assembly of CuS microspheres. The
intriguing structural design (such as mesoporous structure, thin
nanosheets subunit, and 3D well-defined hierarchical aggregate)
and large specific surface area greatly enhance the electro-
chemical performance for supercapacitors compared to tradi-
tional synthesis materials, showing high specific capacitance
(237 Fg ' at 0.5 A g™"), good rate capability (retain 75.9% at 8
A g7"), and stable cycle life (74% capacitance retention after
3000 cycles). An asymmetric supercapacitor (ASC) assembled
by CuS and AC demonstrates an extended cycling performance
with a large voltage window of 1.5 V (retains about 12% even
after 4000 cycles) and exhibits an energy density of 15.06 W h
kg™' at a power density of 392.9 W kg™'. The products are
expected to be applied to other fields, such as solar cell devices,
Li jon batteries, and photocatalysis, owing to their simple
operation, low toxicity, and low cost.
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