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Layered double hydroxides (LDHs) are regarded as ideal materials for supercapacitors due to their excellent
electrochemical characteristics and unique structural properties. However, unsatisfactory cyclability and
poor conductivity have been recognized as the key limitations to LDH performance. To overcome these
obstacles, constructing hybrid materials as well as designing porous nanoarchitectures are efficient
approaches. Herein, through controlling the sulfide ion concentration during the synthesis of CuS
nanosheets and adjusting the amount of urea in the synthesis of flower-like ZnCo-LDH structures, an
optimized sample with an exclusive porous texture was fabricated on nickel foam (NF) (identified as
NF@CS10-ZC-LDH4) via two-step hydrothermal routes and then employed as a binder-less electrode for a
hybrid supercapacitor. The as-fabricated nanoarchitectures provide efficient electron-ion transport
channels and preserve the structural integrity during prolonged periods of cycling, which resulted in
fantastic supercapacitive properties with a capacity of 1270.5 C g™* and excellent cyclability (remaining at
90.7% after 7000 cycles). Furthermore, we fabricated a hybrid supercapacitor (NF@CS10-ZC-LDH4//
NF@AC) with NFQCS10-ZC-LDH4 as a cathode electrode and activated carbon (AC)-covered NF as an
anode electrode. The energy density of NF@QCS10-ZC-LDH4//NF@QAC was high, at 62.4 W h kg™ with a
power density of 810.4 W kg and splendid cyclability of 88.4%. This innovative study offers valuable
inspiration for the synthesis of electrode materials to be used in hybrid supercapacitors.
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1 Introduction

The overexploitation of fossil fuels has created substantial
problems, such as diseases, undesirable changes in the
weather and global ecology, and environmental pollution.?*
Natural energy sources such as tidal, solar, and wind energy
have been exploited as an alternative to fossil fuels.**
Nevertheless, an irregular distribution of these energy sources
due to geographical, temporal, and seasonal obstacles has
largely restricted their direct use in industry and daily life.**
Accordingly, green, low-cost, and efficient energy storage
systems with satisfactory properties are particularly vital for
energy harvesting.’

Department of Chemistry, Shahid Beheshti University, G. C., 1983963113, Evin,
Tehran, Iran. E-mail: mohammadi.bahadoran@gmail.com, ss-hosseiny@sbu.ac.ir;
Fax: +98 21 22431661; Tel: +98 21 22431661

T Electronic  supplementary (ESI) Supplementary
characterization and electrochemical data, and a benchmark table to compare

information available:

the performance of the as-prepared device with previously reported devices are
presented in the ESI. See DOI: https://doi.org/10.1039/d3im00027¢

© 2023 The Author(s). Co-published by the Institute of Process Engineering,

Chinese Academy of Sciences and the Royal Society of Chemistry

Batteries and supercapacitors are popular candidates for
energy storage systems. Supercapacitors present the merits of
satisfactory power performance, rapid charging, and
outstanding longevity despite low energy density, whereas
batteries reflect splendid energy density properties despite
unsatisfactory power performance.®*° Hybrid supercapacitors
can combine the advantages of batteries and supercapacitors
without attenuating the cycle durability and power density of
supercapacitors to obtain a satisfactory energy density."*
Designing suitable battery-like electrode materials is the key
method that will improve the performance of hybrid
supercapacitors.’>™®

Metal sulfides (MSs) have been gaining serious attention
owing to their good theoretical capacity and desired
conductivity."*>' Among these MSs, copper sulfide (CuS) has
attracted great attention due to its good conductivity and
electrochemical performance.”*** For instance, Zhou et al.
reported CuS nanoflake arrays on carbon cloth using a
solvothermal strategy, and obtained a capacity of 213.8 C g™*
with a longevity of 75.1% after 5000 cycles.** In another
study, Li et al. prepared porous CuS nanosheets via a
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solvothermal process, which exhibited a capacitance of 974 F
g and durability of 81.99% after 5000 cycles.>® Nonetheless,
the longevity and specific capacity of CuS are unsatisfactory
due to its inferior conductivity, which limits its utilization in
supercapacitors.’® For this reason, it is crucial to combine
other materials that possess good theoretical capacity with
CusS to enhance its performance.

Recently, layered double hydroxides (LDHs) have been
extensively utilized in the preparation of electrode materials
for supercapacitors due to their large specific area, adjustable
chemical composition, low cost, multiple oxidation states,
good theoretical capacity, and flexible anion exchange.*”*
Considering the plentiful abundance of zinc (Zn) resources
and rich redox reactions of ZnCo-LDH, ZnCo-LDH should be
a very promising material for future wuse in a
supercapacitor.?® It has been proved that the incorporation of
elemental Zn in cobalt hydroxide can enhance its
electrochemical performance.®® In the ZnCo-LDH material,
elemental Co increases the electronic conductivity, and the
elemental Zn possesses reasonable electrical conductivity that
can result in the enhancement of electrical conductivity and
supercapacitive performance.*'? zZn ions also improve the
interaction between the reactants and electroactive sites
throughout the electrochemical redox reactions, thereby
enhancing the electrochemical performance of the
sample.>”*

Nano-structurization is an efficient strategy that boosts
the supercapacitive performance of materials. Various
morphologies such as nanorods,®  nanoparticles,*
nanowires,*® nanosheets,?” and flower-like structures®® have
been designed and used in supercapacitors. Generally,
powdered materials are prepared via co-precipitation or
hydrothermal processes that require polymer binders,
resulting in low conductivity and poor stability.>* To solve
the above-mentioned limitations, the rational fabrication of
nanocomposites with various hierarchical morphologies and
structures has been performed, especially those in the form
of nanosheets or flowers that are directly grown on
conductive substrates to boost the conductivity and so
enhance the electrochemical features.®”** The three-
dimensional (3D) accelerate the
transport of electrons and ions by increasing the active
areas in contact with the electrolyte."”” For example, Li et al.
reported a hydrothermal strategy that produced flower-like
MnO,-NiFe LDH nanosheets on nickel foam (NF), which
showed a capacitance of 4274.4 mF cm™ at 5 mA cm™* and
longevity of 95.6%.’° In another work, Raza et al. used a
hydrothermal process to fabricate flower-like NiMn-LDH-
MnCo,S,, with a capacity of 1228 C g™* and a cyclability of
95%.*!

Herein, CuS nanosheets coupled with flower-like ZnCo-
LDH nanostructures supported on NF (NF@CS-ZC-LDH) were
synthesized for the hybrid supercapacitor. Compared with
the NF@CS and NF@ZC-LDH electrodes, NF@CS-ZC-LDH
exhibited a more optimal supercapacitor performance due to
the porous architecture and the synergy of CuS, ZnCo-LDH,

nanostructures can
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and NF. Moreover, a hybrid supercapacitor (NF@CS-ZC-LDH//
NF@AC) was fabricated and revealed an excellent
performance. This study is expected to pave the way for new
insights into the construction of binder-less electrodes for
various applications.

2 Experimental section
2.1 Chemicals

Herein, the chemicals used were C3HgO [acetone],
Cu(NO3),-6H,0 [copper(u) nitrate hexahydrate], Na,S,0;-5H,0
[sodium thiosulfate pentahydrate], Co(NO;),-6H,O [cobalt(r)
nitrate  hexahydrate], = Zn(NOj;),-6H,O  [zinc  nitrate
hexahydrate], CH,N,O [urea], and C,HO [ethanol].

2.2 Fabrication of the NF@CS electrode

First, the NF was cut into a rectangular piece 2 x 4 cm? in
size. Then, the oxide layer and oil on its surface were
removed with sequential ultrasonication in C;HO, HCI (1.0
M), and then water, and subsequently dried in a vacuum
oven at 60 °C.** To fabricate the CuS nanosheets on the NF,
Cu(NO3;),-6H,O (10 mmol) and Na,S$,03-5H,0 (10 mmol)
were dissolved in water (100 mL) under stirring for 1 h to
form a homogenous solution. The mixture was transferred
into an autoclave with pretreated NF vertically placed in it
and heated in an oven at 90 °C for 6 h. Finally, the NF
covered with CuS was cleaned numerous times with C,H,O
and water and then dried at 50 °C for 12 h to obtain the
NF@CS10.

The mass of the CuS sample grown on the NF was
obtained by subtracting the bare NF mass from that of the
fabricated CuS-loaded NF. The mass loading of CuS was
estimated to be 2.1 mg em™>. Also, two sulfide samples with
different concentrations of Na,S,0;-5H,0 (5 and 15 mmol)
were synthesized under similar conditions, and were marked
as NF@CS5 and NF@CS15, respectively. The mass of CS5 and
CS15 on NF was calculated to be 1.9 and 2.4 mg cm?,
respectively.

2.3 Fabrication of the NF@CS10-ZC-LDH electrode

NF@CS10 was used as a framework for the growth of flower-
like ZnCo-LDH structures via a second hydrothermal process.
Typically, Zn(NO3),-6H,0 (1 mmol), Co(NO3),-6H,0 (4 mmol),
and CH4N,O (4 mmol) were dissolved in water (60 mL) and
stirred for 20 min. Then, the solution was transferred into an
autoclave with NF@CS10 vertically placed in it and
maintained at 120 °C for 12 h. Next, the sample named
NF@CS10-ZC-LDH4 was washed with water and C,HsO and
heated for 14 h at 50 °C in a drying oven. For comparison,
two products with 2 and 6 mmol of CH,;N,O were also
fabricated using the same method, which were named
NF@CS10-ZC-LDH2 and NF@CS10-ZC-LDH6, respectively.
The mass values of CS10-ZC-LDH2, CS10-ZC-LDH4, and
CS10-ZC-LDH6 on the NF were observed to be 3.8, 4.1, and
4.7 mg cm’’, respectively. Pure NF@ZC-LDH4 was also
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fabricated without adding Cu(NOj;),-6H,0 and Na,S$,0;-5H,0.

The mass of ZC-LDH4 on the NF was estimated to be 2 mg
-2

cm .

2.4 Characterization techniques

To prevent the NF from affecting the samples, the as-
prepared products were carefully stripped from the NF
using a clean knife and then collected for XRD, TEM, XPS,
and BET analyses. The morphology of the as-synthesized
products was examined using field-emission scanning
electron microscopy (FE-SEM) (MIRA 3 TESCAN, 15 KkV,
Czech) and transmission electron microscopy (TEM) (Philips
CM200 instrument). The crystallographic information for
CS10-ZC-LDH4 was further analyzed by X-ray diffraction
(XRD) (Philips X'Pert Pro X-ray diffractometer). The
elemental valance states of CS10-ZC-LDH4 were identified
using an X-ray photoelectron spectrometer (XPS) (Thermo
Scientific, ESCALAB 250Xi, Mg X-ray source). The pore-size
distribution and specific surface area (SSA) of CS10, ZC-
LDH4, and CS10-ZC-LDH4 were evaluated by the Barrett-
Joyner-Halenda (BJH) model and Brunauer-Emmett-Teller
(BET) surface area, respectively.

2.5 Electrochemical tests

2.5.1 Three-electrode cell. Electrochemical techniques
such as cyclic voltammetry (CV), galvanostatic charge-
discharge  (GCD), and electrochemical impedance
spectroscopy (EIS) were performed using an Autolab PGSTAT
204 (Eco Chemie, The Netherlands) at room temperature in
6.0 M KOH electrolyte. The three-electrode cell consisted of
a counter electrode (Pt wire), a reference electrode (Ag/AgCl),
and a working electrode. Herein, the as-prepared materials
on the NF were directly employed as the working electrode.
The NF was utilized as an electrode substrate because of its
excellent conductivity as well as its multi-dimensional
texture to support materials.*> Of note, the capacity value
(C, C g™") of electrodes was calculated from the equation C
= IAt/m, where m (g), At (s), and I (A) denote the mass of
the samples, discharge time, and applied working current,
respectively.**

2.5.2 Assembly of the NF@CS-ZCLDH//NF@AC device. A
hybrid supercapacitor (NF@CS10-ZCLDH4//NF@AC)
containing NF@CS10-ZCLDH4 as the cathode, NF@AC as the
anode, one piece of filter paper as a separator, and KOH (6.0
M) as the electrolyte was fabricated and tested in a two-
electrode configuration. Typically, the anode was fabricated
by mixing 80% activated carbon (AC), 10% acetylene black,
and 10% polyvinylidene fluoride in the proper amount of
N-methyl-2-pyrrolidone solvent to generate a slurry. To coat
AC on the NF, the NF was immersed in the obtained
suspension to form a coating area (1 cm x 1 ¢cm) and then
dried overnight. Before the fabrication of NF@CS10-
ZCLDH4//NF@AC, the electrodes and filter paper were
soaked in KOH to obtain the best performance of the
device.*® Subsequently, the components of NF@CS10-
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ZCLDH4//NF@AC were carefully sealed in a non-conductive
bag using a heat sealer to construct NF@CS10-ZCLDH4//
NF@AC. It should be noted that the working area of the
device was 1 x 1 cm.

To obtain high efficiency for NF@CS10-ZCLDH4//NF@AC,
the charges for the device were balanced. The cathode and
anode electrodes were balanced according to the charge
balance theory (Q. = Q-), which follows the relationship m, x
C. = m_ x C_ x AV_, where m_ (g) and m. (g) represent the
mass values of the AC and CS10-ZCLDH4 on the NF,
respectively. AV_ indicates the potential window of NF@AC,
and C. (F g") and C, (C g ') reveal the capacitance and
capacity of NF@AC and NF@CS10-ZCLDH4, respectively.
Accordingly, the mass values of the NF@CS10-ZCLDH4 and
NF@AC electrodes in NF@CS10-ZCLDH4//NF@AC were 4.1
and 28.3 mg, respectively. The energy density (Eq, W h kg™)
and power density (Pq, W kg ') of NF@CS10-ZCLDH4//
NF@AC can easily be evaluated from the following
equations:*’

Sy Ivde
Eq (Whkg) = 36X (1)
Pq (Wkg™) = £ 3600 (2)
At

In eqn (1), M indicates the total mass of materials, and At
represents the discharging time.

3 Results and discussion

Flower-like ZC-LDH4 structures were directly formed on the
NF@CS10 nanosheets through a hydrothermal reaction, as
evidenced in Fig. 1, where NF was applied as the template
due to its 3D porous texture and excellent electronic
conductivity.*> The CuS nanostructures were firmly grown on
the NF after the hydrothermal reaction (step I). During the
hydrothermal process, Na,S,0; reacted with H,O to generate
H,S. Then, Cu®" reacted with H,S to form CuS nanosheets.
The related reactions for the formation of CuS nanosheets
can be demonstrated as follows:*®

H,O + Na,S,0; — H,S + Na,SO, (3)
H,O + H,S — 2H;0" + §*~ (4)
§*” + Cu®" — CuS (5)

Subsequently, flower-like ZC-LDH4 nanostructures were
directly produced on the surface of NF@CS10 to obtain
NF@CS10-ZC-LDH4 (step II). Before the hydrothermal
reaction, NF@CS10 was soaked in a solution containing zZn*,
Co*', NO’7, and CH,N,O in an autoclave. With increasing
temperature, CO,>~ and OH~ were generated due to the
hydrolysis of CH,N,O. The related reactions for the formation
of ZC-LDH4 can be reflected as follows:*’
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120° C,12h

Fig. 1 Step (I) schematic diagram for the preparation of NF@QCS10 nanosheets. Step (Il) schematic diagram for the preparation of NF@CS10-ZC-LDH4.

H,0 + CO(NH,), — 2NH; + CO, (6)
NH;-H,0 — OH + NH," (7)

H,0 + CO, — 2H" + CO;~ (8)

(1 - x)Zn*" + xCo** + 20H” — (Zn,_,Co,)(OH), (9)

The porous characteristics and morphology of the
samples are crucial elements for determining the
supercapacitive performance of the materials. Accordingly,
the morphological evolution of the samples was initially
analyzed using FE-SEM. The morphological changes in the
CuS nanostructures, synthesized with three different
amounts of Na,S,0; (5, 10, and 15 mmol), were first
analyzed through FE-SEM. Fig. Sla (ESIf) shows the
morphology of NF®@CS5, indicating that the CS5
nanostructures were fully distributed on the NF. The
addition of a 5 mmol amount of Na,S,0; created a smooth
surface for all the obtained nanosheets on the NF, and
these nanosheets did not aggregate together (Fig. Sib-df).
Fig. Slef shows a low magnification FE-SEM image of
NF@CS10, and a great deal of the nanosheets firmly grew
on the NF. The enlarged image displayed in Fig. Siff
proved that the surface of the nanosheets changed from
smooth to rough and formed a porous architecture, and
enlarged images also show that the formed nanosheets
possess rich porosity (Fig. S1g and ht).

At a high Na,S,0; concentration (NF@CS15), as observed
in Fig. S1i-1;f over-sulfidation of the sample crushed the
nanosheets and also collapsed the structure, causing
significant agglomeration on the NF. The CS10 nanosheets
offer numerous anchoring sites for ZC-LDH nanostructures

446 | Ind. Chem. Mater., 2023, 1, 443-457

to grow, which consequently resulted in hybrid material with
a flower-like architecture. Accordingly, after the second
hydrothermal process, flower-like ZC-LDH nanostructures
developed on the surface of the CS10 nanosheets to form
NF@CS10-ZC-LDH4. Here, another hydrothermal route at a
constant temperature with the addition of three amounts of
CH,4N,0 was used to obtain different morphologies.

The surface morphology of the ZC-LDH samples with
three amounts of CH,N,O (2, 4, and 6 mmol) on NF@CS10
(NF@CS10-ZC-LDH2, NF@CS10-ZC-LDH4, and NF@CS10-ZC-
LDH6) was studied by FE-SEM. The FE-SEM image in Fig. 2a
indicates that the NF was uniformly covered with CS10-ZC-
LDH2 hybrid arrays. Fig. 2b and c show that the ZC-LDH2
structures were deposited on the NF@CS10 nanosheets in
the form of rose flower-like architectures. At this time, the
surface of the rose flower-like structures is relatively smooth
(Fig. 2d). It was determined from the FE-SEM image of one
single rose flower that the thickness of the nano-petals is
~31 nm (Fig. 2d).

After the addition of a 4 mmol amount of CH4N,O, the
NF@CS10 surface was still covered with ZC-LDH4 on a large
scale (Fig. 2e). In addition, the sample (Fig. 2f and g)
obtained by adding a 4 mmol amount of CH,N,O maintained
the flower-like architecture but revealed a rougher surface
than that of the NF@CS10-ZC-LDH2. The roughness on the
surface of the structure effectively increased the surface area
and porosity of the CS10-ZC-LDH4 heterostructure."®
Nevertheless, each nano-petal of the flower became slightly
thicker, with a thickness of 44 nm (Fig. 2h). More
significantly, the nanoflowers of NF@CS10-ZnCo-LDH4 were
more compact in structure than those of NF@CS10-ZC-LDH2,
which not only accelerates charge transfer and ion diffusion
but also efficiently provides additional reaction sites to
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Fig. 2 (a-d) FE-SEM images of NF@CS10-ZC-LDH2. (e-h) FE-SEM images of NFQCS10-ZC-LDH4. (i-l) FE-SEM images of NF@QCS10-ZC-LDH6.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

To)
—
o
—
S
[Te)
N
o
N
=
—
=
c
o
3
g
°
c
%
[a]
o
N
o
N
‘D
IS
o
-
c
o
B
X
i)
T
9
L
<
G
(8]
<
o
joR
(e}

icc) R

Fig. 3 (a and b) TEM images of the CS10 sample. (c and d) TEM image of the CS10-ZC-LDH4 sample.
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significantly improve the electrical activities of NF@CS10-ZC-
LDH4."®

CS10-ZC-LDH6 showed uniformly grown spherical-like
structures throughout the NF (Fig. 2i). Fig. 2j-1 shows that
when the added amount of CH,N,O was increased to 6
mmol, the morphology changed from flower-like structures
to spherical-like structures, and the spheres were decorated
with particles. Also, the CS10 nanosheets were not visible due
to significant agglomeration and accumulation of the
spheres. It is worth noting that the nano-petals on the
surface of the flower tended to disappear when the amount
of CH,N,O reached 6 mmol (Fig. 2j-1). The morphology of
NF@CS10-ZC-LDH4 was more regular as compared to other
products, while the petals of the NF@CS10-ZC-LDH6 flowers
revealed evident collapse. According to the FE-SEM analysis,
it can be concluded that the porous surface of the CS10
nanosheets and flower-like ZC-LDH4 after
adhering provides stable and appropriate channels to reduce
the electrode-electrolyte resistance.”® As highlighted in the
FE-SEM mapping (Fig. S2a-ft), Cu, S, Zn, Co, and O coexisted
and were distributed in NF@CS10-ZC-LDH4, which further
affirmed the successful fabrication of NF@CS10-ZC-LDH4.
For comparison, the FE-SEM images of pure ZC-LDH4 shown
in Fig. S31 indicate that the surface of the NF was covered by
flower-like ZnCo-LDH4 arrays.

The detailed intrinsic morphological features of CS10 and
CS10-ZC-LDH4 were further confirmed by TEM analysis
(Fig. 3). For the TEM investigation, the NF surface was

structures
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carefully scraped, and the collected powder was dispersed in
C,H;OH. The sample solution was drop-cast onto the TEM
grid. The TEM image of the CS10 sample confirmed the
sheet-like structure of CS10 (Fig. 3a), which is in reasonable
agreement with its FE-SEM image. As demonstrated in
Fig. 3b, the edge layer of the nanosheets is reliable evidence
of the porous texture of CS10. The TEM images of CS10-ZC-
LDH4 (Fig. 3c and d) indicated that two different
morphological structures, consisting of CS10 nanosheets and
flower-like CS10-ZC-LDH4 structures, were coupled together
to create a hybrid CS10-ZC-LDH4 heterostructure, which
revealed an absolute resemblance to that of the FE-SEM
images (Fig. 2e-h). The CS10 texture for growing ZC-LDH4
nanostructures assisted in the rapid transportation of the
charge carriers. The ZC-LDH4 nanoflowers also contributed
to the improved performance of CS10-ZC-LDH4, with its
porous structure.*’

The crystallinity of CS10-ZC-LDH4 was assessed by XRD
analysis (Fig. 4a). The XRD of CS10-ZC-LDH4 revealed
diffraction peaks of CuS (JCPDS 06-0464) and ZnCo-LDH
(JCPDS 21-1477). The CuS presented signals at 27.66° (101),
29.31° (102), 31.81° (103), 32.71° (006), 47.86° (110), 52.62°
(108), and 59.21° (116).>° There were obvious signals for
ZnCo-LDH4 at 21.81° (-111), 26.06° (-113), 28.41° (020),
33.62° (200), 37.26° (024), and 58.36° (-322).%"

XPS measurements were also implemented to scrutinize
the different oxidation states of elements in CS10-ZC-LDH4,
as highlighted in Fig. 4b-f. The survey scan in Fig. S41 shows
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spectra of CS10-ZC-LDH4. (e) S 2p XPS spectra of CS10-ZC-LDH4. (f) O 1s XPS spectra of CS10-ZC-LDH4.
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that Cu, S, Zn, Co, and O were explicitly identified in CS10-
ZC-LDH4. The Cu 2p spectrum in Fig. 4b revealed two well-
resolved signals at 931.88 and 951.68 eV that were assigned
to Cu’, while the other two signals at 932.98 and 953.18 eV
were predominant signals of Cu®', which were consistent
with previous studies.?® Fig. 4c shows the spectrum of the Zn
2p, which possesses two evident 2p,, and 2p;, peaks at
1044.75 eV and 1021.55 eV, respectively, and strongly
supports the presence of Zn** in C$10-ZC-LDH4.”* In the Co
2p pattern illustrated in Fig. 4d, the peaks at 780.65 and
795.75 eV were derived from Co®', and the characteristic
peaks at 782.37 and 797.45 eV originated from Co’".
Additionally, satellite peaks (Sat.) were observed at 784.6 and
801.1 eV.” Likewise, the peaks at 161.38 and 162.52 eV in the
S 2p pattern (Fig. 4e) were attributed to 2pz, and 2pip,
respectively, reflecting the presence of S  in CS10-ZC-
LDH4.>* Also, the O 1s (Fig. 4f) was split into three noticeable
signals at 530.95, 531.65, and 532.77 eV, which corresponded
to bound hydroxide groups, metal-oxygen bonds, and
adsorbed water molecules, respectively.*

To further explore the porous features and SSA of CS10,
ZC-LDH4, and CS10-ZC-LDH4, N, adsorption/desorption
analysis was performed, and the results are sketched in Fig.
S5.f From the isotherms of the three samples plotted in Fig.
S5,f hysteresis loops and typical IV-type features were
obtained for the three products, corroborating their
mesoporous nature.””® Inspiringly, the estimated BET
surface area of the CS10-ZC-LDH4 was 210.6 m”> g ', which
was superior to that of ZC-LDH4 (98.8 m® g') and CS10 (64.7
m?> g™") (Fig. S5a-ct). The relevant pore size distribution of
CS10, ZC-LDH4, and CS10-ZC-LDH4 was obtained through
BJH patterns (Fig. S5d-ff). These proved that the pore sizes
of CS10, ZC-LDH4, and CS10@ZC-LDH4 were 7.9, 6.65, and
5.1 nm, respectively, suggesting their mesoporous nature.”>>®
The superior porosity and SSA of CS10-ZC-LDH4 offer
abundant active reaction sites and promote electron-ion
transport, which is expected to boost the electrochemical
performance of CS10-ZC-LDH4.>”>®

To more accurately evaluate the charge storage ability of
the as-designed products, electrochemical characterizations
were initially carried out in a three-electrode measuring cell
with 6.0 M KOH. Evidence reveals that the specific
conductivity of KOH (6.0 M) was relatively higher compared
with lower concentrations and thus was more appropriate for
enhancing performance.”®®° For this reason, our team used
6.0 M KOH as a suitable electrolyte. It should be noted that
the higher concentration (>6.0 M) was not used due to the
peeling of active materials from the surface of the NF.**'

Fig. Séat reveals comparative CV diagrams of the
NF@CS5, NF@CS10, and NF@CS15 electrodes at 30 mV s .
The highest capacity among the three samples was measured
for NF@CS10, due to its maximum peak current and largest
integral area. Furthermore, the GCD plots for each electrode
at 1 A g are revealed in Fig. $6b.t The discharge time for
NF@CS10 was longer than those of other samples, which
demonstrated that it possesses the best capacity

© 2023 The Author(s). Co-published by the Institute of Process Engineering,

Chinese Academy of Sciences and the Royal Society of Chemistry

View Article Online

Paper

performance. As highlighted in Fig. Séc,f the capacity of
NF@CS10 reached 467.5 C g ' at 1 A g™, which is relatively
larger than that of 349 for NF@CS5 and 312 C g™ for
NF@CS15.

Considering the above tests, NF@CS10 was selected as the
optimized sulfide to improve the performance of NF@ZC-
LDH. Fig. S7a and bt show the CV (30 mV s™*) and GCD (1 A
g™ ") comparison plots for NF@CS10-ZC-LDH2, NF@CS10-ZC-
LDH4, and NF@CS10-ZC-LDH6. Compared with NF@CS10-
ZC-LDH2 and NF@CS10-ZC-LDHS6, the enclosed area in the
CV as well as discharge time in GCD for NF@CS10-ZC-LDH4
are the highest at 30 mv s and 1 A g', respectively,
signifying its excellent capacity. This verifies that the porous
texture of NF@CS10-ZC-LDH4 benefits the transfer of
electrolyte ions and so maximizes the performance. The
capacity of NF@CS10-ZC-LDH4 was measured at 1270.5 C
¢!, with decreased capacities for NF@CS10-ZC-LDH2 and
NF@CS10-ZC-LDH6 at 1184 and 1114.5 C g ', respectively
(Fig. S7ct).

Hence, the NF@CS10-ZC-LDH4 was considered the best
electrode among the three samples due to its porous texture.
Fig. 5a shows the CV curves for NF, NF@CS10, NF@ZC-
LDH4, and NF@CS10-ZC-LDH4 at 30 mV s '. There was a
horizontal line in the CV curve for NF, which confirmed that
the excellent capacity of the as-designed electrodes was
derived from the presence of active materials on the NF
surface.®” Also, there was a pair of distinct redox peaks for
the as-fabricated electrodes, signifying their expected battery-
like behaviors. In comparison to NF@CS10 and NF@ZC-
LDH4, the positions of the reduction/oxidation peaks for
NF@CS10-ZC-LDH4 were slightly shifted towards the more
negative and positive potential sides, respectively, due to the
differences in the polarization behaviors of the
samples.’***"°® The polarization behavior of the electrodes is
closely related to the physical morphology of the materials.®®
The NF@CS10-ZC-LDH4 electrode revealed enhanced redox
peaks and a larger CV-integrated area as compared to other
electrodes, reflecting the greater capacity of the electrode.
This is due to the larger surface area and richer redox
reaction of NF@CS10-ZC-LDH4 from the contribution of each
component.®* The involved faradaic reactions throughout the
energy storage process of NF@CS10-ZC-LDH4 can be
elaborated as follows:®”"*°

CuS + OH «— CuSOH + ¢ (10)
Co(OH), + OH — CoOOH + H,0 + e (11)
CoOOH + OH™ « C00, + H,O + e~ (12)

Note that the Zn in NF@CS10-ZC-LDH4 is not involved in
any redox reaction; however, it can allow insertion/
deinsertion of K' ions via forming a double layer at the
electrode-electrolyte junction.*® The relevant GCD plots for
NF@CS10, NF@ZC-LDH4, and NF@CS10-ZC-LDH4
investigated at 1 A g are illustrated in Fig. 5b. The longest
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Fig. 5 (a) CV curves for pure NF, and the NFQCS10, NFQZC-LDH4, and NF@CS10-ZC-LDH4 electrodes at 30 mV s*. (b) GCD curves for the
NF@CS10, NF@QZC-LDH4, and NFQCS10-ZC-LDH4 electrodes at 1 A g™*. (c) Specific capacities of the NF@CS10, NF@RZC-LDH4, and NFQCS10-ZC-
LDH4 electrodes at 1 A g% (d) CV plots for the NFQCS10-ZC-LDH4 electrode from 10 to 50 mV s . (e) Linear relationship between cathodic and
anodic peaks with the square root of sweep speeds of NFQCS10-ZC-LDH4. (f) Linear relation between the plot of the logarithm (i) versus the

logarithm (v) of NFQCS10-ZC-LDH4.

discharge time for NF@CS10-ZC-LDH4 demonstrates its
higher capacity due to the synergistic interaction between the
CS10 nanosheets and ZC-LDH nanoflowers. As estimated
from the GCD curves in Fig. 5¢, the capacity of NF@CS10-ZC-
LDH4 is 1270.5 C g ', which is greater than that of NF@CS10
(467.5 C g™") and NF@ZC-LDH4 (836 C g ') at 1 A g”". The
great capacity of NF@CS10-ZC-LDH4 originates from its
exclusive properties, including high SSA, highly porous
texture, excellent catalytic activity, and the synergy between
CS10 and ZC-LDH4.**

The nanosheet-constructed porous architecture can
produce copious active sites for the redox reaction and also
increase the interfacial contact of the electrode/electrolyte.”®
The resistance behavior of NF@CS10, NF@ZC-LDH4, and
NF@CS10-ZC-LDH4 was investigated by the EIS test. The
results of the EIS were fitted by employing Z-view software.
An appropriate equivalent circuit is represented in Fig. S8
(inset).t The Nyquist plot manifests as a semicircle as well as
a sloping direct line in high-frequency and low-frequency
zones, respectively. The charge-transfer resistance (marked as
R) can be indicated by the semicircular diameter.®"®> The
line represents the Warburg diffusion resistance, which
reflects the rate of ion diffusion.”® In addition, the
intersection with the x-axis implies the internal resistance
(marked as R;), which includes the contact resistance
between the material and the NF and the intrinsic resistance
of the material and electrolyte.>>

Evidently, NF@CS10-ZC-LDH4 represents the lowest Rg of
0.33 Q compared with NF@ZC-LDH4 (0.72 Q) and NF@CS10
(1.2 Q). Also, the R, values of NF@CS10-ZC-LDH4, NF@ZC-

450 | Ind. Chem. Mater., 2023, 1, 443-457

LDH4, and NF@CS10 were estimated to be 0.74, 1.30, and
2.45 Q, respectively. As expected, the R, of NF@CS10-ZC-
LDH4 was substantially smaller than that of NF@CS10,
which indicates that ZC-LDH4 structures can increase the
conductivity of NF@CS10-ZC-LDH4. Moreover, the straight
line of NF@CS10-ZC-LDH4 is the steepest, which indicates its
lowest diffusion resistance.

Detailed CV plots of NF@CS10-ZC-LDH4 carried out at
several scanning rates (10-50 mV s ') are shown in Fig. 5d.
The redox peaks of NF@CS10-ZC-LDH4 exhibit slight shifts
as the sweep speed increases, which can be related to the
hindrance of the internal resistance to ion diffusion over the
rapid redox process.”’ Additionally, the redox peaks of
NF@CS10-ZC-LDH4 continue to be observed at 50 mV s 7,
which indicates that the nanosheet-constructed porous
architecture is advantageous for boosting rapid faradaic
reactions.”® The CV curves of NF@CS10 and NF@ZC-LDH4
are sketched in Fig. S9.f

To reveal the reaction kinetic characteristics of NF@CS10-
ZC-LDH4, the capacitive contribution was examined, which
can be determined from the CV graphs. The linear
relationship between the square root of the sweep speed
(v*'?) and the redox peak current (ip) at various sweep speeds
is reflected in Fig. 5e, and demonstrates that the
electrochemical process obtained by the NF@CS10-ZC-LDH4
surface was mainly governed by diffusion-controlled
reactions." ™" The association between the current densities
(?) of the cathodic and anodic peaks and the sweep speed (v)
is investigated via Dunn's formula i = av”,”* where a and b
denote adjustable constants. Importantly, b values of 1 and
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Fig. 6 (a) GCD profiles for the NFQRCS10-ZC-LDH4 electrode from 1 to 25 A g *. (b) Specific capacities vs. current densities for the NFQCS10,
NF@ZC-LDH4, and NFQCS10-ZC-LDH4 electrodes. (c) Comparison of capacity values for NF@QCS10-ZC-LDH4 with previously published values. (d)
Longevity and coulombic efficiency of NFRCS10-ZC-LDH4 at 5 A g* (the inset shows FE-SEM images of NF@QCS10-ZC-LDH4 after 7000 cycles).

0.5 relate to surface capacitive and diffusion-controlled
processes, respectively. Here, the values of b for NF@CS10-
ZC-LDH4 are 0.5033 and 0.5038 (Fig. 5f), and correspond to
the cathodic peak and anodic peak, respectively, suggesting
that the electrochemical kinetics is regulated by ionic
diffusion throughout the redox reaction."*™*?

The GCD plots for NF@CS10-ZC-LDH4 demonstrate the
nonlinear states along with features of the faradaic redox
reactions as well as battery-like behaviors throughout charge-
discharge processes (Fig. 6a). The well-maintained and
symmetrical shapes of the GCD plots also verify its
satisfactory reversibility. The GCD curves for NF@CS10 and
NF@ZC-LDH4 from 1 to 25 A g ' are also indicated in Fig.
S10.+

Fig. 6b summarizes the capacity of the three samples, with
NF@CS10-ZC-LDH4 representing the maximum capacity at
each current density. NF@CS10-ZC-LDH4 presented the
capacities of 1270.5, 1240.25, 1127.5, 1067, 957, and 908.4 C
g'at1, 25,5, 7.5, 15, and 25 A g ', respectively, which are
greater than those of NF@CS10 and NF@ZC-LDH4, and are
also greater compared with reported electrodes (Fig. 6¢ and
Table S1 in the ESIf).”>”® Additionally, the capacities for
NF@ZC-LDH4 were 836, 775.5, 721.6, 660, 612.7, and 500 C
g™' at the same current densities, respectively, and were
larger than that of NF@CS10 (Fig. 6b). Similarly, NF@CS10
demonstrated capacities of 467.5, 396, 336.6, 275, 232.65,
and 199.15 C g™* at the same current densities, respectively.

© 2023 The Author(s). Co-published by the Institute of Process Engineering,
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As a crucial indicator, the rate capability of the electrodes
was studied. Herein, we compared the capacity retention of
NF@CS10, NF@ZC-LDH4, and NF@CS10-ZC-LDH4 from 1 to
25 A g ' (Fig. 6b). Even at 25 A g ', NF@CS10-ZC-LDH4
maintained 71.5% of its original capacity, which is greater
than that of NF@CS10 (42.6%) and NF@ZC-LDH4 (59.8%).

Such a prominent rate performance can be ascribed to its
exclusive structure, where the highly porous architecture of
NF@CS10-ZC-LDH4 allows electroactive materials to be
exposed and contribute to electrochemical reactions.'*'® In
addition, the porous texture facilitates the entrance of the
electrolytes and the rapid diffusion of the ions on the surface
of the electroactive material.'>'> These advantages can
guarantee a fantastic capacity output, and a satisfactory rate
performance will be achieved. Electrochemical cyclability is
also crucial for evaluating the performance of the samples.
Therefore, the electrochemical cyclability of all products was
repeatedly examined via GCD for 7000 cycles at 5 A g%, as
evidenced in Fig. 6d. NF@CS10-ZC-LDH4 preserved 90.7% of
its capacity after 7000 cycles, whilst NF@ZC-LDH4 and
NF@CuS10 retained 81.1%, and 68.7%, respectively (Fig.
S11%).

Any decrease in the capacity of the materials during the
durability test could be attributed to the dissolution of active
materials in the electrolytes or problems in the electrode,
such as expansion, corrosion, or loss of active materials due
to weak binding.”® The coulombic efficiency of NF@CS10-ZC-
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LDH4 was 98.8% at the end of the cyclability test, which
indicated the desired reversibility of NF@CS10-ZC-LDH4
(Fig. 6d). For a greater understanding of the splendid
cyclability of NF@CS10-ZC-LDH4, we further explored the
NF@CS10-ZC-LDH4 sample after cycling. As shown in
Fig. 6d (inset), the morphology analysis of NF@CS10-ZC-
LDH4 after 7000 cycles showed no considerable structural
variation. The XRD of NF@CS10-ZC-LDH4 (Fig. S12f)
revealed that the crystal structure was maintained after
cycling 7000 times, which further highlights the satisfactory
cyclability of NF@CS10-ZC-LDH4.

Based on the above results, the superior performance of
NF@CS10-ZC-LDH4 is generally attributed to the following:
(1) the binder-less preparation of NF@CS10-ZC-LDH4 as well
as synergy properties of this electrode reduced the internal
resistance and then promoted the electrochemical activity
for superior capacity;’” (2) the rich porosity of the
composite facilitated rapid electrolyte entry and rapid ion
diffusion within materials;** (3) the direct growth of the
flower-like ZC-LDH4 structures over the CS10 nanosheet

View Article Online

Industrial Chemistry & Materials

created a 3D texture that allowed rapid electron transport
between the CS10 nanosheet and the flower-like ZC-LDH4
structures;®’ (4) the presence of elemental S in NF@CS10-
ZC-LDH4 plays an important role in redox reactions to
boost the conductivity as well as the electrochemical
durability of NF@CS10-ZC-LDH4.?”*® According to the above
interesting  results, NF@CS10-ZC-LDH4 demonstrated
prominent supercapacitive properties that were more
optimal in comparison with previously published materials,
as displayed in Table S1 (ESIf). The electrochemical results
for NF@AC are shown in Fig. S13,f with capacitances of
184, 180.2, 175.7, 169, 154.5, and 145 F g"* at 1, 2.5, 5, 7.5,
15, and 25 A g ', respectively.

Based on the remarkable supercapacitive features of
NF@CS10-ZC-LDH4, a hybrid supercapacitor (NF@CS10-ZC-
LDH4//NF@AC) was constructed using NF@CS10-ZC-LDH4 as
the cathode electrode and NF@AC as the anode electrode, as
shown in Fig. 7a. By making use of the highest voltage
windows of NF@CS10-ZC-LDH4 (0.0 V to 0.6 V) and NF@AC
(1.0 to 0 V), an anticipated voltage window of NF@CS10-ZC-
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Fig. 7 (a) Schematic illustration of the NF@QCS10-ZC-LDH4//NF@AC device. (b) CV plots for NFRAC and NF@CS10-ZC-LDH4 at 10 mV s in a
three-electrode cell. (c) CV plots for NFRCS10-ZC-LDH4 measured in several voltage windows at a scan rate of 30 mV s™. (d) CV plots for
NF@CS10-ZC-LDH4//NF@AC at various sweep speeds of 10-50 mV s™. (e) GCD plots for NFRCS10-ZC-LDH4//NF@AC at various current densities
of 1-25 A g% (f) Specific capacity vs. current density for NFQRCS10-ZC-LDH4//NF@AC. (g) A comparison of the NFQCS10-ZC-LDH4//NF@QAC
device's Ragone plot with various devices. (h) Durability and coulombic efficiency of NFRCS10-ZC-LDH4//NF@AC at 5 A g™*. (i) Photograph of a

green LED with two NF@QCS10-ZC-LDH4//NF@AC devices.
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LDH4//NF@AC was achieved at 1.60 V, as shown in Fig. 7b.
Also, the CV profiles for NF@CS10-ZC-LDH4//NF@AC under
diverse voltage windows at 30 mV s " in Fig. 7c show that
weak polarization occurred at 1.7 V, thereby identifying that
the optimized voltage window is 1.60 V for this apparatus.
When the sweep speed was gradually increased from 10 to 50
mV s, the shape of the graph displayed by NF@CS10-ZC-
LDH4//NF@AC was roughly unchanged, implying satisfactory
reversibility (Fig. 7d). The CV plots for NF@CS10-ZC-LDH4//
NF@AC confirm the contribution of the electrochemical
double layer capacitor (EDLC) and battery-type capacity
derived from NF@AC and NF@CS10-ZC-LDH4, respectively.

To obtain the charge storage feature, including capacity,
rate capability, energy, and power densities, the GCD plots
(Fig. 7e) for NF@CS10-ZC-LDH4//NF@AC were recorded from
1to 25 A g . In the GCD curves, the charge/discharge times
for NF@CS10-ZC-LDH4//NF@AC  enabled  satisfactory
coulombic efficiency and reversibility due to their
symmetrical nature. The capacities for NF@CS10-ZC-LDH4//
NF@AC were estimated to be 280.55, 263.5, 237.6, 217.3,
204.6, and 180.7 C g " at 1, 2.5, 5, 7.5, 15, and 25 A g,
respectively, confirming 64.4% retention of the capacity
(Fig. 7f).

The energy/power densities for NF@CS10-ZC-LDH4//
NF@AC are also important for evaluating its performance,
and thus, Fig. 7g shows a Ragone plot for NF@CS10-ZC-
LDH4//NF@AC. The apparatus in our work possesses an Egq
of 62.4 W h kg™* at 810.4 W kg™'. Moreover, even at 20080 W
kg™, it continues to show an E4 of 40.16 W h kg™". Compared
to published devices as shown in Fig. 7g, the E4 for
NF@CS10-ZC-LDH4//NF@AC is better.®®®  Remarkably,
NF@CS10-ZC-LDH4//NF@AC maintained outstanding
cyclability (88.4%) at 5 A g™* even after 7000 cycles, and also
a desired coulombic efficiency of 96.8% (Fig. 7h). To
demonstrate the practicability of NF@CS10-ZC-LDH4//
NF@AC, a green (2.9 V) light-emitting diode (LED) was easily
lit (Fig. 7i) by connecting two NF@CS10-ZC-LDH4//NF@AC
devices in series.

4 Conclusions

Porous CuS nanosheets coupled with flower-like ZnCo-LDH
arrays supported on NF (NF@CS10-ZC-LDH4) were
synthesized via two-step hydrothermal under
morphology control. The porous structures formed by the
combination of the CuS nanosheets and ZnCo-LDH
nanoflowers promoted electrolyte infiltration, accelerated ion
transfer, and relieved the stress produced during consecutive
redox reactions. Additionally, the synergistic effect between
CS10 and ZC-LDH4 greatly boosted the supercapacitive
properties of NF@CS10-ZC-LDH4, resulting in a fabulous
capacity of 1270.5 C ¢ " and satisfactory cyclability of 90.7%
after 7000 cycles. When the NF@CS10-ZC-LDH4 electrode
was integrated into the hybrid device, it remarkably stored
energy up to 62.4 W h kg at 8104 W kg '. These
encouraging results might contribute to the development of

routes
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efficient materials with low cost and high performance by
controlling the morphology for supercapacitors.
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