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ABSTRACT: Copper-based compounds have attracted increasing attention as electrode materials for rechargeable devices, but
their poor conductivity and insufficient stability inhibit their further development. Herein, an effective method has been proposed to
improve the electrochemical properties of the copper-based electrodes by coating carbon materials and generating unique micro/
nanostructures. The prepared Cu,S/Cu,S,/NC with hierarchical hollow structure possesses excellent electrochemical performance,
attributing to the composition and structure optimization. The superior charge storage performance has been assessed by theoretical
and experimental research. Specifically, the Cu,S/Cu,S,/NC exhibits remarkably higher electrical conductivity and lower adsorption-
free energy for O* and OH* than those of Cu,O. Moreover, the Cu,S/Cu,S,/NC delivers a high specific capacitance of 1261.3 F-
¢! at the current density of 1 A-g™" and also has great rate performance at higher current densities, which are much better than
those of the Cu,O nanocubes. In addition, the assembled hybrid supercapacitor using Cu,S/Cu,S,/NC as the anode exhibits great
energy density, power density, and cycling stability. This study has proposed a novel and feasible method for the synthesis of high-
performance copper-based electrodes and their electrochemical performance regulation, which is of great significance for the
advancement of high-quality electrode materials and rechargeable devices.

1. INTRODUCTION resource system to improve efficiency and realize large-scale
applications.' ™

Aqueous rechargeable devices have attracted substantial
attention due to their superior advantages, such as high safety,
convenient operation, ideal energy and power density, low
cost, and so on.””’ Among them, supercapacitors have been

With the development of urbanization and industrialization,
the consumption of traditional energy sources, like coal,
petroleum, and natural gas, is increasing rapidly, and problems
like environmental pollution and resource shortage caused by

the excessive consumption of traditional sources have become used as a new type of green energy storage device in many
more and more serious. The advancement and utilization of areas, for example, backup power systems, portable electronic
new energy resources have been assumed to be one of the best devices, hybrid electric vehicles, and so on. Nevertheless, due

solutions to protect the environment and realize sustainable

development. However, the new energy resources, such as Received: December 2, 2023
solar energy, wind energy, hydropower, tidal energy, geo- Revised:  January 19, 2024
thermal energy, and so on, have the characteristics of Accepted: February 8, 2024
intermittency and instability, which greatly limit their Published: March 1, 2024

application and development. The energy storage and
conversion devices could be employed in the new energy
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Figure 1. (a) Schematic description for the synthetic process of Cu,S/Cu;S,/NC with hierarchical hollow structures. The SEM images of (b, c)
Cu,0 and (d, e) Cu,S/Cu,S,/NC. (f) TEM and (g) HRTEM images of Cu,S/Cu,S,/NC. (h, i) The EDS and elemental mapping images of Cu,S/

Cu,S,/NC.

to the electrochemical energy storage process mainly occurring
on the surface of the electrode, the energy density of
supercapacitors is generally inferior to the batteries, which
also becomes the primary challenge for the supercapacitors.”
Therefore, the exploration of effective strategies to enhance the
energy density without decreasing the power density has
become the hotspot in the field of supercapacitors. Positive and
negative electrodes are the main constituent parts of the
supercapacitors, which have dominant effects on the electro-
chemical performance of the devices. Electric double-layer
capacitive (EDLC)-type electrodes are one of the important
kinds of materials, and the charge storage relies on the
electrostatic adsorption of electrolyte ions on the interface of
the electrode and electrolyte. Generally, the widely used
EDLC-type electrodes, such as activated carbon, carbon
nanotube, graphene, and so on, could provide relatively
satisfactory cycling performance, due to their high structural
stability.'” Additionally, the battery-type electrodes storage
charge by the occurrence of ions insertion/extraction or
reversible redox reactions, which could provide much higher
energy density. Hybrid supercapacitors (HSCs) are assembled
by the electrodes with different charge storage mechanisms,

which are the capacitive-type and the battery-type electrodes.
Thus, hybrid supercapacitors usually could take advantage of
the merits of the two types of electrodes, presenting high
energy density, power density, and long-term cycling stability.

Copper-based compounds have many merits, such as
abundant reserves, low price, environmental friendliness,
diverse valence states, and so on. And they have great potential
to be used as electrodes in aqueous rechargeable devices.'' ™'
Amirtharaj and Mariappan'~ prepared interconnected CuO
nanosheets, and the material delivered a high specific
capacitance of 638 F-g~' at the current density of 1 A-g™',
owing to the unique structure. Bargi et al.'® prepared Cu,S
crystal particles, which exhibited great specific capacitance of
677 F-g™' at 1 A-.g”'. However, copper-based compounds
usually suffer from poor stability and electrical conductivity, as
well as irreversible side reactions during the electrochemical
process, which could greatly impair the electrochemical
performance of the electrodes. In order to alleviate the
negative effects, it is useful to compose copper-based
compounds with other materials with superior electrical
conductivity and stability, which could effectively enhance
the specific capacitance and cycle stability of the electro-
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Figure 2. (a) XRD pattern of Cu,S/Cu,S,/NC. The XPS spectra of Cu,S/Cu,S,/NC: (b) survey spectrum; (c) Cu 2p spectrum; (d) S 2p
spectrum; (e) C 1s spectrum; (£) N 1s spectrum. (g) N, adsorption—desorption isotherm loops and BJH pore-size distribution of Cu,S/Cu,S,/NC
and Cu,0. (h) Side views for the atomic structures of Cu,0 and Cu,$S after adsorbing OH* and O* groups.

des.'””” Peng et al”' prepared CuS@PPy composites to
improve the electrochemical performance of CuS. The newly
generated unique structure of the composites could greatly
inhibit the structure expansion during the charge and discharge
procedure, and the electrode had admirable cycling stability of
88% specific capacitance retention after 1000 cycles.

In this work, nitrogen-doped carbon material has been
composed with copper sulfide to regulate the stability and
electrical conductivity of the copper-based compound. The
structure, composition, and electrochemical performance of
the prepared Cu,S/Cu,S,/NC composites have been carefully

characterized and studied. According to the experimental and
theoretical results, the sulfidizing treatment, the coated carbon
material, and the unique hierarchical hollow structure have
essential effects on the electrochemical performance improve-
ment of the anode. The sulfurized product has distinctively
higher electrical conductivity and lower adsorption-free energy
for the electrolyte ions than those of the Cu,O nanocubes.
Moreover, the Cu,S/Cu,S,/NC delivers a high specific
capacitance of 1261.3 F-g™" at the current density of 1 A-g™'
and also has great rate performance at higher current densities,
which are much better than those of Cu,O. The Cu,S/Cu,S,/

11885 https://doi.org/10.1021/acsomega.3c09627
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NC also has satisfactory application potential using as the
anode in hybrid supercapacitors, which could provide great

energy density, power density, and cycling stability.

2. RESULTS AND DISCUSSION

2.1. Material Synthesis and Characterization. The
preparation process of the Cu,S/Cu;S,/NC composites with
hierarchical hollow cubic structure is shown in Figure 1a. First,
the cubic Cu,O template has been prepared by a simple
chemical precipitation method. Then polydopamine (PDA) is
coated on the Cu,O nanocubes by the in situ polymerization
process. However, the self-polymerization and the formation of
PDA spheres are inevitable during the above process, and the
appropriate modulation of the dopamine hydrochloride dosage
is crucial for the uniform coating of the PDA layer. Afterward,
the above product is annealed to turn the PDA coating into
carbon material. Subsequently, the annealed product directly
reacts with Na,S-9H,0 at room temperature to prepare the
corresponding sulfide. During this process, the dosage of Na,S-
9H,0 could greatly increase the S>~ ion concentration near the
surface of the annealed product, leading to a larger
concentration difference between the Cu* ions and the S*~
ions. Therefore, the S*~ ions prefer to diffuse along the
concentration gradient during the reaction, reacting with Cu*
ions on the carbon material to generate copper-based sulfide,
and the hollow structure could be formed because of the
Kirkendall effects.””™>” As the gradual growth of the sulfide
and the diffusion of the Cu® ions, the sulfide could be
generated on both sides of the carbon layer. Then, the above
product is etched by aerobic acid to eliminate the residue
impurities. The Cu" in the material could be inevitably partially
oxidized to high valence states. Finally, the Cu,S/Cu,S,/NC
composites with hierarchical hollow structures could be
obtained.

Scanning electron microscope (SEM) characterization has
been used to study the structure and morphology of the Cu,O
and Cu,S/Cu;S,/NC composites and also to analyze the
influences of material synthetic conditions on their morphol-
ogies. As shown in Figure 1b,c, the Cu,O template exhibits a
regular cubic structure with a smooth surface, and no other
impurities could be found. The unique and uniform structure
of Cu,O makes it an excellent candidate as the template and
precursor to regulate the morphology and structure of the final
products. As shown in Figure 1d,e, the Cu,S/Cu,S,/NC
composites present the basic cubic structure as the templates.
However, the cubic structure shell is composed of sheet-like
nanostructures, which could be observed on both the internal
and external sides of the material. Moreover, from the broken
structure, it is clear that Cu,S/Cu;S,/NC has a hollow
structure. The formation of the unique structure, on the one
hand, is due to the uniform coating of a dense carbon layer on
the surface of the Cu,O template, which could stabilize the
cubic structure after the following treatments. On the other
hand, because of the concentration and diffusion rate
differences of the $*>~ ions and Cu' ions, according to the
Kirkendall effect,”>™*’ the consumption rate of Cu,O core is
higher than the growth rate of copper sulfide shell, which is
beneficial for the generation of hollow structures.

Transmission electron microscopy (TEM) analysis has been
used to further confirm the microstructure of the Cu,S/Cu,S,/
NC composites. As shown in Figure 1f, the Cu,S/Cu,S,/NC
composites possess hollow cubic structures, and some sheet-
like nanostructures could also be clearly recognized. The

unique structure composed of the carbon shell and the lamellar
structure enables more exposed active sites to directly contact
with the electrolyte ions, which could improve the electro-
chemical activity of the material. The TEM analysis is in
agreement with the SEM results. As shown in Figure 1g, the
high-resolution TEM (HRTEM) image shows two obvious
lattice stripes with the spacing of 0.33 and 0.18 nm,
respectively, which could be completely indexed to the (002)
and (103) crystal facets of Cu,S (JCPDS NO: 99—0028). The
analysis is consistent with the X-ray diffraction (XRD) result.
The elemental composition and distribution of the Cu,S/
Cu,S,/NC composites are analyzed by the energy-dispersive
spectrometer (EDS) characterization, and the results are
shown in Figure 1h,i. It is evident that the Cu,S/Cu,S,/NC
is mainly composed of four elements, Cu, S, C, and N
elements. The Cu, S, C, and N elements are evenly distributed
in the cubic structure of Cu,S/Cu,S,/NC.

The composition and crystalline structure of the Cu,S/
Cu,S,/NC composites are analyzed by XRD characterization.
As shown in Figure 2a, the main diffraction peaks fit well with
the Cu,S standard card (JCPDS NO: 99—0028), and the peaks
at 26.2, 29.1, 37.2, 45.8, 48.1, 53.5, 60.4, and 73.4° correspond
to the (002), (101), (102), (110), (103), (112), (202), and
(114) crystal faces of Cu,S. In addition, several obvious
characteristic peaks of Cu,S, could also be observed in the
XRD spectrum, which fit well with the standard card of Cu,S,
(JCPDS NO: 72—0617). The formation of Cu,S, could be
attributed to the partial oxidization of Cu* during the synthetic
process. The XRD pattern for Cu,O is shown in Figure S1, and
it can be seen that the characteristic peaks of Cu,O are sharp
and consistent with the standard card, demonstrating the
successful preparation of Cu,O with no impurities.

The chemical composition and valence state of the Cu,S/
Cu,S,/NC composites are confirmed by the X-ray photo-
electron spectroscopy (XPS) characterization. As shown in
Figure 2b, the XPS survey spectrum shows the obvious
characteristic peaks for the elements of Cu, S, C, and N, which
further verifies the constituent elements of the composites. As
shown in Figure 2c¢, the high-resolution XPS spectrum of Cu
2p presents two major peaks corresponding to the Cu 2p;/,
and Cu 2p,,,. The fitted peaks centered at 932.45 and 952.35
eV correspond to the binding energies of Cu®.***’ Those two
peaks have a larger integrated area, which indicates that the Cu
element is mainly in the valence state of +1. In addition, the
two fitted peaks at the binding energies of 933.85 and 954.55
eV could be attributed to the existence of the copper elements
with higher valence states.>® As shown in Figure 2d, the high-
resolution XPS spectrum of S 2p could be fitted into three
peaks. The S 2p;/, peak is located at 161.65 eV, and the S 2p, /,
peak is at about 162.7 eV. The peaks indicate that the main
form of sulfur element in the composites is $*~.*"** The peak
centered at about 163.5 €V could be attributed to the C—S—C
bonds. As shown in Figure 2e, the C 1s spectrum could be
fitted into two peaks at 284.8 and 286.0 eV, corresponding to
the sp? C—C and C—O bonds.”** As shown in Figure 2f, the
high-resolution XPS spectrum of N 1s could be fitted into two
peaks. The peak at 398.8 eV indicates the pyridine nitrogen,
and the peak at 401.0 eV represents the quaternary nitrogen.
The doping of heteroatoms has been proved to be of great
significance for promotin% electron transport and improving
electrical conductivity.”™>* The XPS results are coincident
with the abovementioned characterizations and could further
confirm the composition of the product. Combined with the
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Figure 3. (a, b) CV and GCD curves of Cu,S/Cu,S;/NC and Cu,0. (c) The CV curves of Cu,S/Cu,S,/NC at different scan rates. (d) The GCD
curves of Cu,S/Cu,S,/NC at different current densities. (e) The linear relation between CV anodic/cathodic peak currents and scan rates for
Cu,S/Cu,S,/NC. (f) The calculated capacitive-controlled contribution of Cu,S/Cu,S,/NC during the charge storage process. (g) The EIS results
of Cu,S/Cu,S,/NC and Cu,O. (h) The cycling stability of Cu,S/Cu,S,/NC. (i) The cycling stability of Cu,O.

above characterization results, the composition and structure ions, which is significant for the improvement of the charge
of the prepared Cu,S/Cu,S,/NC could be well verified. storage performance.

The N, adsorption—desorption isotherms and BJH pore-size The coating content of the carbon material has been
distribution of Cu,S/Cu;S,/NC and Cu,O are shown in adjusted by the regulation of the content of PDA. During the
Figure 3g. The Cu,S/Cu,S,/NC has a larger Brunauer— synthetic process, the dosages of dopamine hydrochloride have
Emmett—Teller (BET) specific surface area than that of Cu,O. been set as 50, 70, 90, 110, 130, and 150 mg. As shown in

The specific surface areas of Cu,S/Cu,S,/NC and Cu,O are Figure S3a,b, as the dosages of dopamine hydrochloride are
60.0 and 13.7 m*g~". Moreover, Cu,S/Cu,S,/NC exhibits a lower, the amounts of the coated PDA on the surface of Cu,O

typical mesoporous feature, which is beneficial for electrolyte are small. With the increase of the dopamine hydrochloride
ion transportation and charge storage. In this work, the charge dosage, the self-polymerization of PDA becomes evident, and
storage performance of the anode and the hybrid super- more PDA nanospheres are generated and attached to Cu,O.
capacitor is assessed in the alkaline electrolyte. Therefore, the At the same time, Cu,O experiences slight dissolution, and the
adsorption ability of the main electrolyte ions has been cubic structure dents a little. As shown in Figure S3c—f, as
calculated. Because Cu,S is the main composition of the Cu,S/ much more dopamine hydrochloride is added to the reaction
Cu,S,/NC composites, the adsorption properties of Cu,O and system, the structure of the precursor obviously changes, and
Cu,S for OH* and O* have been studied. The atomic more PDA spheres aggregate on or off the Cu,O nanocubes.
structures of Cu,O and Cu,S are shown in Figure S2. As Because the content of the carbon material has great influences
shown in Figure 2h, the length of the Cu—OH and Cu—O on the electrochemical performance, the optimal dopamine
bonds on Cu,S are much shorter than those on Cu,O, hydrochloride dosage has been further confirmed by the
indicating that Cu,S has much higher affinity for the electrolyte following electrochemical tests.
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The above-prepared Cu,O with PDA-coated products have
been annealed, and the SEM images of the annealed products
are shown in Figure S4. As shown in Figure S4a,b, when the
content of the coated PDA is lower, it is difficult to form a
stable carbon protective layer outside Cu,O, and the annealed
products exhibit slight structure collapse. As shown in Figure
S4c,d, as the content of PDA increases, the generated carbon
layer is thicker and more stable, which could be uniformly
coated on the surface of Cu,O. The intimate contact between
the materials could improve the structural stability as well as
the electrochemical performance. As shown in Figure S4ef, as
the dosage of dopamine hydrochloride is much higher, the self-
polymerization of PDA becomes severe, and the PDA spheres
aggregate after the annealing treatment, leading to the
generation of irregular structures. Thus, the optimal dopamine
hydrochloride dosages could be initially confirmed to be 90 mg
and 110 mg.

The dosages of Na,S-9H,0 have been regulated, and the
SEM images of the products prepared with different dosages
are shown in Figure SS. When the dosage of Na,S-9H,0 is
relatively low, the vulcanization degree is limited. Moreover,
with the increase of the S*~ ion content, much more sheet-like
structures could be generated on the cubic structures, creating
more active sites for charge storage. According to the SEM
images, the optimal dosage could be initially set as 50 mg.

2.2. Electrochemical Performance of the Cu,S/Cu,S,/
NC Anode. The electrochemical performance of the as-
prepared materials has been studied in a traditional three-
electrode system. And the potential of the Cu,S/Cu,S,/NC as
an anode for hybrid supercapacitors and the charge storage
mechanism have also been assessed. The cyclic voltammetry
(CV) curve comparisons of Cu,0O and Cu,S/Cu,S,/NC are
shown in Figure 3a. It is obvious that the CV curve of Cu,S/
Cu,S,/NC is of larger integrated area than that of Cu,O, which
demonstrates that the Cu,S/Cu,S,/NC has distinctly higher
specific capacitance. As shown in Figure 3b, the galvanostatic
charge—discharge (GCD) curve of Cu,S/Cu,S,/NC presents a
longer discharging time than that of Cu,0, also suggesting the
higher capacitance of the Cu,S/Cu;S,/NC. The greatly
improved electrochemical performance could be attributed to
the sulfurizing treatment and the coating of carbon materials,
which could improve the electrical conductivity and the
electrochemical activity of the composites. Moreover, the
hierarchical hollow structure could also facilitate the trans-
portation of the electrolyte ions and provide abundant active
sites, which are essential for the occurrence of the redox
reactions. The CV curves of the Cu,S/Cu,S,/NC obtained at
different scan rates are shown in Figure 3c. It is clear that the
curves are all with obvious redox peaks, indicating that the
prepared sulfide electrode is battery-type. With the gradual
increase of the scan rate, the shape of the CV curves has no
obvious changes, indicating the great electrochemical reversi-
bility of the electrode. But the redox peaks experience positive
and negative shifts due to the polarization effect. The GCD
curves of the Cu,S/Cu,S,/NC tested at different current
densities are shown in Figure 3d. The GCD curves are of
similar charging and discharging times, preliminarily indicating
the great Coulombic efficiency of the electrode. Moreover, the
obvious platforms could be observed on the GCD curves,
which also demonstrate the battery-type charge storage
mechanism of the electrode. The analysis is in good agreement
with the CV results. The specific capacitance of the Cu,S/
Cu,S,/NC is up to 1261.3 F-g™" at the current density of 1 A-

g~'. When the current density increases from 1 to 10 A-g™", the
specific capacitance of the Cu,S/Cu,S,/NC composites is
637.5 F-g”, corresponding to a capacitance retention rate of
50.5%. The results reveal that the prepared Cu,S/Cu,S,/NC
exhibits satisfactory rate performance.

To study the electrochemical reaction kinetics and the
charge storage mechanism of the electrodes, the contributions
of the capacitive-controlled and the diffusion-controlled
process are evaluated according to the following equa-

tions>2403940
o
i, =av (1)
log i, = blogv + log a 2)
i(v) = kp + kpp'/? (3)

where i, is the peak current (A), v is the scan rate (mV-s™), a
is a constant, b could represent the general electrochemical
reaction kinetics, and kv and kw'/? indicate the capacitive-
controlled and the diffusion-controlled contribution, respec-
tively. If the b value is about 0.5, it indicates the diffusion-
controlled process. If the b value is about 1, it means the
capacitive-controlled process. As shown in Figure 3e, the b
values are about 0.5, 0.6, and 0.8, which demonstrates that the
charge storage mechanism of the Cu,S/Cu,S,/NC is mainly
the diffusion-controlled behavior, suggesting the battery-type
features. Moreover, during the charge storage process, there is
also a capacitive-controlled contribution. Generally, the
diffusion-controlled behavior could provide high capacitance,
and the capacitive-controlled behavior could promote the rate
performance. Thus, the combination of the two different
mechanisms could remarkably enhance the charge storage
capability of the electrode. As shown in Figure 3f, the diffusion-
controlled process contributes to a large proportion. With the
increase of the scan rate, the proportion of diffusion-controlled
behavior gradually decreases, which is mainly because of the
polarization effect during the rapid charge and discharge
process. The results also suggest the combination of the
battery-type and capacitive charge storage mechanisms.

Electrochemical impedance spectroscopy (EIS) measure-
ments are performed with the frequency range of 0.01—100
kHz and the amplitude of S mV, to further investigate the
electrochemical properties of Cu,S/Cu,;S,/NC and Cu,O.
According to Figure 3g, the Nyquist plots of Cu,S/Cu,S,/NC
and Cu,O have semicircles in the high-frequency region and
approximately straight lines in the low-frequency region. In the
high-frequency region, the equivalent series resistance (R;) is
numerically equal to the intercept of the x-axis, mainly
including the interface resistance, the intrinsic resistance of the
electrode material, and the electrolyte ionic resistance.*’ The
R, values of Cu,S/Cu,S,/NC and Cu,O are 0.57 and 0.73 Q,
and the lower R, value of Cu,S/Cu,S,/NC indicates that the
material has small intrinsic resistance and interface contact
resistance. According to the positive correlation between the
semicircle diameter in the high-frequency region and the
charge transfer resistance (R.,), it could be found that the R
value of Cu,S/Cu,S,/NC is much smaller than that of Cu,0O,
which are 0.12 and 1.02 Q. The slope in the low-frequency
region is inversely proportional to the Warburg impedance
(W,) and represents the migration resistance of the electrolyte
ions in the active species.”” The slope of the linear part of
Cu,S/Cu,S,/NC is obviously larger, indicating the much lower
migration resistance of the electrolyte ions.
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Figure 4. (a) Adsorption ability for OH* and O* of Cu,O and Cu,S. (b) PDOS diagrams of Cu,O and Cu,S. (c) Differential charge density maps

of Cu,0O and Cu,S.

The cycling stability of the synthesized Cu,S/Cu,S,/NC
and Cu,O has been evaluated by performing the GCD test at 7
A-g_1 for 3000 cycles. As shown in Figure 3h,i, the specific
capacitance of Cu,S/Cu,S,/NC could be retained at 56.7%
after 3000 cycles. In the whole cycling stability test, the
capacitance shows a relatively slow decline process, and there is
no sudden drop phenomenon. As compared with the result of
Cu,0, the specific capacitance drops rapidly at the initial stage,
and the retention rate is quite lower (27.3% after 3000 cycles).
Moreover, the Coulombic efficiencies of the two electrodes are
about 100% during the whole cycling process. The higher
electrical conductivity and cycling stability of the Cu,S/Cu,S,/
NC could be mainly attributed to the sulfide composition and
the introduction of nitrogen-doped carbon material.

According to the experimental results, Cu,S/Cu,S,/NC
possesses much higher electrochemical performance than that
of the Cu,O naoncubes. Therefore, theoretical analysis has
been conducted to further reveal and confirm the high
electrochemical activity of the sulfurized product, and the
results are shown in Figure 4. The adsorption energies for
OH* and O* on Cu,0O and Cu,S are first calculated, and the
results are shown in Figure 4a. Obviously, Cu,S has the lower
adsorption energies for both of OH* and O* (1.63 and 1.82
€V) than those of Cu,O (2.97 and 3.21 €V). The higher
affinity for the electrolyte ions could be one of the main
reasons for the high electrochemical performance of the
sulfurized anode.

Additionally, the partial density of states (PDOS) for Cu,O
and Cu,S$ are shown in Figure 4b. Compared with Cu,0, Cu,S
presents an increased density of states over the Fermi energy
level and more empty states near the Fermi level, indicating the
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higher electrical conductivity of Cu,S. The atomic structure
and PDOS diagram of Cu,S/Cu,S,/NC are shown in Figure
S6. The PDOS diagram has a peak at Fermi energy, which
demonstrates much higher electrical conductivity than that of
Cu,S. The three-dimensional charge density differences of
Cu,0 and Cu,S have been calculated. As shown in Figure 4c,
the yellow area means the charge accumulation and the blue
area means the charge consumption. It is clear that the charge
density around Cu,S is much larger than that around Cu,0O,
which indicates that the charge transport around Cu,S$ is more
active. The theoretical results have well illustrated that the
sulfurized product exhibits higher adsorption affinity for
electrolyte ions and electrical conductivity, which could
dramatically facilitate the charge storage process.

The vulcanization treatment is essential for the improvement
of the electrochemical performance. Thus, the dosages of
Na,S-9H,0 have been regulated as 25, 50, 75, and 100 mg,
respectively. As shown in Figure S7a, the CV curves of the
products at SO mV-s~' all have evident oxidation/reduction
peaks, implying the occurrence of the reversible redox
reactions during the energy storage process and the battery-
type charge storage mechanism of the products. Among them,
the product prepared with Na,S-9H,0 dosage of 50 mg
exhibits the largest CV integrated area, representing the highest
specific capacitance. As shown in Figure S7b, all of the GCD
curves possess obvious charging—discharging platforms,
indicating a similar charge storage mechanism. Moreover, the
product prepared with the dosage of 50 mg has the longest
discharging time, suggesting superior charge storage capability.
Therefore, the optimal dosage of Na,S-9H,O0 is determined to
be 50 mg.
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Figure S. (a, b) CV and GCD curves of the hybrid supercapacitor tested in the voltage range of 0—1.5 V. (c) The Ragone plot of the hybrid
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2.3. Electrochemical Performance of the Hybrid
Supercapacitor. The prepared Cu,S/Cu,S;/NC has been
used as the anode to assemble a hybrid supercapacitor with
activated carbon (AC) as the cathode and 6 M KOH solution
as the electrolyte. The hybrid supercapacitor was assembled to
further analyze the application potential of the anode in the
field of energy storage. The CV and GCD tests are applied to
investigate the charge storage capability of the assembled
device. As shown in Figure Sa, the CV curves obtained in the
voltage range of 0—1.5 V are of basic rectangular shape, but
with redox peaks, which suggests the combination of the
typical electric double-layer capacitive and battery-type charge
storage behavior. The capacitive behavior might be mainly
attributed to the contribution of the carbon cathode, and the
battery-type behavior might be mainly ascribed to the
contribution of the sulfide anode. With the increase of the
scan rate, the shape of the CV curves experiences nearly no
change, demonstrating the great electrochemical reversibility of
the device. As shown in Figure 5b, the GCD curves obtained in
the voltage range of 0—1.5 V exhibit admirable Coulombic
efficiencies at lower and higher current densities, which are
73.8 and 94.6% at 1 and 10 A-g™". It could be calculated that
the specific capacitance is 28.7 F-g™" at the current density of 1
A'g_l, which could retain 74.3% at 5 A-g_1 and 60.4% at 10 A-
g '. As shown in Figure Sc, the energy density and power
density of the device have been calculated. When the power
densities are 750 and 3750 W-kg_l, the energy densities are
8.96 and 6.67 Wh-kg™". The assembled hybrid supercapacitor
also has superior energy and power densities compared with
other related rechargeable devices.**™>* The cycling stability of
the supercapacitor has been evaluated and the results are
shown in Figure S5d. After 3000 and 5000 cycles, the
capacitance retention rates are 85.1 and 61.9%, which indicates
the high cycling stability of the device. Moreover, the
Coulombic efficiency is about 92% at the initial stage and
could increase close to 100% afterward. The schematic
description of the assembled hybrid supercapacitor is shown
in Figure Se.

3. CONCLUSIONS

In conclusion, this work has proposed a novel and feasible
method to prepare a high-performance copper-based com-
pound anode. Cu,O with a regular cubic structure has been
employed as the template, and sulfurizing treatment and
carbon coating also have been applied to improve the
electrochemical performance. Moreover, the unique hierarch-
ical hollow structure could be formed during the material
synthetic process. Appropriate characterizations have been
conducted and well analyzed. Benefiting from the composition
and structure optimization, the prepared Cu,S/Cu,S,/NC
possesses superior charge storage capability, such as specific
capacitance, rate performance, and cycling stability, especially
compared with the Cu,O precursor. According to the
theoretical and experimental results, the Cu,S/Cu,S,/NC
exhibits remarkably higher electrical conductivity and lower
adsorption-free energy for O* and OH* than those of Cu,O.
Additionally, the Cu,S/Cu,S,/NC delivers a high specific
capacitance of 1261.3 F-g! at the current density of 1 A-g™".
In addition, the assembled hybrid supercapacitor using Cu,S/
Cu,S,/NC as the anode exhibits great energy density, power
density, and cycling stability. The energy density could reach
to 8.96 Wh-kg™' at the power density of 750 W-kg™!, and the
specific capacitance could retain 85.1% after 3000 cycles. This
study has provided a novel strategy to design and synthesize
satisfactory copper-based anode and also to optimize the
electrochemical performance.

4. EXPERIMENTAL SECTION

4.1. Materials. All of the chemicals were of analytical grade
and used without any further purification. The water used in
this study was ultrapure water.

4.2, Synthesis of the Cu,S/Cu,S,/NC. 4.2.1.. Synthesis
of the Template. The Cu,O template with stable and uniform
cubic structures was synthesized by the typical chemical
precipitation method.*® First, copper pentahydrate sulfate
(CuS0,:5H,0, 1.5 mmol) and trisodium citrate (CsHNa;O,,
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0.5 mmol) were dissolved in 80 mL of ultrapure water. Then,
20 mL of sodium hydroxide solution (NaOH, 1.25 M) was
added during the stirring process. After 15 min, S0 mL of 0.03
M ascorbic acid solution was added dropwise under stirring.
The resulting mixed solution was then aged for 1 h at room
temperature. Finally, the red precipitate was collected by
centrifugation, washed several times with water and ethanol,
and dried at 50 °C for 12 h.

4.2.2.. Synthesis of the Cu,5/Cu,S,/NC Composites. The
cubic structure Cu,O was used as the template. First, the Cu,O
template (80 mg) was evenly dispersed in 100 mL of ultrapure
water. Then, trihydroxymethylthane (Tris, 0.1214 g) and
dopamine hydrochloride (CgH;,CINO,, 0.1100 g) were added
into the above solution under stirring. The reaction was
maintained for 4 h at room temperature, and polydopamine
(PDA) could be formed outside the Cu,O nanocubes. Finally,
the precipitate was collected by centrifugation, washed several
times with water and ethanol, and dried at 50 °C for 12 h. The
above product was further annealed at 600 °C for 2 h in a
nitrogen atmosphere, and PDA could be fully converted into
nitrogen-doped carbon material.

The above intermediate product (0.1073 g) was dispersed in
60 mL of ultrapure water. And 50 mg of Na,S-9H,0 was
dissolved in 40 mL of ultrapure water. Then, the two solutions
were mixed quickly and the reaction was continued for 45 min
under stirring. The black precipitate was collected by
centrifugation and washed several times with water and
absolute ethanol, and dried at S0 °C overnight. Afterward,
the resulting black powder was etched in HNOj; solution (1
M) for 12 h to remove the residual copper oxide in the
product. The product was collected by centrifugation, washed,
and dried to obtain the Cu,S/Cu,S,/NC composites.

4.3. Characterizations. The morphology and structure of
the synthesized samples were observed by a scanning electron
microscope (SEM, JSM-7610F, Japan). The structure and
composition of the product were confirmed by transmission
electron microscopy (TEM, FEI Tecnai F30) with an X-ray
energy-dispersive spectrometer (EDS). The phase and
crystalline structures were examined by X-ray diffraction
(XRD) measurement using a Bruker D8 advance (Germany)
X-ray powder diffractometer. The composition and the
chemical states of the elements were analyzed by X-ray
photoelectron spectroscopy (XPS) on an ESCALAB 250Xi
system (Thermo Fisher Scientific). N, adsorption—desorption
measurements were conducted on a Trista II 3020 system
(Micromeritics, America).

4.4. Electrochemical Measurements. The electrochem-
ical properties of the samples were tested by CHI760E
electrochemical workstation (Chenhua, China). The tests were
performed in a three-electrode system, including the working
electrode, the counter electrode (platinum plate electrode),
and the reference electrode (Hg/HgO electrode). The
electrolyte was a 2 M aqueous solution of potassium hydroxide.
To ensure the accuracy and comparability of the electro-
chemical test results, all working electrodes were fabricated in
exactly the same way. The specific preparation process of the
working electrode was as follows: the prepared active material,
acetylene black, and poly(tetrafluoroethylene) (PTFE) were
evenly mixed with an 8:1:1 mass ratio in a small amount of
ethanol. Then, the mixture was grounded and coated on the
surface of a piece of pretreated nickel foam with an area of 1
cm X 1 cm. The nickel foam with active material was pressed
and dried at 50 °C for 12 h.°”7°? To analyze the

electrochemical behavior of the samples, cyclic voltammetry
(CV), galvanostatic charge—discharge measurement (GCD),
and electrochemical impedance spectroscopy (EIS) were
performed. The specific cagacitances were calculated according
to the previous reports."**°~

4.5. Fabrication of the Hybrid Supercapacitor. The
practical application potential of the Cu,S/Cu,S,/NC was
further studied as the anode for hybrid supercapacitors. The
activated carbon (AC) was used as the positive electrode, the
synthesized Cu,S/Cu,S,/NC was used as the negative
electrode, and the 6 M KOH aqueous solution was employed
as the electrolyte to construct the aqueous rechargeable device.
The mass ratio of the positive electrode to the negative
electrode was determined by the charge balance equations
according to eqs 4 and 5.

gq=CXAVXm (4)

m. C_XAV_

m_ G XAV, (s)

where m, and m_ (g) are the mass loading, C, and C_ (F-g™")
are the specific capacitance, and AV, and AV_ (V) are the
applied potential of the positive and negative electrodes,
respectively.

The energy density (E, Wh-kg™") and the power density (P,
W-kg™") of the hybrid supercapacitor were determined based
on eqs 6 and 7.

1 2
E= —CAV
2 (6)
po EX 3600
At (7)

where C (F-g7'), AV (V), and At (s) are the specific
capacitance, voltage, and the discharge time of the hybrid
supercapacitor.

4.6. Computation Methods. The density functional
theory (DFT) has been employed to perform the theoretical
research using the DMol3 package. The projected augmented
wave (PAW) was utilized to measure the ion—electron
interactions. The spin-unrestricted DFT in the generalized
gradient approximation with the Perdew—Burke—Ernzerhof
(PBE) functional was applied. The cutoff energy for the plane-
wave basis was 500 eV. Moreover, the vacuum was 15 A to
prevent the interactions among the periodic images along the
z-direction. The Brillouin zone was sampled with the
Monkhorst—Pack 3 X 4 X 1 and 7 X 9 X 1 k-point grids for
geometry and electronic structure calculations, respectively.
The energy and force convergence thresholds were set as 107>
eV and 0.02 eV A™! in the self-consistent field (SCF),
respectively.

The adsorption energies for OH* and O* (AEyy and AE)
were calculated based on eqs 8 and 9.

AEoy = Eyga — Eg — (EHZO - I/ZEHZ) (8)

AEq = Eyy — Eg — (EHZO - EHZ) (9)

where E,, is the total energy of OH* or O* adsorbed on the
materials, Eg is the total energy of the clean Cu,O or Cu,S
without any adsorbates, and Ey; o and Ey, are the total energies

of H,0O and H, free molecules in vacuum.
The Gibbs free energy (AG) was calculated based on eq 10.
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AG = AE + AZPE — TAS (10)

where AE is the calculated reaction energy, AZPE and TAS
are the contributions of the zero-point energy and entropy to

the AG.
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