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Introduction

Engineering raspberry-like CuCo,S,@ZnS hollow
particles encapsulated with reduced graphene
oxide for hybrid supercapacitorsy

Bahareh Ameri, Akbar Mohammadi Zardkhoshoui* and
Saied Saeed Hosseiny Davarani (2 *

Transition-metal sulfides (TMSs) stand out as promising materials for supercapacitors due to their
plentiful electroactive sites and relatively high conductivity compared with their oxide counterparts.
Among them, copper—cobalt sulfides are regarded as effective active materials, but their specific capa-
city and cycling durability cannot meet expectations. To mitigate these issues, elaborate synthesis and
design of hollow nanostructures with high complexity have been considered an effective approach. Also,
hybridizing reduced graphene oxide (rGO) with complex hollow nanostructures to improve capacity
behaviors, enhance electrical conductivity, and enlarge the surface area is highly desired. Considering
this, in this work, we demonstrate the construction of raspberry-like CuCo,S;@ZnS hollow particles
(RCCS-ZSH), in which the CuCo,S4 hollow nanospheres (CCS-HSs) are well confined in the porous ZnS
shells. By controlling the sulfidation reaction time during the sulfidation reactions, an optimized sample
(RCCS-ZSH8) was achieved with superior electrochemical performance. Then, the as-prepared RCCS-
ZSH8 nanostructures were encapsulated in the rGO network (RCCS-ZSH8-rGO) to form a unique
nanoarchitecture. In such a structure, the RCCS-ZSH8 nanostructures are characterized by abundant
electroactive sites and easy ion diffusion. More importantly, the encapsulating of the rGO network
around RCCS-ZSH8 particles not only endows the composites with better electrical conductivity but
also inhibits the aggregation of particles and maintains structural durability throughout the longevity test.
Therefore, the RCCS-ZSH8-rGO-based electrode presents tremendous supercapacitive properties with
its attractive capacity of 1346 C g~! and excellent longevity (95.4%) after 10 000 cycles. Eventually, a
hybrid supercapacitor apparatus (RCCS-ZSH8-rGO//AC) based on the RCCS-ZSH8-rGO cathode and
activated carbon (AC) anode exhibits a reasonable energy/power density of 64.2 W h kg~'/802.5 W kg~*
and remarkable durability (92.8% of initial capacity for 10000 cycles at 8 A g~%). This research
thus presents a useful protocol for the rational engineering of rGO-encapsulated complex hollow
nanostructures for various applications.

to batteries, supercapacitors have great potential for various
applications owing to their several advantages including longer

Owing to the environmental pollution consequences resulting
from the ever-amplifying population and depletion of fossil
fuels, the rapid evolution of energy storage devices (ESDs)
including fuel cells, supercapacitors, and batteries has gar-
nered considerable attention.” As of now, supercapacitors
and batteries are extensively used to store energy.”” In contrast

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 information (ESI) available: supplementary charac-
terization and electrochemical data, and a benchmark table to compare the
performance of the as-prepared device with previous reports are presented. See
DOI: https://doi.org/10.1039/d3qm00212h

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023

operating time, fast charge/discharge potency, optimal power
density, and environmental sustainability.®'* Despite these
encouraging properties, low energy density (ED) delivered by
supercapacitors is a bottleneck impeding their utilization in
practical applications.’>”

As a kind of favorable ESD, hybrid supercapacitors,
which are composed of battery-type materials and capacitor-
type anode materials, have become research hotspots as they
can produce desired energy density and power density. Due to
the combination of a battery-like material to supply a high
energy density and a capacitive electrode to supply a
desirable power density, hybrid supercapacitors show
widened cell voltage and enhanced energy density without
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sacrificing high power density in comparison with tradi-
tional supercapacitors.'®™>?

The electrochemical characteristics of hybrid supercapaci-
tors are mostly controlled by their battery-like materials, and
hence selecting appropriate active materials is crucial for
hybrid supercapacitors. Among many battery-like materials,
cobalt-based materials are extensively used in hybrid super-
capacitors due to their reasonable electrical conductivity, high
natural abundance, and high specific capacity. On the other
side, the better conductivity of copper (5.96 x 107 S m™ ') than
that of other metals such as nickel (1.43 x 10’ S m™ ') and
manganese (2.07 x 10° S m~") offers a favorable candidate of
copper cobalt sulfide for hybrid supercapacitors.'®>°

TMSs have drawn particular attention as hopeful active
materials for hybrid supercapacitors, thanks to their good
thermal stability, high conductivity, and low cost.>*>® In com-
parison to monometallic sulfides, bimetallic sulfides show
better conductivity and richer redox reactions.>”*® Especially,
CuCo,S, (CCS) with its merits of environmental compatibility,
natural abundance, and good theoretical capacity has stimu-
lated huge research interest.>' For instance, You et al.
reported the synthesis of hollow CCS spheres via a solvothermal
route, which manifested a capacitance of 1137.5 F g~ " with a
rate performance of 84.8%.%> In another approach, Jia et al.
prepared urchin-like CCS microspheres via a hydrothermal
process, which exhibited a capacitance of 1069 F g~ ' with a
rate performance of 61.2%.%* Similarly, Han et al. prepared CCS
nanobelt arrays that showed a good capacity of 1014 C g~ " with
a notable longevity of 93.82%.>*

The intrinsic properties of the CCS such as sluggish reaction
kinetics, low electrical conductivity, and inadequate numbers
of electroactive sites, which arise from its inherently poor
charge transfer capability and limited low-valence metallic
cation containment, have become principal drawbacks for its
applications.®® These drawbacks could be addressed using
different approaches including, but not limited to (1) surface
coating electrode material with appropriate active materials to
enhance the redox reaction and improve the electrical
conductivity,'® (2) fabrication and structural design of electrode
materials that could provide higher electroactive sites,**” and
(3) designing complex hollow nanoarchitectures encapsulated
within conductive carbonaceous materials.®***”

Zinc sulfide (ZnS) has been considered an appropriate active
material due to its promising electrochemical properties, low
cost, easy fabrication, good electrical conductivity, nontoxicity,
environmental friendliness, and a wide band gap of 3.5 to
3.8 eV.*®* In recent years, there have been several studies
reported on the introduction of ZnS into electrode materials to
produce suitable active materials. For instance, Ikkurthi et al.
synthesized NiS/ZnS by a chemical bath deposition route that
could be used as a cathode in supercapacitors providing a
capacitance of 1533 F g™, which was higher than that of NiS
alone.*® Further improvement was achieved by Chen et al.,
who used a metal-organic framework-assisted method to fab-
ricate a CooSg@Ni;S,/ZnS composite with an areal capacity of
8192 C ecm™? at 2 mA cm " Considering the intrinsic
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potential of ZnS, incorporating a well-designed structure may
improve the durability and performance of electrodes designed
using ZnS.

In addition to electrode composition, the structural
features could impact the supercapacitive features.”'™* For
instance, the use of hollow structures could provide a high
surface area, excellent permeability, rich electroactive sites,
and shortened distance for charge transportation.**** To
date, hollow structures have been widely used in diverse
fields such as drug delivery, batteries, catalysis, supercapa-
citors, and solar cells.***> Nowadays, much effort has been
devoted to optimizing the structural properties of hollow
structures aimed at obtaining improved mass diffusion
properties and increased surface areas.*®*® Among various
hollow structures, complex hollow architectures with
multi-shells or multi-cavities/channels have shown better
electrochemical performance compared to simple hollow
counterparts.*®*” This could be due to the higher content
of electroactive species within the hollow particles.*® How-
ever, the controllable synthesis of hollow nanostructures
remains a serious challenge.

Metal-organic frameworks (MOFs) composed of a broad
range of organic ligands and metal species have been widely
explored as sacrificial templates for the synthesis of various
hollow materials owing to their simple fabrication, porous
structure, and ease of tunability.**>® The ZIFs are the subclass
of MOFs and have received great interest.”"”* Previous studies
revealed that ZIF-8 made of zinc metal nodes and a 2-
methylimidazole linker can be utilized as a sacrificial template
to fabricate zinc-based oxides and sulfides.”**

In addition to the reasonable design of complex hollow
nanoarchitectures, combining suitable carbonaceous materials
is another useful approach to achieve materials with enhanced
supercapacitive performance. Among carbon materials, gra-
phene with good conductivity, robust structural stability, and
large surface area is a favorable candidate.***” Previous studies
have proven that the graphene network acts as the protective
skeleton to enhance the structural durability of TMSs and
inhibit the aggregation of particles, resulting in excellent
longevity.®3%%7

Considering these, in this study, we designed a new
cathode material consisting of encapsulated raspberry-like
CuCo,S,@ZnS hollow spheres in a rGO network (RCCS-ZSH-
rGO) that was explored as an electrode for hybrid supercapaci-
tors. A hybrid supercapacitor was then fabricated using RCCS-
ZSH-rGO, and it delivered a high energy density and durability.
Our further assessments suggested that besides the intrinsic
properties of rGO and CuCo,S,@ZnS, the high performance
of the designed device is mainly attributed to the structural
advantages of RCCS-ZSH-rGO which can be summed up as
follows: (1) the RCCS-ZSH particles enable rich electroactive
sites; (2) the encapsulating rGO skeleton forms an effective
layer, enhancing the conductivity of the material; and (3)
the rGO skeleton can serve as a layer, inhibiting the aggrega-
tion of RCCS-ZSH particles and preserving the structural
integrity.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023
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Experimental section
Chemicals

Herein, the chemicals used were C3HgO [isopropanol],
Cu(NO3),-6H,0 [copper(u) nitrate hexahydrate], C;HgO3; [gly-
cerol], Co(NO3),-6H,0 [cobalt(n) nitrate hexahydrate], C,H;OH
[ethanol], C,H¢N, [2-methylimidazole], Zn(NO;),-6H,O [zinc
nitrate hexahydrate], CH3;OH [methanol], and C,HsNS
[thioacetamide].

Generation of CC-G spheres

The CC-G spheres were prepared through a hydrothermal route.
Typically, Cu(NO;),-6H,O (36.95 mg) and Co(NOj3),6H,0
(72.75 mg) were fully dissolved in a mixed solution of C3HgO
(40 mL) and C3HgO; (8 mL) with vigorous stirring to produce a
homogeneous solution. The resulting mixture was poured into
a clean autoclave and heated at 180 °C for 6 h. Then, the CC-G
sample was produced through centrifugation, rinsed with H,O
and C,HsOH repeatedly, and then dried at 70 °C for 15 h.

Generation of CC-G@ZIF-8

4 mg of the as-prepared CC-G powder was dissolved in 20 mL of
20 mM Zn(NO3;),-6H,0 methanol solution for 20 min. Then,
20 mL of 20 mM C,HgN, methanol solution was added. After
reaction for 24 h, the sample was carefully collected and then
rinsed with C,H;OH 6 times.

Generation of RCCS-ZSH particles

The CCG@ZIF-8 was transferred into a C,H;OH (10 mL)
solution containing 20 mg of C,H;NS. The sulfidation process
was conducted at 140 °C for 8 h. The RCCS-ZSH particles were
collected using centrifugation and rinsed with C,HsOH 6 times
and denoted as RCCS-ZSHS8. For comparison, three samples
were also fabricated with sulfidation times of 4, 6, and 10 h at
140 °C, denoted as RCCS-ZSH4, RCCS-ZSH6, and RCCS-ZSH10,
respectively. In addition, CCS-HSs without ZnS were prepared
via a similar process. Similarly, porous ZnS nanocages without
CCS-HSs were obtained.

Generation of RCCS-ZSH8-rGO

Graphene oxide was prepared by using Hummers’ route.® The
RCCS-ZSH8-rGO sample was synthesized through direct
annealing of the RCCS-ZSH8 composite that was mixed with
the GO layer. Typically, 100 mg of the RCCS-ZSH8 powder was
first dispersed in 100 mL of H,O and ultrasonically treated for
1 h. Then, 20 mL of a homogeneous GO (8 mg mL ') aqueous
suspension was carefully added into the RCCS-ZSHS8 suspen-
sion under magnetic stirring for 5 h. Finally, the mixed suspen-
sion was collected via centrifugation and then treated at 500 °C
for 4 h in an Ar atmosphere to achieve the reduction of GO. For
comparison, two concentrations of GO suspension (6 mg mL "
and 10 mg mL ") were also used. Note that, the samples were
labeled RCCS-ZSH8-rGO-x, where x = 1, 2, and 3 means that the
concentrations of GO suspension are 6 mg mL ™', 8 mg mL ",
and 10 mg mL ", respectively.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023
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Characterization techniques

The crystallinity description of the resulting samples was
recognized using X-ray diffraction [XRD; Philips X’Pert Pro
X-ray diffractometer]. The surface morphological investigations
were probed via field-emission scanning electron microscopy
[FE-SEM; MIRA 3 TESCAN; 15 kV, Czech], combined with
energy-dispersive X-ray (EDX) spectroscopy. The interior struc-
ture of the resulting samples was investigated through trans-
mission electron microscopy [TEM; Philips CM200 instrument].
The element valence of the optimized RCCS-ZSH8-rGO2 was
detected by X-ray photoelectron spectrometry [XPS; Thermo
Scientific: ESCALAB 250Xi Mg X-ray source]. The specific sur-
face area (SSA) and pore-size distribution (PSD) of the RCCS-
ZSH8-rGO2, RCCS-ZSH8, CCSHS, and ZS were analyzed using
the Brunauer-Emmett-Teller (BET) method and Barrett-Joy-
ner-Halenda (BJH) analysis, respectively.

Electrochemical studies

Three-electrode setup

An Autolab PGSTAT 204 system (Echo Chemie; Netherlands) was
employed to check the supercapacitive features of all materials.
Basic measurements like EIS, GCD, and CV were conducted on a
three-electrode setup to explore the performance of all electrodes.
This setup was made of the fabricated electrode materials,
Ag/AgCl, and platinum (Pt) wire, which served as the working,
reference, and counter electrodes, respectively, and all tests were
performed in 6 M KOH. Note that, nickel foam was used as a
suitable current collector in this work, thanks to its good con-
ductivity and multi-dimensional skeleton to support the as-
fabricated active materials.”® The slurry coating route was
employed to generate the working electrodes. Before coating the
as-fabricated active materials on the current collector, the NF was
thoroughly cleaned.” The cleaning procedure was carried out as
follows: first ultrasonication in HCI (3.0 M) and then ultrasonica-
tion was continued with H,0, C3H¢O, and C,H;OH. Finally, the
nickel foam was fully dried for 24 h. The working electrodes were
fabricated by grinding the synthesized samples (80 wt%), carbon
black (10 wt%), and polyvinylidene fluoride (10 wt%) in a mortar
using an appropriate N-methyl 2-pyrrolidone solvent. Thereafter,
the slurry was painted on the nickel foam (NF, 1 x 1 cm?” active
area) with a brush and dried at 70 °C in an oven for 8 h. Afterward,
the electrode was pressed up to 10 MPa to the strong attachment
of active material with the NF. The mass loading of all samples on
NF was calculated to be 4.0 mg. The specific capacity (Cs: C g )
values of the as-made electrodes were obtained from the GCD
plots using eqn (1):*

2 x [Vdi

CCegh) ==

@

where Cj represents the capacity of electrodes (C g™ '), m stands
for mass loading of samples (g), I displays discharge current (A), V
reflects voltage window (V), and dt reveals the discharge time (s).
Also, the Coulombic efficiency () of the RCCS-ZSH8-rGO2-based
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electrode and hybrid device was calculated from eqn (2):>'%"

t4
=— 2
n= (2)
where t4 (s) and ¢, (s) signify the discharging and charging time,
respectively.

Designing of RCCS-ZSH8-rGO2//AC

The RCCS-ZSH8-rGO2//AC hybrid supercapacitor was designed
by using the RCCS-ZSH8-rGO2 material as a propitious cathode
and AC as an anode with 6 M KOH. Also, the anode electrode
was a crucial element in the fabrication of RCCS-ZSH8-rGO2//
AC. Here, AC was preferred as an appropriate anode due to its
satisfactory electrochemical conductivity, high porosity, and
robust mechanical stability.>® The anode electrode was also
fabricated by a similar method as referred to in the foregoing
section.

Before the fabrication of RCCS-ZSH8-rGO2//AC, both anode
(AC) and cathode (RCCS-ZSH8-rGO2) electrodes were dipped in
KOH to achieve excellent electrochemical outcomes in a two-
electrode setup. A piece of cellulose paper with suitable dimen-
sions was carefully inserted in between the RCCS-ZSH8-rGO2
and AC electrodes and then they were assembled. The full
arrangement was carefully inserted into a pouch-like bag and
then sealed after injecting a few mL of KOH. The cellulose
paper prevents the short circuit and accelerates the mobility of
the KOH electrolyte in between them.*® According to the
calculation from eqn (3), the mass ratio of RCCS-ZSH8-rGO2
and AC electrodes was fixed at 1:7.2 to attain the best perfor-
mance of RCCS-ZSH8-rGO2//AC by charge balancing:*®

my C_XxXAV_
o G 3)

In eqn (3), AV refers to the voltage window, C specifies the
capacitance (F g '), and m_ indicates the mass for the AC,
respectively. Besides, m, refers to the mass for the RCCS-ZSH8-
rGO2 and Cs, exhibits the capacity (C g~') for RCCS-ZSH8-
rGO2. The mass loading for fabricating RCCS-ZSH8-rGO2//AC
was ~4.0 and ~ 29 mg for RCCS-ZSH8-rGO2 and AC electrodes,
respectively. The energy (E; W h kg™!) and power density
(P; W kg™ 1) of the RCCS-ZSH8-rGO2//AC were evaluated from
the following formulas:**

IV di

EMWhkg ) =—~2— 4

(Whke™) ==~ (4)
Solution growth

CC-G

CC-G@ZIF-8
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E
P(W kg™ = 7, X 3600 (5)

In eqn (4), M specifies the total mass of materials on both the
anode and cathode and At is the discharging time.

Results and discussion

The synthesis process of RCCS-ZSH8-rGO2 is schematically
depicted in Fig. 1. We first developed a solvothermal strategy
to prepare CC-G spheres as the precursors. Then, ZIF-8 was
grown onto the CC-G spheres at room temperature, forming the
core-shell CC-G@ZIF-8 structures. Subsequently, the CC-
G@ZIF-8 was converted into RCCS-ZSHS after the sulfidation
reaction. Finally, the RCCS-ZSH8 nanostructures were encapsu-
lated with the rGO network to form RCCS-ZSH8-rGO2.

The morphological features of the products were scrutinized
by FE-SEM and TEM. The FE-SEM and TEM images of the CC-G
verify the rigid nature of the product with a very smooth surface
(Fig. S1(a-c), ESIt). The EDX pattern of CC-G demonstrates
that our product is composed of Cu, Co, O, and C elements
(Fig. S1(d), ESI¥).

The CC-G spheres were converted into CCS-HSs after the
sulfidation reaction via TAA and the morphologies of the as-
synthesized CCS-HSs are presented in Fig. S2 (ESIt). A sulfida-
tion process was used to convert the CuCo-glycerate (CC-G)
solid spheres into the CuCo,S, hollow spheres. After sulfidation
for 4 h, the S>~ ions obtained from the decomposition of
C,HsNS reacted with Cu®>" and Co*' on the surface of
CuCo-glycerate and produced CuCo-glycerate@CuCo,S, core-
shell nanostructures.*® During sulfidation for 6 h, inward
diffused S>~ ions and outward-diffused Cu®>* and Co®" ions
facilitated the growth of the CuCo,S, shell, resulting in a
distinct gap between the shell and the CuCo-glycerate yolk.
At the end of the reaction, with the progress of sulfidation for
8 h, the inner CuCo-glycerate solid sphere became diminished,
and unique CuCo,S, hollow spheres were obtained owing to the
discrepancy in the diffusion rate between Cu®>" and Co”" cations
and S*~ anions.* As reflected in Fig. S2(a) (ESIt), the CCS-HSs
obtained were very uniform and inherited the spherical-like
shape of CC-G. From the increased surface roughness revealed
in the magnified images (Fig. S2(b and c), ESIf), it can be
concluded that these CC-G spheres were transformed into
CCS-HSs. The EDX pattern of CCS-HS manifests the presence
of S, Cu, and Co with atomic percentages of 57.23%, 14.25%,
and 28.52%, respectively, confirming the successful fabrication

|
SCCS-ZSHS SCCS-ZSHS-rGO

Fig. 1 Schematic diagram for the synthesis of the RCCS-ZSH8-rGO2 sample.
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of CCS-HSs (Fig. S3, ESIt). As shown in the corresponding FE-
SEM mapping results (Fig. S4, ESIT), the CCS-HSs consist of Cu,
Co, and S elements. As further demonstrated by TEM observa-
tion (Fig. S5, ESIT), hollow/porous spheres can be observed for
the CCS-HS sample.

The FE-SEM image of pure ZIF-8 demonstrates that the pure
ZIF-8 particles are highly uniform (Fig. S6(a), ESIt). As reflected
in Fig. S6(b) (ESIT), it was found that the ZIF-8 particles have a
rhombic dodecahedral shape with a smooth surface. The as-
obtained ZIF-8 was then converted to ZnS through a sulfidation
reaction. During the sulfidation reaction, the sulfide ions from
the decomposition of TAA reacted with the Zn ions on the
surface of ZIF-8 and generated ZnS nanostructures.’® A low-
magnification FE-SEM image (Fig. S7(a), ESIt) reflects that the
ZnS nanocages were uniform. A magnified FE-SEM image
represents the polyhedral shape of ZnS particles with rough
surfaces (Fig. S7(b), ESIT). The EDX pattern of ZnS reflects the
presence of Zn and S with atomic percentages of 49.81% and
50.19%, respectively, which validates the fabrication of ZnS
nanocages (Fig. S8, ESIt). As revealed from FE-SEM mapping
images, Zn and S elements were distributed throughout the ZnS
(Fig. S9, ESIt). More morphological information was obtained
by TEM. Fig. S10 (ESI}) reflects the TEM image of ZnS. It can be
seen that ZnS derived from ZIF-8 possesses a porous nature.

To study the structural evolution process from CC-G to
RCCS-ZSHS, the intermediate products were obtained at several
reaction times. To gain better understanding of the formation
process of the RCCS-ZSH8 sample, investigations using FE-SEM

View Article Online
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and TEM were carried out. The FE-SEM image discloses that
CC-G@ZIF-8 particles inherited the spherical shape of the CC-G
(Fig. 2(a)). The magnified image (Fig. 2(b)) of one single CC-
G@ZIF-8 particle demonstrates that the surface of the spheres
was composed of ZIF-8 particles. Besides, the EDX pattern of
CC-G@ZIF-8 indicates that the product was made up of Cu, Co,
C, N, Zn, and O elements (Fig. S11, ESIt). After sulfidation of
CC-G@ZIF-8 for 4 h in the presence of C,H;sNS, the product
reflected a rougher surface (Fig. 2(c and d)), demonstrating the
occurrence of the sulfidation reaction on the surface, and
raspberry-like particles were obtained. Fig. 2(e) and (f) repre-
sent the FE-SEM images of CC-G@ZIF-8 after sulfidation for
6 h. The obtained FE-SEM images demonstrate that the sample
inherited a raspberry-like morphology with a rough surface.
After sulfidation for 8 h, the sulfidation reaction was ended and
the surface of the product showed significant roughness
(Fig. 2(g and h)). As evidenced from the image of the optimized
RCCS-ZSH8 sample, the raspberry-like morphology was well
preserved even after the sulfidation for 8 h (Fig. 2(h)). When the
sulfidation time was extended to 10 h, as shown in Fig. 2(i and
j), the particles were extensively damaged and the surface
roughness features of the particles became more pronounced.
At the same time, the structure of the particles collapsed, which
was mainly due to the over-sulfidation of the particles.** As
shown in Fig. S12 (ESIf), the EDX spectrum of RCCS-ZSHS8
manifested the elemental peaks of Cu, Co, Zn, and S with
atomic percentages of 11.05%, 22.12%, 11.03%, and 55.8%,
respectively, which corroborates the successful synthesis of the

200 nm |

Fig. 2 (a and b) FE-SEM images of the CC-G@ZIF-8 sample. (c and d) FE-SEM images of the CC-G@ZIF-8 sample after sulfidation for 4 h. (e and f) FE-
SEM images of the CC-G@ZIF-8 sample after sulfidation for 6 h. (g and h) FE-SEM images of the CC-G@ZIF-8 sample after sulfidation for 8 h. (I and j) FE-
SEM images of the CC-G@ZIF-8 sample after sulfidation for 10 h. (k and |) FE-SEM images of the RCCS-ZSH8-rGO2 sample.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023
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RCCS-ZSHS. As revealed in Fig. S13 (ESIY), the corresponding
FE-SEM mappings further verify the homogeneous distribution
of Cu, Co, Zn, and S in RCCS-ZSHS.

Fig. 2(k, 1) and Fig. S14 (ESI{) manifest the morphological
changes in RCCS-ZSH8-rGO nanocomposites with 6, 8, and
10 mg mL~' GO. As reflected in Fig. 2(k), when the concen-
tration of GO was 8 mg mL ™", the RCCS-ZSH8 nanostructures
were well-wrapped with the rGO layer (indicated by arrows), and
particles separated from each other, creating a 3D network. A
magnified FE-SEM image of RCCS-ZSH8-rGO2 clearly demon-
strates that RCCS-ZSH8-rGO2 inherits the spherical shape of
RCCS-ZSHS8, while the RCCS-ZSH8 nanostructures are well-
encapsulated within the rGO network (Fig. 2(1)). In addition,
when the concentration of GO was 6 mg mL ™' (RCCS-ZSHS-
rGO1), it can be evidently observed that the particles still
aggregated with each other (Fig. S14(a), ESIt). As illustrated
in Fig. S14(b) (ESIt), when the concentration of GO was
10 mg mL ™" (RCCS-ZSH8-rGO3), the RCCS-ZSHS particles were
well separated, but the particles were encapsulated in a large
amount of rGO, which reduced the performance of the whole
electrode (demonstrated in the discussion on supercapacitive
performance). The EDX analysis of RCCS-ZSH8-rGO2 (Fig.
S15, ESIf) revealed that the weight percentage of Cu, Co, Zn,
S, C, and O elements in RCCS-ZSH8-rGO2 was about 6.86%,
14.12%, 6.55%, 44.45%, 20.15%, and 7.87%. Accordingly, the
contents of CuCo,S,, ZnS, and rGO in RCCS-ZSH8-rGO2 are
estimated to be 56.54 wt%, 15.44 wt%, and 28.02 wt%,
respectively. Hence, the weight ratio of CuCo,S,4, ZnS, and
rGO in RCCS-ZSH-rGO2 can be calculated to be approxi-
mately 1.83:0.50:0.90. Besides, the elemental mappings of
RCCS-ZSH8-rGO2 reveal that Cu, Co, S, Zn, and C were
dispersed in RCCS-ZSH8-rGO2, as manifested in Fig. S16

View Article Online
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(ESIT). These results demonstrate the successful preparation
of the RCCS-ZSH8-rGO2 sample.

The intrinsic morphological properties of the as-prepared
products were also investigated using TEM. Fig. 3 shows the
TEM images of metal sulfide products formed at several
sulfidation times and the RCCS-ZSH8-rGO2 sample. It can be
seen that ZIF-8 particles were grown on CC-G solid spheres at
room temperature, and the thickness of the ZIF-8 layer was
200 nm (Fig. 3(al and a2)). As reflected in Fig. 3(al and a2), the
TEM images of the as-made sample display a clear core-shell
morphology with the outer shell (ZIF-8) having a lighter con-
trast. After sulfidation of the precursor for 4 h, the resulting
yolk-sell structure contained two shells, with the outer shell
corresponding to ZIF-8 (Fig. 3(b1 and b2)). When the reaction
time was extended to 6 h, the porosity of both shells increased
(Fig. 3(c1 and c2)). When the sulfidation time was prolonged to
8 h, the inner spheres with solid nature were transformed into
hollow structured nanospheres, forming RCCS-ZSH-8 nanos-
tructures (Fig. 3(d1 and d2)). These results demonstrate the
successful conversion of CC-G@ZIF-8 into RCCS-ZSHS particles
through the sulfidation reaction.

As expected, the RCCS-ZSHS8 particles which were encapsu-
lated in the rGO network can also be easily identified in the
TEM images (Fig. 3(e1 and e2)), and the folded rGO nanosheets
(indicated by arrows) are observed around RCCS-ZSHS8. Due to
the flexible and extremely thin nature of the rGO skeleton, the
SCCS-ZSH8 particles could be observed, suggesting a good
interfacial contact between SCCS-ZSHS particles and rGO (indi-
cated by arrows). The formation process of RCCS-ZSH8-rGO?2 is
also schematically shown in Fig. 3(a3-e3). The existing rGO
skeleton around RCCS-ZSH8 not only served as an excellent
conductive film to boost the conductivity of the sample but also

Fig. 3 (al-a3) TEM images and the corresponding schematic illustration of CC-G@ZIF-8. (b1-b3) TEM images and the corresponding schematic
illustration of CC-G@ZIF-8 after sulfidation for 4 h. (c1-c3) TEM images and the corresponding schematic illustration of CC-G@ZIF-8 after sulfidation for
6 h. (d1-d3) TEM images and the corresponding schematic illustration of the RCCS-ZSH8 sample. (el-e3) TEM images and the corresponding schematic

illustration of the RCCS-ZSH8-rGO2 sample.
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Fig. 4 (a) XRD patterns of the RCCS-ZSH8-rGO (black pattern) and RCCS-ZSH8 (green pattern) samples. (b) C 1s XPS spectra of the RCCS-ZSH8-rGO2
sample. (c) Cu 2p XPS spectra of the RCCS-ZSH8-rGO2 sample. (d) Co 2p XPS spectra of the RCCS-ZSH8-rGO2 sample. (e) Zn 2p XPS spectra of the
RCCS-ZSH8-rGO2 sample. (f) S 2p XPS spectra of the RCCS-ZSH8-rGO2 sample.

acted as a protective layer to inhibit the aggregation of the
particles.*®?*”

The phase structure of the samples was scrutinized by
measuring the XRD pattern of the materials as shown in
Fig. 4(a) and Fig. S17, S18 (ESIt). The XRD pattern of CC-G
demonstrates that the as-synthesized CC-G was amorphous
(Fig. S17(a), ESIt).>” Besides, the growth of ZIF-8 on CC-G was
validated from the XRD pattern which reflects the diffraction
peaks of ZIF-8 (Fig. $17(b), ESIt).”® After the sulfidation of CC-
G@ZIF-8 at 140 °C using C,H;NS as a sulfidation agent, the
XRD pattern of RCCS-ZSHS8 displayed diffraction peaks of
CuCo,S, (JCPDS 42-1450) and ZnS (JCPDS 65-1691) (Fig. 4(a),
green pattern). CuCo,S, manifested signals at 16.24° (111),
26.95° (022), 31.61° (113), 38.22° (004), 50.56° (115), 54.93°
(044), 64.67° (335), 69.12° (444), and 77.58° (137) (Fig. S18(a),
ESIT).>%>° Meanwhile, ZnS reflected three signals at 28.62°
(111), 47.55° (220), and 56.6° (311) (Fig. S18(b), ESIt).°® Besides,
the XRD spectrum of RCCS-ZSH8-rGO2 (Fig. 4(a), black pattern)
reflects a broad peak located near 24° originating from the rGO
layer.®

To scrutinize the oxidation states of elements in RCCS-
ZSH8-rGO2, XPS analysis was performed. Fig. S19 (ESI}) dis-
plays the full-survey spectrum of RCCS-ZSH8-rGO-2, which
reflects the presence of S, Cu, Co, C, O, and Zn as constitutive
elements. The high-resolution XPS (HR-XPS) spectra of C 1s, Cu
2p, Co 2p, Zn 2p, and S 2p were collected by the Gaussian fitting
method. The C 1s pattern represents several binding energy
(BE) signals, which belong to C-C (284.68 eV), C-O (286.65 €V),
C=0 (288.1 eV), and COO (288.91 eV) bonds, respectively
(Fig. 4(b)).>* The C-O and COO bonds reflect lower intensity

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023

compared to the C-C bond, demonstrating that graphene oxide
was converted into rGO.?” In the HR-XPS spectrum of Cu 2p,
besides two shake-up satellites (indicated as Sat.) situated at
943.55 and 963.65 eV, Cu 2p showed a spin-orbit doublet with
signals at 952.55 eV (Cu 2p;;,) and 932.58 eV (Cu 2ps,). The
signals at 934.45 and 953.55 eV are indexed to Cu®*, while the
signals at 932.52 and 952.12 eV can be assigned to Cu’,
respectively (Fig. 4(c)).*® Likewise, in the HR-XPS spectrum of
Co 2p (Fig. 4(d)), Co 2p,,, and Co 2p;/, were both divided into
two obvious peaks, which fitted with Co®* (778.92 and 793.9 eV)
and Co”" (781.46 and 797.4 eV), respectively.?” It is reasonable
that Co®* and Co*' co-exist in the as-designed RCCS-ZSHS-
rGO2. Meanwhile, two principal signals centered at 1044.3
and 1021.1 eV in the HR-XPS spectrum of Zn 2p (Fig. 4(e)) were
assigned to Zn 2py, and Zn 2p;,, respectively, implying the
Zn>" oxidation state in RCCS-ZSH8-rGO2.°" The HR-XPS spec-
trum of S 2p was also deconvoluted into several signals as
shown in Fig. 4(f). The peak at 161.87 eV is related to S~ in
RCCS-ZSH8-rGO2, corresponding to 2p;,, and the signal at
162.82 eV is assigned to 2p;/,, while the other signals at 164.1
and 169.1 eV are related to the sulfur-metal (S-M) bond and the
satellite peak, respectively.®>®* The results from XPS and XRD
prove that RCCS-ZSH8-rGO2 was successfully synthesized.

The specific surface area (SSA) and porosity are known as
critical factors that significantly impact the electrochemical
performance of samples.®*'® A large SSA will provide more
electroactive sites for the Faradaic reactions, thus leading to
high capacity. The SSA and porosity of the RCCS-ZSH8-rGO2,
RCCS-ZSH8, CCS-HS, and ZS samples were determined
through nitrogen (N,) adsorption/desorption measurements
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and calculated using BET isotherms and BJH pore size distri-
butions. Fig. S20 (ESIT) displays the BET and BJH curves of the
RCCS-ZSH8-rGO-2, RCCS-ZSH8, CCS-HS, and ZS samples. The
four samples show typical type IV curves with a hysteresis loop,
suggesting that the four products possess a mesoporous
nature.®® Also, the BET surface area of RCCS-ZSH8-rGO2 was
estimated to be 160.7 m”> g~ ', which was better than that of
RCCS-ZSH8 (97.8 m* g™ '), CCS-HS (62.4 m”> g ), and ZnS
(48.3 m* g~ ') (Fig. $20(a), ESIf). The BJH curves of products
(Fig. S20(b), ESIt) demonstrate that ZnS, CCS-HS, RCCS-ZSHS,
and RCCS-ZSH8-rGO2 reflect a pore size centered at 9.55, 8.9,
7.65, and 6.7 nm, respectively, implying that the products hold
mesoporous features.*>'>® The highly porous structure of
RCCS-ZSH8-rGO2 and its resulting high surface area signifi-
cantly improved the electrolyte penetration and offered a con-
venient electron diffusion pathway. Therefore, the electrolyte
ions could effortlessly move and penetrate the electrode sur-
face, thereby attaining superior supercapacitive performance
for RCCS-ZSH8-rGO2.%%13%°

Through the above characterization tests, it was concluded
that the as-made RCCS-ZSH8-rGO2 possesses rich ion transport
interfaces and superior conductivity, thanks to the presence of
the rGO layer and its exclusive morphology, which can be used
as a potential cathode for hybrid supercapacitors. We thus
investigated the electrochemical performances of all electrodes
in a three-electrode configuration using 6 M KOH as the
supporting electrolyte (Fig. 5(a)). Evidence manifests that the
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specific conductivity of 6 M KOH (62.66 x 10> S cm™ ') is better
compared with other concentrations (1-5 mol L") and more
desirable for boosting supercapacitive features.*®®” Thus, 6 M
KOH was utilized as an appropriate supporting electrolyte. The
higher concentration (>6 M) was not utilized due to the
peeling off of the materials from the NF.%°

Fig. S21(a) (ESIt) presents the CV graphs of the CCG-ZIF,
RCCS-ZSH4, RCCS-ZSH6, RCCS-ZSHS8, and RCCS-ZSH10 elec-
trodes at 40 mV s~ . The redox peak intensity and integral areas
of the optimized RCCS-ZSH8-based-electrode were greater than
those of other electrode materials, which demonstrated that
RCCS-ZSHS had better electrochemical characteristics. A simi-
lar outcome can be obtained from discharge plots (Fig. S21(b),
ESIT), in which RCCS-ZSH8 has a longer discharge time than
CCG-ZIF, RCCS-ZSH4, RCCS-ZSH6, and RCCS-ZSH10 electro-
des. At 1 A g™, the RCCS-ZSHS electrode reflected a maximum
capacity of 1050 C g~ " whereas the RCCS-ZSH10, RCCS-ZSHS6,
RCCS-ZSH4, and CC-G@ZIF electrodes revealed 897, 835, 724,
and 475 C g~ ', respectively (Fig. $21(c), ESIt). Therefore, the
RCCS-ZSHS electrode is considered the optimized electrode
material.

The CV and GCD graphs of RCCS-ZSH8-rGO1, RCCS-ZSHS-
rGO2, and RCCS-ZSH8-rGO3 tested at 40 mV s ' and 1 A g™ ",
respectively, are compared in Fig. S22(a) and (b) (ESIt). The
RCCS-ZSH8-rGO2 sample manifested a larger enclosed area
and a longer discharge time compared with the RCCS-ZSH8-
rGO1, and RCCS-ZSH8-rGO3 electrodes, reflecting the higher

Electrode materials

Fig. 5 (a) Schematic illustration of the three-electrode cell. (b) CV curves of the pure nickel foam, ZS, CCS-HS, RCCS-ZSH8, and RCCS-ZSH8-rGO2
electrodes at 40 mV s~ (c) Discharge curves of the ZS, CCS-HS, RCCS-ZSH8, and RCCS-ZSH8-rGO2 electrodes at 1 A g~*. (d) Specific capacities of ZS,

CCS-HS, RCCS-ZSH8, and RCCS-ZSH8-rGO2 electrodes at 1 A g%
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capacity of the RCCS-ZSH8-rGO2 electrode. At 1 A g~*, RCCS-
ZSH8-rGO2 reflected a capacity of 1346 C g ', whereas the
RCCS-ZSH8-rGO1 and RCCS-ZSH8-rGO3 samples demonstrated
1290 and 1255 C g~ ', respectively (Fig. $22(c), ESI?).

Fig. 5(b) shows the CV graphs of the pure nickel foam, ZS,
CCS-HS, RCCS-ZSH8, and RCCS-ZSHS8-rGO2 electrodes at
40 mV s~ from 0.0 to 0.60 V (vs. Ag/AgCl). As can be elucidated
from Fig. 5(b), pure nickel foam showed no noticeable capacity
performance, which proves that the good capacity perfor-
mances of the electrodes originated from the electroactive
materials. The RCCS-ZSHS8 electrode reflected a pair of visible
redox peaks, verifying the existence of a battery-like electro-
chemical behavior. During the process, the Faradaic reaction of
the RCCS-ZSHS8 electrode proceeded as follows:*>8:%9

CuCo,S, + H,0 + OH™ <> CuSOH + 2CuSOH + e~  (6)
CuSOH + OH™ « CuSO + 2H,0 + e~ (7)

COSOH + OH™ «> CoSO + H,0 + e~ (8)

ZnS + OH < ZnSOH + e~ 9)

ZnSOH + OH™ < ZnSO + H,0 + e~ (10)

Besides, the peak current and occupied area in the graph of
RCCS-ZSH8-rGO2 are larger than those of the ZS, CCS-HS,
and RCCS-ZSHS8 electrodes, verifying the high capacity of
RCCS-ZSH8-rGO2 due to the good synergistic effect between
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RCCS-ZSH8 and rGO sheets.”’ Besides, a porous ZnS shell
present on the surface of CCS-HS played a critical role in
improving the redox reactions by easing the interaction
between the electrode and electrolyte to store a large amount of
charge.”" Also, the discharge plots of the as-made electrodes
displayed a similar tendency as reflected in Fig. 5(c). The RCCS-
ZSH8-rGO2 electrode manifested a longer discharge time com-
pared to ZS, CCS-HS, and RCCS-ZSHS, illustrating its better
supercapacitive properties over other electrodes. At 1 A g,
capacities of 1346, 1050, 550, and 425 C g~ * for the RCCS-ZSHS8-
rGO2, RCCS-ZSH8, CCS-HS, and ZS electrodes, respectively,
were obtained (Fig. 5(d)).

EIS is an essential measure for investigating the inherent
electrochemical properties of electrode materials.>® Accord-
ingly, EIS was carried out, and the Nyquist graphs of the ZS,
CCS-HS, RCCS-ZSH8, and RCCS-ZSH8-rGO2 samples are shown
in Fig. 6(a). The EIS results were fitted using Z-view software.
Also, the pertinent equivalent circuit is depicted in Fig. 6(a)
(inset). In the equivalent circuit, R. indicates the charge
transfer resistance, which is obtained from the semicircle’s
diameter in the high-frequency zone.”* The intercept of the
Nyquist graphs on the X-axis is referred to as R, indicating the
inherent resistance between the active materials and
electrolyte.”” In the low-frequency area, the slope of the line
refers to the Warburg impedance (W), which is associated with
the diffusion resistance of the ions near the surface of active
materials during redox processes.”> From Fig. 6(a), it can be
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Fig. 6 (a) Nyquist plots of the ZS, CCS-HS, RCCS-ZSH8 and RCCS-ZSH8-rGO?2 electrodes (the inset shows the equivalent circuit model and magnified
Nyquist curves). (b) CV curves of the RCCS-ZSH8-rGO2 electrode from 10 to 100 mV s~ (c) Linear relation between the plot of the logarithm (i) versus
logarithm (v) of the RCCS-ZSH8 electrode. (d) Linear relation between the plot of the logarithm (i) versus logarithm (v) of the RCCS-ZSH8-rGO2

electrode.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023

Mater. Chem. Front., 2023, 7, 3127-3145 | 3135


https://doi.org/10.1039/d3qm00212h

Published on 19 April 2023. Downloaded on 1/28/2026 3:23:30 AM.

Research Article

observed that the RCCS-ZSH8-rGO2 electrode had a lower Rq
(0.20 Q) than RCCS-ZSHS (0.36 Q), CCS-HS (0.70 Q) and ZS
(0.92 Q), signifying its higher conductivity. In the zoomed view
of Nyquist curves, the RCCS-ZSH8-rGO2 electrode showed a
smaller R, (0.36 Q) compared to RCCS-ZSHS (0.52 Q), CCS-HS
(1.0 Q) and ZS (1.9 Q), indicating a faster charge transfer
kinetics, which is associated with the highly porous nature of
RCCS-ZSH8-rGO2 and the presence of rGO in the sample. As
compared to RCCS-ZSHS8, CCS-HS, and ZS, the RCCS-ZSHS8-
rGO2 electrode reflected a vertical line with a larger slope,
verifying a lower diffusion resistance.”"”> Based on the EIS
test, it can be concluded that the RCCS-ZSH8-rGO2 electrode
presents low Ry and R, which is strong evidence for the
appropriate selection of the RCCS-ZSH8-rGO2 electrode as an
effective cathode material.

The detailed study of the CV plots related to RCCS-ZSHS-
rGO2 was performed by varying the sweep speeds from 10 to
100 mV s~ ' as represented in Fig. 6(b). As reflected in Fig. 6(b),
whether the sweep speed was 10 mV s~ * or 100 mV s *, a couple
of redox peaks in CV plots were observed, indicating the low
internal resistance and good electrochemical reversibility of
RCCS-ZSH8-rGO2.”” As indicated in Fig. 5(b), clear shifts in the
positions of cathodic/anodic peaks toward negative/positive
voltages, respectively, were observed as the sweep speed was
increased owing to the polarization effect.”® In addition, the CV
curves of other electrodes are shown in Fig. S23 (ESIY).

To investigate the comprehensive rate-limiting mechanism
(surface-controlled capacity and diffusion-controlled capacity)
of the electrodes, the power-law (eqn (11)) can be used to expose
the relationship between the peak current (jp) and sweep
speeds (v):'>7%7°

logip = loga + blog(v) (11)

Here, b and a represent the adjustable parameters. The b-
value specifies the slope of the line, and it can be obtained by
drawing the logarithm of peak current against the logarithm of
sweep speed under the constant voltage. Generally, b values of
0.5 and 1 signify the diffusion-controlled (battery-type) and
surface-controlled (capacitive-type) contribution, respectively.
Accordingly, Fig. 6(c) illustrates that the slopes of the cathodic
and anodic peaks of the RCCS-ZSHS8 electrode were 0.5109 and
0.511, respectively, demonstrating strong evidence for the
battery-type behavior of the RCCS-ZSH8.”> As evidenced in
Fig. 6(d), the b values of RCCS-ZSH8-rGO2 based on the
corresponding reduction (cathodic) and oxidation (anodic)
peaks are 0.6631 and 0.694, respectively. The calculated b
values of RCCS-ZSH8-rGO2 are higher than the b values of
RCCS-ZSHS8, which indicates that the redox reactions of RCCS-
ZSH8-rGO2 reflected both surface-controlled and diffusion-
controlled kinetics due to the EDLC behavior of the rGO layer.
The b values of CCS-HS based on the corresponding cathodic
and anodic peaks are 0.5031 and 0.5016, respectively. Besides,
the b values for the cathodic and anodic peaks of the ZS
electrode are 0.576 and 0.5716, respectively (Fig. S24, ESIT).
The obtained b-values for the CCS-HS and ZS electrodes are
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closer to 0.50, indicating that the energy storage mechanism in
the CCS-HS and ZS electrodes is battery-type. Also, the energy
storage mechanism of the electric double layer exists in rGO.

The capacitive contribution to the total capacity of the RCCS-
ZSH8-rGO2 can be quantitatively analyzed by using the follow-
ing formula.?”

i = kv + kyt? (12)

in which k,v"* and kv present the diffusion-controlled and

capacitive contributions, respectively. The capacitive contribu-
tions for the total capacity of the RCCS-ZSH8-rGO2 and RCCS-
ZSH8-based electrodes from 10 to 100 mV s~ " are revealed in
Fig. S25 (ESIY). As reflected in Fig. S25(a) (ESIt), a diffusion-
controlled contribution of 78.6% at 10 mV s~ ' is shown for
RCCS-ZSH8-rGO2, and it decreases to 17.8% at 100 mV s~ '. For
RCCS-ZSHS8, a higher diffusion-controlled contribution of
87.3% at 10 mV s~ ' is obtained (Fig. S25(b), ESIT), and this
value is reduced to 28.5% at 100 mV s~ *. These obtained results
prove that the charge storage behavior of the RCCS-ZSH8-rGO2
and RCCS-ZSHS8 depends on the diffusion-controlled process.
Also, the RCCS-ZSH8-rGO2 electrode possesses higher capaci-
tive contributions than the RCCS-ZSHS8, demonstrating that the
wrapping of the rGO2 sheets is beneficial to accelerate the
electrode kinetics, thus improving the charge storage of the
composite electrodes.®”

The energy storage potentiality of the as-prepared electrodes
was further verified using GCD tests under diverse current
densities (1, 2, 4. 8, 16, and 32 A g '). The GCD graphs of the
RCCS-ZSH8-rGO2 electrode from 1 to 32 A g~ are represented
in Fig. 7(a). It can be detected that the noticeable voltage
plateaus discovered in the GCD plots matched well with the
CV graphs. This result also affirms that the RCCS-ZSH8-rGO2
undergoes a Faradaic reaction.”>”* Furthermore, the charging
and discharging times at all current densities were almost
identical, corroborating the impressive Coulombic efficiency,
outstanding rate performance, and excellent reversible Fara-
daic reactions of the RCCS-ZSH8-rGO2 electrode.'>”* Addition-
ally, the GCD tests of the other electrodes are shown in Fig. S26
(ESIT).

The specific capacities of ZS, CCS-HS, RCCS-ZSH8, and
RCCS-ZSH8-rGO2 were carefully calculated (Fig. 7(b)). The
observed capacities of the RCCS-ZSH8-rGO2 electrode com-
puted from the GCD curves were 1346, 1326, 1293, 1234,
1194.5, and 1165.6 C g ' at 1, 2, 4, 8, 16, and 32 A g,
respectively, which were better than those of RCCS-ZSHS8-
rGO1, RCCS-ZSH8-rGO3 (Fig. S27(a), ESIT), RCCS-ZSHS8, CCS-
HS, and ZS (Fig. 7(b)), and superior to those of the reported
TMS-based electrodes (Fig. 7(c) and Table S1 in ESIt).”*"®* In
detail, the RCCS-ZSHS electrode manifested capacities of 1050,
1025.5, 990, 925.5, 870.25, and 814.8 Cg " at 1, 2, 4, 8, 16, and
32 A g, respectively, which were higher than those of CCG-
ZIF, RCCS-ZSH4, RCCS-ZSH6, RCCS-ZSH10 (Fig. S27(b), ESIY),
CCS-HS and ZS (Fig. 7(b)) electrodes. Also, the CCS-HS elec-
trode exhibited the capacity values of 550, 500, 450, 395, 350,
and 302.5 C g " at 1, 2, 4, 8, 16, and 32 A g ', respectively
(Fig. 7(b)). Similarly, the ZS exhibited capacity values of 425,
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375,300, 265, 240,and 201.9 Cg " at1,2,4,8,16,and 32 Ag *,
respectively (Fig. 7(b)). Even at 32 A g~ ", the RCCS-ZSH8-rGO2
electrode maintained 86.6% of its initial capacity, which is
higher than that of RCCS-ZSH8-rGO1 (83.8%), RCCS-ZSHS-
rGO3 (80.2%) (Fig. S27(a), ESIt), RCCS-ZSHS8 (77.6%), CCS-HS
(55%), and ZS (47.5%) (Fig. 7(b)).

The excellent capacities and impressive rate capability of
the RCCS-ZSH8-rGO2 electrode can be closely related to the
effective cooperation between RCCS-ZSHS8 and the rGO layer,
which enlarges the SSA, enhances conductivity, and provides
extra pseudocapacitance for the RCCS-ZSH8-rG0O2.">% In the
RCCS-ZSH8-rGO2 electrode, the rGO layer can improve the SSA

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023

and conductivity and the CCS-HS electrode can provide more
active sites and ZS can promote rapid electron and ion trans-
portation through voids of porous Zns.?¢*"%3

Moreover, the cyclability of samples is another key para-
meter to evaluate the feasibility of the prepared electrode
materials for practical applications. Accordingly, the longevity
of all electrode materials was evaluated by performing sequen-
tial GCD cycles at 8 A g™, and the obtained plots are shown in
Fig. 7(d) and Fig. S28 (ESIt). The RCCS-ZSH8-rGO2 electrode
preserves 95.4% of its capacity after 10000 cycles (Fig. 7(d)),
while the other samples such as RCCS-ZSH8-rGO1, RCCS-ZSHS8-
rGO3, RCCS-ZSH8, RCCS-ZSH10, RCCS-ZSH6, RCCS-ZSH4,

Mater. Chem. Front., 2023, 7, 3127-3145 | 3137


https://doi.org/10.1039/d3qm00212h

Published on 19 April 2023. Downloaded on 1/28/2026 3:23:30 AM.

Research Article

CCS-HS, CCG-ZIF, and ZS retain 93.1%, 90.6%, 84.2%, 80.5%,
78.5%, 74.5%, 67.6%, 55.6%, and 53.2%, respectively (Fig. S28,
ESIT). Also, the RCCS-ZSH8-rGO2 revealed a Coulombic effi-
ciency of 99.1% at the end of the longevity test, signifying the
good reversibility nature of RCCS-ZSH8-rGO2 (Fig. 7(d)). The
inset in Fig. 7(d) represents the first and last 5 successive GCD
cycles for RCCS-ZSH8-rGO2. There was no clear transmutation
in the shape of graphs after the durability test, revealing the
splendid cyclability of RCCS-ZSH8-rGO2. The electrical conduc-
tivity of the RCCS-ZSH8-rGO2 electrode after the longevity test
was also investigated by the EIS test (Fig. S29, ESIf). As
demonstrated in Fig. S29 (ESIt), a negligible increase in R
and R, values after the durability test revealed its rapid charge
transportation and good electrochemical conductivity. To
further confirm the longevity of RCCS-ZSH8-rGO2, the XRD
test was carried out to explore the crystalline nature after the
durability test and the obtained patterns are manifested in
Fig. S30 (ESIT). As depicted in Fig. S30 (ESI), there was no
fundamental change in the diffraction peaks of RCCS-ZSHS-
rGO2 after the longevity test, which indicates that there was no
phase change in RCCS-ZSH8-rGO2 even after the longevity test.
Moreover, after 10000 cycles, the morphological studies of
RCCS-ZSH8-rGO2 were carried out by performing FE-SEM and
TEM (Fig. S31, ESIf). As represented in Fig. S31 (ESIt), the
morphology of RCCS-ZSH8-1GO2 did not exhibit any clear
aggregation, transfiguration, or collapse, and the RCCS-ZSH8
particles were still encapsulated within the rGO network prov-
ing the good structural stability. The remarkable longevity of
RCCS-ZSH8-rGO2 results from the high synergistic interaction
between rGO, CCS-HS, and ZnS in the RCCS-ZSH8-rGO2 mate-
rial. The RCCS-ZSHS electrode acts as a robust skeleton, creat-
ing a structural foundation, while the rGO network protects the
RCCS-ZSHS8, providing good structural stability. Accordingly,
the constructive contribution of the rGO, CCS-HS, and ZnS
electrode results in enhanced durability.'®%?

The superb supercapacitive performance of the RCCS-ZSH8-
rGO2 electrode can be related to the following characteristics:
(1) the wrapping of the rGO network bridges each RCCS-ZSHS8
particles together to create a 3D conductive texture (Fig. 7(e)),
accelerating the electron transport and thus promoting the fast
electrode reactions;**?” (2) the rGO network effectively serves as
the spacer, effectively inhibiting the aggregation of RCCS-ZSHS8
particles, which is beneficial to the penetration of the KOH
electrolyte within the electrode, thus increasing the ion diffu-
sion speed within the electrode;***” (3) the good conductivity of
the rGO sheets created an expressway for the rapid transfer of
electrons, beneficial in reducing the internal resistance and
achieving a high supercapacitive performance;”® (4) the porous/
hollow structure with a large surface area is beneficial for
increasing the number of electroactive sites and shortening
the ion/electron transport paths;** (5) the synergistic effect
between rGO, CCS-HS and ZnS is advantageous for the
enhancement of conductivity and electrochemical active sites,
thus achieving high capacity and rate capability;”***%* (6) the
introduction of ZnS into CCS-HS could result in increased
conductivity and creation of the new active sites, allowing for
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richer Faradaic redox reactions and resulting in a high capa-
city;*%* and (7) the S atom that is introduced into rCCS-ZSH8-
rGO2 plays a vital role in the electrochemical reaction in
boosting the conductivity and electrochemical stability of the
material.®®

The CV and GCD tests of the AC were also carried out, as
shown in Fig. S32 (ESIT). The capacitance values at 1, 2, 4, 8, 16,
and 32 A g’1 for the AC@nickel foam were 185.5, 182, 176, 170,
156, and 136 F g~ ', respectively.

Inspired by the excellent supercapacitive properties of the
as-made RCCS-ZSH8-rGO2 material, an RCCS-ZSHS8-rGO2-
based hybrid supercapacitor was fabricated for verifying the
practical application of the RCCS-ZSH8-rGO2 electrode. Accord-
ingly, we assembled a hybrid supercapacitor (RCCS-ZSHS-
rGO2//AC) by sandwiching AC with RCCS-ZSH8-rGO2, as
depicted schematically in Fig. 8.

The separate CV graphs of RCCS-ZSH8-rGO2 and AC
(Fig. 9(a)) with different voltage ranges were measured in a
three-electrode cell at 100 mV s~ . As illustrated in Fig. 9(a),
RCCS-ZSHS8-rGO2 and AC can be perfectly utilized as cathode
and anode electrodes owing to the well-matched charge storage
capability. To further confirm this, comparative CV graphs of
the RCCS-ZSH8-rGO2//AC were obtained at 20 mV s ' within
the voltage range of 0 to 1.7 V (Fig. 9(b)). As demonstrated in
Fig. 9(b), beyond the voltage window of 1.6 V, there was a
polarization paradox because of the oxygen evolution
reactions.”® Hence, the optimal and stable working voltages
of the RCCS-ZSH8-rGO2//AC electrode were set to 0-1.6 V.
Fig. 9(c) reveals that the assembled RCCS-ZSH8-rGO2//AC
demonstrated nearly symmetric GCD graphs at 1 A g~ with
operating voltage windows as high as 1.6 V, signifying that the
RCCS-ZSH8-rGO2//AC possessed good Coulombic efficiency.®®
In addition, the linear increase in capacities with respect to the
voltage windows demonstrates that RCCS-ZSH8-rGO2 and AC
electrodes in RCCS-ZSH8-rGO2//AC were effectively exploited
for electrochemical interactions (Fig. 9(d)).®”

For comparison, we also prepared an RCCS-ZSH8-based
hybrid supercapacitor (RCCS-ZSH8//AC), and electrochemical
data were collected for both devices. Fig. 10(a) displays the CV
patterns of the RCCS-ZSH8-rGO2//AC and RCCS-ZSHS8//AC
devices at 40 mV s '. As highlighted in Fig. 10(a), RCCS-
ZSH8-rGO2//AC exhibited a larger enclosed internal area than
the RCCS-ZSHS8//AC, implying its better energy-storage capa-
city. Furthermore, the GCD patterns of RCCS-ZSH8-rGO2//AC
and RCCS-ZSH8//AC devices at 1 A g ' are displayed in
Fig. 10(b). It can be found that RCCS-ZSH8-rGO2//AC pre-
sents a longer discharging time than RCCS-ZSHS8//AC, sig-
nifying the higher capacity of the RCCS-ZSH8-rGO2//AC. This
result is well-consistent with the CV analysis. Simulta-
neously, the estimated capacities of these devices at 1 A g~ *
are plotted in Fig. 10(c). At 1 A g~ ", the RCCS-ZSH8-r1GO2//AC
electrode possesses a capacity of 289 C g ', obviously better
than that of RCCS-ZSH8//AC (223 C g™ '), further confirming
its higher capacity.

Fig. 10(d) displays the CV profiles of the RCCS-ZSH8-rGO2//

AC recorded by varying the sweep speeds from 10 to 100 mV s .

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023
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Fig. 8 Schematic illustration of RCCS-ZSH8-rGO2//AC made of RCCS-ZSH8-rGO2 (cathode electrode) and AC (anode electrode).
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Fig. 9 (a) CVs of AC and RCCS-ZSH8-rGO2 at 100 mV s* in a three-electrode cell. (b) CV and (c) GCD plots of RCCS-ZSH8-rGO2//AC measured in
several voltage windows at a scan rate of 20 mV s~* and a current density of 1 A g~ respectively. (d) Estimated specific capacity plots based on the

voltage windows for RCCS-ZSH8-rGO2//AC at 1 A gL,

Note that all graphs still preserved their shape even upon
increasing the sweep speed to 100 mV s ', ensuring the out-
standing rate performance of our device. In addition, the CV
plots conserved the mutual contribution from non-Faradaic
and Faradaic performance in all scans, corroborating the

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023

Faradaic contribution from RCCS-ZSH8-rGO2 and the capaci-
tive electric double-layer capacitor (EDLC) contribution due to
activated carbon. Also, the CV graphs of the RCCS-ZSH8//AC at
the same sweep speeds of 10 to 100 mV s ' are presented in
Fig. S33(a) (ESIY).
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Fig. 10 (a) CV curves of the RCCS-ZSH8//AC and RCCS-ZSH8-rGO2//AC devices at 40 mV s~ (b) GCD curves of the RCCS-ZSH8//AC and RCCS-
ZSH8-rGO2//AC devices at 1 A g~ (c) Specific capacities of RCCS-ZSH8//AC and RCCS-ZSH8-rGO2//AC devices at 1 A g~ (d) CV plots of the RCCS-
ZSH8-rGO2//AC at various sweep speeds of 10-100 mV s~%. (e) GCD plots of the RCCS-ZSH8-rGO2//AC at various current densities of 1-32 A g™, (f)
Specific capacity vs. current density of the RCCS-ZSH8//AC and RCCS-ZSH8-rGO2//AC devices. (g) Durability and coulombic efficiency of the RCCS-
ZSH8-rGO2//AC at 8 A g~* (the inset shows the first and last 5 GCD cycles). (h) The comparison of the RCCS-ZSH8-rGO2//AC device's Ragone plot with

those of various devices.

Fig. 10(e) manifests the GCD graphs of the RCCS-ZSHS-
rGO2//AC electrode from 1 to 32 A g~'. The good symmetry
of the obtained curves for the RCCS-ZSH8-rGO2//AC electrode
implies high Coulombic efficiency and rapid reversible charge/
discharge ability.**®® In contrast, the GCD plots of RCCS-
ZSH8//AC from 1 to 32 A g " are displayed in Fig. $33(b) (ESI{).
Fig. 10(f) represents the capacities of the RCCS-ZSH8-rGO2//AC
device in comparison with the RCCS-ZSHS8//AC device for all
current densities. The RCCS-ZSH8-rGO//AC delivered capacities
of 289, 281.3, 260.8, 246.4, 236.8, and 226 C g ' at 1, 2, 4, 8, 16,
and 32 A g, respectively. Also, the estimated specific capa-
cities of the RCCS-ZSHS8//AC device were 223, 208, 184, 171.2,
157.6, and 144.1 C g ' at 1, 2, 4, 8, 16, and 32 A g,
respectively. Even though the current density was enhanced
by 32-fold, the RCCS-ZSH8-rGO2//AC electrode maintained
78.2% of its initial capacity, which is higher than that of
RCCS-ZSHS//AC (64.6%).

To appraise the recyclability and Coulombic efficiency of the
RCCS-ZSH8-rGO2//AC device, an uninterrupted GCD test was
performed within a voltage window of 0-1.6 V at 8 A g™, as
sketched in Fig. 10(g). After 10000 cycles, 92.8% of the initial

3140 | Mater. Chem. Front., 2023, 7, 3127-3145

capacity was retained, implying the outstanding recyclability of
the RCCS-ZSH8-rGO2//AC electrode. In addition, it was noticed
that our device presented a Coulombic efficiency of 98.8% at
the end of the longevity test. Fig. 10(g) (inset) also highlights
the first and last 5 cycles of the GCD plots, manifesting the
good longevity of the RCCS-ZSH8-rGO2//AC. In addition, the
RCCS-ZSHS8//AC reflects an 84.4% capacity retention, and its
Coulomb efficiency was 95.5% (Fig. S33(c), ESIt).
Energy/power densities are critical parameters of the energy
storage performance of supercapacitors. Fig. 10(h) reflects the
energy/power densities of the RCCS-ZSH8-rGO//AC and RCCS-
ZSHB8//AC in the form of a Ragone plot. The estimated energy
densities of the RCCS-ZSH8-rGO//AC electrode were 64.2, 62.5,
57.95, 54.75, 52.6, and 50.2 Wh kg™* at 1, 2, 4, 8, 16, and
32 A g7', while the delivered power densities were 802.5,
1602.6, 3220, 6367, 12830, and 26422 W kg '. Besides, the
energy densities of the RCCS-ZSH8//AC electrode were 49.4,
46.2, 40.8, 38, 34.8, and 32 W h kg™ ' at power densities of 796,
1593.1, 3138, 6330, 12770, and 25600 W kg™, respectively.
The RCCS-ZSH8-rGO2//AC electrode revealed better perfor-
mance compared with RCCS-ZSH8-//AC and many TMS-based

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023
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Fig. 11 (a) Photograph of a blue LED with two RCCS-ZSH8-rGO2//AC devices. (b) Photograph of a red LED with two RCCS-ZSH8-rGO2//AC devices. (c)

Photograph of a green LED with two RCCS-ZSH8-rGO2//AC devices.

devices.**™ For comparison, Table S1 (ESIf) highlights the
comparative energy densities of the previous devices.

Eventually, divulging the good energy capability of RCCS-
ZSH8-rGO2//AC, it was implemented for practical applications
as the energy power source. Therefore, two RCCS-ZSH8-1GO2//
AC devices were connected in series to achieve the desired
voltage, and after being charged, the blue, red, and green LEDs
(light-emitting diodes) were lit with copious intensity (Fig. 11
and Video S1 in ESIt). All of the above results confirm that the
as-assembled RCCS-ZSH8-rGO2//AC electrode harvests good
energy density without compromising the cycling stability
and power delivery, displaying its potential for practical appli-
cation in hybrid supercapacitors.

Conclusions

In summary, we report the synthesis and delicate design of
raspberry-like CuCo,S,@ZnS hollow particles (RCCS-ZSH)
through a facile solution growth, and sulfidation strategy, in
which CuCo,S, hollow nanospheres (CCS-HSs) are confined in
the porous ZnS shells. To improve the electrochemical proper-
ties of the RCCS-ZSH sample, the RCCS-ZSH particles were well-
encapsulated in the rGO network (RCCS-ZSH-rGO) to form a
unique nanoarchitecture. Such a unique nanostructure holds
the following advantages: (1) ZnS, as a promising material can
contribute to a high capacity, (2) the porous and hollow nature
of the RCCS-ZSH can enlarge the active electrolyte/material
contact area and shorten the ion diffusion path, thus enhan-
cing the electrochemical reaction kinetics; (3) the heterojunc-
tion structure of RCCS-ZSH can enhance the reaction kinetics
and electrical conductivity; (4) the rGO encapsulated RCCS-ZSH
particles can enhance the conductivity by increasing the syner-
gistic interaction between CCS-HS, ZS, and the rGO network; (5)
wrapping of the rGO network around RCCS-ZSH particles
effectively hinders the aggregation of RCCS-ZSH particles and
maintains the structural durability. Therefore, when used as a
cathode material for hybrid supercapacitors, the RCCS-ZSH-
rGO2 electrode reflects excellent performance with high capa-
city, attractive rate capability, and long-term durability. Due to
the impressive supercapacitive features of RCCS-ZSH-rGO2, a
hybrid supercapacitor (RCCS-ZSH-rGO2//AC) with an energy
density of 64.2 W h kg™' at 802.5 W kg™ ' was assembled.
Therefore, it is firmly believed that this research can be easily
used for the synthesis of other rGO-encapsulated complex

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023

hollow nanostructures for realizing next-generation energy
storage systems.
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