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Abstract

Graphene, with its two-dimensional structure, offers high mechanical flexibility and excellent conductivity, but its
tendency to stack and aggregate in practical applications reduces the effective surface area, resulting in rapid
capacity degradation. To overcome this, we in situ grow rod-like Co.S, structures on graphene oxide graphene
oxide (rGO), forming a highly conductive and mechanically stable composite. The Co,S, nanoparticles serve as
active sites for redox reactions, significantly improving the specific capacitance, while the rGO matrix enhances
electron transport and mitigates the issues of volume expansion during charge/discharge cycles. The Co,S,/rGO
composite is synthesized via a two-step hydrothermal process, and the effects of sulfuration temperature and time
on electrochemical performance are systematically explored. The results show that the Co,S,/rGO-160-8
composite, synthesized at 160 °C for eight hours, achieves a specific capacitance of 1442.5 F-g" at 1 A-.g” and
exhibits a capacity retention of 93.3% after 5000 cycles at 4 A-g". Furthermore, the Co,S,/rGO-160-8//activated
carbon asymmetric supercapacitor delivers an energy density of 47.0 Wh'kg™" at 749.8 W kg power density, with
only an 8.9% capacity loss after 5000 cycles, demonstrating excellent cycling stability. This novel composite
material offers a promising approach for high-performance supercapacitors, balancing high energy density,
excellent rate performance, and long-term stability.
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INTRODUCTION

With the escalating global energy crisis and environmental challenges, the development and utilization of
energy have become significant topics in today’s world". Consequently, the search for sustainable,
environmentally friendly, and efficient energy storage devices has emerged as a critical area of research.
Currently, energy storage devices primarily include supercapacitors, batteries, and fuel cells”. Among these,
supercapacitors, as an emerging energy storage technology, demonstrate significant potential across diverse
fields, such as portable electronics, electric vehicles, medical devices, and aerospace, due to their high power
density, fast charge-discharge capability and extended lifespan. However, their relatively lower energy
density compared to batteries constrains further advancements in supercapacitor technology. Therefore,
recent research has focused on enhancing energy density without compromising the high power density and
long cycle life of supercapacitors”.

Electrode materials are essential to the energy storage performance of supercapacitors. Researchers have
been dedicated to developing new electrode materials to optimize supercapacitor performance'. By
rationally designing the structure and composition of electrode materials, the specific surface area and
capacitance of electrodes can be improved, thus increasing the energy density of supercapacitors. Graphene,
as a novel carbon nanomaterial, is widely applied in supercapacitor electrodes due to its high specific surface
area and excellent conductivity. However, in supercapacitor applications, graphene's layered stacking
characteristics can reduce its specific surface area and electrochemical activity”. To overcome this
drawback, the combination of transition metal oxides and sulfides with graphene as electrode materials has
been explored. This not only effectively prevents graphene from stacking but also significantly enhances the
overall capacitance performance of the composite materials”®. By complementing each other’s advantages,
the issues of insufficient stability of transition metal compounds and the limited capacitance of graphene
can be effectively alleviated, thereby greatly improving the overall performance and application prospects of
supercapacitors.

Transition metal sulfides, particularly Co,S , are promising candidates for enhancing the energy density of
supercapacitors due to their high theoretical specific capacitance, stemming from their redox capabilities
and multiple oxidation states. Materials such as MnO,, Fe,O,, NiO, and Co,0, have garnered attention due
to their low cost and potential electrochemical performance”. Compared to their corresponding oxides,
transition metal sulfides exhibit better conductivity, thermal stability, and redox activity”. When choosing
the less electronegative sulfur (S) to replace oxygen (O), a more resilient structure can be formed, reducing
structural collapse while retaining high stability. Additionally, the presence of multiple valence states in
transition metal sulfides increases the number of electrons participating in the redox reactions during
charge-discharge processes, providing higher capacitance. Cobalt sulfide (Co,S ) comprises cobalt and sulfur
in various stoichiometric ratios, including CoS, CoS,, Co,S,, and Co,S,"". Cobalt sulfides, characterized by
low electronegativity, unique crystal structures, and high theoretical capacitance values, have been employed
as electrode materials for supercapacitors. For instance, Hu et al. synthesized hollow nanoboxes assembled
from CoS nanoparticles starting from cobalt-based zeolitic imidazolate frameworks (ZIF-67). This hollow
structure features a high specific surface area and rich pore distribution, enhancing electrolyte transport and
providing more active sites for electrochemical reactions, achieving a capacitance of 980 F-g". Zhou et al.
prepared Co,S, nanosheets anchored carbon cloth (CC) via a two-step hydrothermal method. Owing to the
conductive CC substrate and the distinctive multi-layered micro/nanostructure of Co,S,"”. The flexible
Co,S,/CC electrode preserves its electrochemical integrity under mechanical deformation, such as bending
and twisting. It achieves a specific capacitance of 1475.4 F-g" at a current density of 1 A-g”, demonstrates an
excellent rate capability with 80.2% retention at 20 A-g”, and exhibits superior cycling stability, maintaining
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92.9% capacitance retention after 5000 cycles. However, the application of Co,S, materials is limited by their
poor electrical conductivity and mechanical instability.

Three-dimensional graphene, as a special carbon material with an extremely high specific surface area, has a
network-like structure of single-layer carbon atoms that is suitable for use as a substrate or connecting
material. Therefore, the incorporation of graphene enhances the conductivity of the material. The oxygen-
containing groups present facilitate the nucleation and growth of metal precursors, promoting the uniform
distribution of sulfides and increasing the specific surface area of materials™”. The conductive network
formed by graphene not only accelerates charge transfer rates but also reduces the agglomeration of sulfides,
alleviating volume changes and significantly improving the electrochemical performances of the electrodes.
Yang et al.' successfully anchored NiS nanorods onto graphene sheets via a two-step hydrothermal
method, forming a three-dimensional conductive network that accelerates electron transfer rates, achieving
a specific capacitance of 905.3 F-g” at 1 A-g".

This work prepared Co,S, nanoparticles on reduced graphene oxide (rGO) sheets through a two-step
hydrothermal process, forming a highly conductive and mechanically stable composite material. The Co,S,
nanoparticles, serving as active sites for redox reactions, significantly enhance the specific capacitance, while
the integration with rGO, known for its excellent conductivity and mechanical strength, ensures efficient
electron transport and mitigates issues related to volume expansion during charge/discharge cycles. This
novel rGO-Co,S, composite material demonstrates excellent rate performance, high energy density, and
improved cycling stability, making it a promising candidate for high-performance supercapacitors without
sacrificing power density. The results present that the electrochemical performance of the synthesized Co,S,
/rGO-160-8 electrode material is optimal, achieving a mass-specific capacitance of 1442.5 F-g" at a current
density of 1 A-g". The synergistic effect between the two components endows the composite material with
outstanding cycling stability, with only a 6.7% capacity degradation after 5000 cycles at 4 A-g*. When used
as the positive electrode to construct a Co.S,/rGO-160-8//AC asymmetric supercapacitor, it attains an
energy density of 47.0 Wh-kg" at a power density of 749.8 W-kg". Moreover, following 5000
charge-discharge cycles at a current density of 4 A-g", it demonstrates a capacity retention of 91.1%,
indicative of its exceptional cycling stability.

MATERIALS AND METHODS

Raw materials

The raw materials of graphene oxide (GO) used in this paper were purchased from CNBM Heilongjiang
Graphite New Materials Co., Ltd. and the CoCl,-6H,0, NH,F and urea were analytically pure and purchased
from Tianjin Kemeiou Chemical Reagents Co., Ltd.

Preparation of Co,S,/rGO composites

First, 40 mg of GO powder was added to 30 mL of deionized water and subjected to ultrasonic treatment for
one hour to achieve a homogeneous dispersion, resulting in a uniformly colored brown suspension.
Sequentially, 2.0 mmol of CoClL:6H,0, 5.0 mmol of NH,F, and 6.0 mmol of urea were added to the
suspension, followed by magnetic stirring for 10 min to ensure uniform mixing. The resulting solution was
then transferred to a 50 mL reaction vessel, which was placed in an oven and heated to 90 °C for 10 h. After
cooling the reaction vessel to room temperature, the reaction solution was filtered through a funnel, and the
powder on the filter paper was subjected to freeze-drying.

Then, 60 mg of the aforementioned precursor was mixed with 30 mL of Na,S-9H,0 (0.2 mol-L") solution
and stirred for 30 min before transferring it to a 50 mL reaction vessel. The vessel was heated to a specified
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temperature in the oven and maintained for a set duration. Following cooling to room temperature, the
mixture underwent filtration and was subsequently rinsed with deionized water, and the resulting black
powder on the filter paper was freeze-dried. This investigation seeks to elucidate the effects of sulfuration
temperature and duration on the electrochemical performance characteristics of supercapacitors; the
naming convention was established as Co,S,/rGO-temperature-time. Co,S, electrode materials were
prepared without the addition of graphene at sulfuration conditions of 160 °C and 8 h.

Characterization and testing methods

X-ray diffraction (XRD) was used to analyze the material’s crystalline structure and phase composition
(D/max-TTR", Rigaku Corporation, Japan). Scanning electron microscopy (SEM) employs a focused high-
speed electron beam to scan the sample surface, producing secondary electron images that reveal its
microscopic morphology (JSM-6480A). An Energy Dispersive X-ray Spectrometer (EDS) can be coupled to
SEM to analyze the elemental composition based on the characteristic X-ray wavelengths emitted by
different elements. Transmission electron microscopy (TEM) was primarily used to observe the material’s
microstructure and crystalline orientation (FeiTecnia G2-STWIN, Philips, Netherlands). X-ray
photoelectron spectroscopy (XPS) analyzes the elemental composition, valence states, and chemical bonds
on the material’s surface (ESCALAB 250, Thermo Fisher Scientific Co., Ltd., China). XPS tested with an Al
anode, a spot size of 500 pm, a step size of 0.05 eV, and a pass energy of 30 eV. Raman spectroscopy
provides insights into molecular vibrations and rotations, aiding in the structural determination of
compounds (HR800 manufactured by Jobin Yvon, France). Thermogravimetric analysis (TGA) is a thermal
analysis technique that studies changes in a material’s mass as a function of temperature. This method
allows for the assessment of thermal stability and decomposition behavior (TGADSC**, TA Instruments,
USA).

Characterizations of electrochemical performances

The electrode preparation process was conducted as follows: a piece of nickel foam measuring 1.2 cm x 1.2
cm was first immersed in acetone and then in a 1.5 mol-L™" hydrochloric acid solution for ten minutes with
ultrasonic treatment. The foam was subsequently rinsed with water and ethanol to remove any grease and
oxides from its surface. Five milligrams of active material [or activated carbon (AC)] and 0.5 mg of
conductive carbon black were weighed, and then mixed with 16 pL of 5% Nation, 0.25 mL of deionized
water, and 0.25 mL of ethanol to form a homogenous solution through 10 min of ultrasonic treatment. This
final solution was then drop-coated onto the nickel foam.

In this study, a three-electrode testing configuration was utilized to assess the performance of the
synthesized supercapacitor electrodes. The nickel foam, which was loaded with the active material, served as
the working electrode, while a carbon rod functioned as the counter electrode, and an Ag/AgCl electrode
was employed as the reference. To evaluate the practical applicability of the fabricated electrodes, an
asymmetric supercapacitor was assembled, incorporating the prepared electrode as the positive terminal
and an AC electrode as the negative terminal, with a cellulose membrane acting as the separator. Both the
three-electrode and two-electrode testing setups utilized a 6 M KOH solution as the electrolyte. Cyclic
voltammetry (CV) and galvanostatic charge-discharge (GCD) electrochemical impedance spectroscopy
(EIS) characterizations of the electrode materials were performed at room temperature using an
electrochemical workstation.

The device’s power and energy density can be calculated using the specific capacitance. This method can
also assess the cycling performance of the material. The specific capacitance of the electrode material during
charge-discharge cycles can be calculated using
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IxAt
= 1
m " AVXm (1)

where Cm (F-g") represents the charge-discharge specific capacitance of the electrode material, ITI (A) is the
charging or discharging current, At (s) is the charging/discharging time, AV (V) is the voltage range during
charging/discharging, and mmm (g) is the mass of the active material. Based on the specific capacitance and
working voltage range of the supercapacitor, the energy and power density of the device can also be further
calculated using

C, AV2 X —

3.6
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P= i x 3600 (3)

where E (Wh'kg") and P (W-kg") represent the energy density and power density of the supercapacitor,
respectively, C, is the discharge-specific capacitance of the supercapacitor, AV (V) is the discharge voltage
range excluding the ohmic drop, and At (s) is the total discharge time.

RESULTS AND DISCUSSION

The phase analysis of the samples was performed using XRD. Figure 1A presents the XRD patterns of
graphite, GO, and rGO. Compared to the purified natural flake graphite, the GO shows a diffraction peak at
10.8°, corresponding to its (001) crystal plane. During the hydrothermal process, GO is gradually reduced,
and the characteristic peak at 10.8° disappears. Due to the removal of oxygen functional groups in GO, a
small bump-like diffraction peak appears near 24.8°, corresponding to the (002) crystal plane of rGO". The
interlayer distance, determined via Bragg's law, is measured at 0.35 nm, surpassing the interlayer distance of
graphite, which is 0.34 nm, indicating that the rGO still contains a small amount of oxygen functional
groups after reduction. The broadening of the rGO peak may be attributed to the long-range disorder of the
sheets and the variation in interlayer spacing caused by the presence of functional groups. Figure 1B shows
the XRD spectra of Co.S, and Co,S,/rGO-160-8 composites. The diffraction peaks near 31.4° and 50.3°
correspond to the (311) and (511) crystal planes of Co,S, (PDF#42-1448), confirming the successful
synthesis of Co.S,"". In the XRD pattern of the Co,S,/rGO-160-8 composite, a broad peak is observed
around 20°, corresponding to the (002) plane of rGO. This indicates a calculated interlayer distance of 0.44
nm, greater than the interlayer distance of pure rGO, measured at 0.35 nm, as illustrated in Figure 1A. The
significant shift in the (002) diffraction peak observed between rGO and Co,S,/rGO composites can be
attributed to the interaction between Co,S, nanoparticles and the rGO sheets, which leads to changes in the
interlayer spacing of the rGO. The introduction of Co,S, onto the rGO surface can cause either an
expansion or contraction of the interlayer distance, depending on the nature of the interaction. This
indicates that the uniformly dispersed Co,S, effectively isolates the GO sheets, preventing rGO sheet
stacking. The (002) diffraction peak cannot be observed in pure Co,S,, further confirming the successful
synthesis of the Co,S,/rGO-160-8 composite.

The morphological characteristics of the materials were evaluated using SEM. As shown in Figure 2A, the
rGO exhibits numerous inter-stacked wrinkles, a result of the reduction of oxygen-containing functional
groups during the synthesis process. In Figure 2B, Co,S, is observed to form micro-rods composed of dense
nanoparticles that are agglomerated together. Figure 2C and D demonstrates that the micro-rod structure
shows good dispersion on the surface of rGO after composite formation via hydrothermal synthesis. Cobalt
ions bind to negatively charged oxygen atoms, adsorbing and growing on the GO nanosheets. During the
sulfide process, > from sodium sulfide undergoes ion exchange to form Co,S, while GO is reduced to rGO.
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Figure 1. (A) shows the XRD patterns of graphite, GO, and rGO; (B) displays the XRD patterns of Co,S, and Co,S,/rGO-160-8.
rGO:reduced graphene oxide; GO: graphene oxide; XRD: X-ray diffraction.

This indicates that the graphene sheets serve as a conductive network framework, facilitating the dispersion
of the rod-like material, preventing agglomeration, shortening the ionic transport path, and improving the
rate performance of the active material, thus providing a larger electrochemical active area"”. Cobalt ions
can bind to the functional groups of oxidized graphene, thereby enhancing interfacial contact and
facilitating improved interactions between the electrode and surrounding electrolyte ions.

TEM further explores the microstructure and crystalline structure of Co.S,/rGO-160-8. Figure 2E clearly
shows Co.S, rods completely covered by rGO, with a rod length of approximately 300 nm. The introduction
of graphene provides a growth substrate for the Co.S, rods, and the combination of both offers a conductive
network and rapid ionic diffusion pathways for redox reactions. Figure 2F is the high-resolution TEM
(HRTEM) image of the Co,S,/rGO-160-8 electrode, displaying lattice fringes of 0.24 nm and 0.18 nm,
corresponding to the (311) and (511) crystal planes of Co,S,, further confirming the formation of Co,S, in
rGO"". Figure 2G presents high-angle annular dark-field scanning TEM (HAADF-STEM) images alongside
energy dispersive spectroscopy (EDS) elemental mapping of the Co,S,/rGO-160-8 composite. In the carbon
distribution map, except for signals from the carbon support film, the remaining carbon signals are
distributed over the graphene sheets. The oxygen elements are mainly found on the graphene sheets,
primarily as residual oxygen functional groups. Meanwhile, cobalt and sulfur elements are predominantly
distributed on the Co.S, rods, further validating the successful preparation of the Co,S,/rGO-160-8
composite.

XPS was employed to investigate the elemental composition and chemical states of the Co,S,/rGO-160-8
material. The full-scan XPS spectrum of Co,S,/rGO-160-8 [Supplementary Figure 1] displays characteristic
peaks at 162.2, 284.8, 532.1, and 778.7 eV, corresponding to S 2p, C 1s, O 1s, and Co 2p, respectively,
confirming the presence of sulfur, carbon, oxygen, and cobalt in the material. Figure 3A presents the XPS
spectrum of the Co 2p region, where the 2p,, and 2p,, peaks for Co in the + 3 oxidation state appear at
778.8 and 794.1 eV, while those for Co in the + 2 oxidation state are found at 781.2 and 797.3 eV. This
indicates the coexistence of Co’* and Co* in the material™. Additionally, the binding energies at 786.7 and
803.1 eV correspond to satellite peaks of Co 2p. Figure 3B illustrates the C 1s spectrum, where the peak for
C-C/C = C bonds is observed at 284.8 eV, while peaks for C-O/C-S and C = O bonds are located at 286 and
289.3 eV, respectively, indicating the successful reduction of GO during the material preparation. The high-
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Figure 2. The (A-D) SEM image; (E, F) HRTEM image; (G) HAADF-STEM image and EDS elemental mapping of the Co354/rGO-160-8
electrode. SEM: scanning electron microscopy; HRTEM: high-resolution transmission electron microscopy; HAADF-STEM: high-angle
annular dark-field scanning transmission electron microscopy; EDS: energy dispersive spectroscopy.
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Figure 3. High-resolution XPS survey spectra of (A) Co 2p; (B) C1s; (C) O 1s; (D) S 2p spectra of Co;S,/rGO-160-8 and rGO materials.
XPS: X-ray photoelectron spectroscopy; rGO:reduced graphene oxide.

resolution O 1s spectrum [Figure 3C] can be divided into three components: C = O (531.2 eV), C-OH (532
eV), and C-O-Co (533.4 eV), with C = O and C-OH arising from oxygen-containing functional groups on
the graphene surface. In Figure 3D, the fitted spectrum of the S 2p region shows a characteristic peak at
161.9 eV corresponding to 2p,, of §*, indicating that the synthesized material consists of metal-sulfur
bonds, while the peak at 163.1 eV corresponds to 2p,, of §*, indicating sulfur bonded to carbon, thus
confirming the presence of $*"’.. This suggests that sulfur is incorporated within the graphene nanosheets,
and during the formation of Co,S,, Na,S-9H,O provides sulfur atoms that may simultaneously incorporate
into the rGO. Furthermore, the fitted peaks at 164.9 and 168.2 eV correspond to satellite peaks of S 2p.
Consequently, the XPS results further demonstrate the successful synthesis of the Co,S,/rGO-160-8
composite material.

Figure 4A depicts the Raman spectra of Co,S,/rGO-160-8 and rGO. The peak at 1350 cm™ corresponds to
the D band, which is linked to sp® defects in carbon-based materials, whereas the peak at 1590 cm™ is
attributed to the G band, reflecting the intensity of sp* hybridization. The I,/1; ratio, which is commonly
used to measure the defect level in graphene, is 1.17 for Co,S,/rGO-160-8, significantly higher than the
corresponding value for GO (0.96), indicating the successful reduction of rGO in Co.S,/rGO-160-8""". The
introduction of Co.S, during the composite process leads to more defects on the graphene sheets, providing
additional charge storage space for the composite material. Furthermore, an additional peak at 667 cm™ in
the Raman spectrum of Co,S,/rGO-160-8 is attributed to the A1g vibration mode of Co,S,, further
confirming its successful anchoring on the graphene sheets. Figure 4B shows the TGA curve of the Co,S,/
rGO-160-8 sample, revealing three weight loss stages throughout the process. The first weight loss from
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Figure 4. (A) Raman spectra of Co,S,/rGO-160-8 and GO; (B) TGA curve of Co,S,/rGO-160-8. rGO:reduced graphene oxide; GO:
graphene oxide; TGA: thermogravimetric analysis.

room temperature to 400 °C, approximately 2.9%, is attributed to the evaporation of moisture retained in
the sample. The weight loss from 400 to 550 °C, approximately 16.3%, is due to the oxidation of rGO to CO,
in air. The third stage (500 to 800 °C) corresponds to the oxidation of Co,S, to Co,0,, presenting a weight
loss of 19.8%”. Thus, the weight compositions of Co,S, and graphene in the Co,S,/rGO-160-8 composite
material can be determined as 83.2% and 16.8%, respectively.

Structural characterization confirms that Co,S,/rGO-160-8 is the optimal electrode material. To validate this
finding, electrochemical tests were conducted using a three-electrode system in a 6.0 mol-L" KOH
electrolyte. Figure 5A presents the CV curves for various samples at a scan rate of 10 mV-s™ within the
voltage range of 0 to 0.5 V. All samples display clear oxidation and reduction peaks in the CV curves,
indicative of characteristic pseudocapacitive behavior. The Faradaic reactions occurring in alkaline
electrolyte are given as follows™:

C0sS: + OH <> CosS«OH + & (4)

C0:S:OH +OH <> C0:S:0+H:0+¢ (5)

Additionally, with increasing scan rates, the peak potentials of both anodic and cathodic currents exhibit
shifts toward higher and lower values, respectively, likely attributed to polarization effects. The peak current
also increases correspondingly, attributable to overpotentials in ion transport at the electrode-electrolyte
interface”. The gradual decrease in capacitance may be linked to the charge resistance of the electrode
material at higher scan rates, along with the diffusion of ions lagging behind electron mobility. Notably, all
curves display similar shapes, confirming the reversibility of redox reactions at the Co,S,/rGO-160-8
electrode. As the scan rate increases, the rapid transfer of electrons and ions at the electrode surface leads to
an increase in the integrated area of the CV curve, indicating efficient ion and electron transport at high
scan rates. The rGO nanosheets can easily wrap around the surface of Co,S, tubes, serving as a conductive
support and providing a larger surface area. Figure 5B illustrates the correlation between peak current and
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Figure 5. (A) CV curves at different scan rates for Co,S,/rGO-160-8; (B) the relationship between peak current and the square root of
scan rate; (C) GCD curves for Co5S,/rGO-160-8 at different current densities; (D) Rate performance of different electrode materials; (E)
Nyquist plots for different electrode materials; (F) Cycling performance of Co,S,/rGO-160-8 at 4 A-g".CV: cyclic voltammetry; GCD:
displays the galvanostatic charge-discharge; rGO:reduced graphene oxide.

the square root of the scan rate for the Co,S,/rGO-160-8 electrode, showing a strong linear trend that
indicates good reversibility of the material. This linear relationship further suggests that the redox reactions
at the electrode surface are diffusion-controlled by the electrolyte.
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Figure 5C presents the GCD curves of Co,S,/rGO-160-8 at different current densities, revealing charge-
discharge platforms that indicate the existence of redox reactions during testing, in accordance with the
earlier CV analysis. The excellent symmetry of all GCD curves further substantiates the reversibility of the
electrode material. Based on discharge times, the specific capacitances for Co,S,/rGO-160-8 at current
densities of 1, 2, 4, 5, 10, and 20 A-g" are approximately 1442.5, 1244.5, 1078.0, 943.8, 842.5, and 675.0 F-g",

respectively. Specific capacitance calculations for Co,S, and Co,S,/rGO-160-8 under different conditions are
shown in Figure 5D. At the same current density, the Co,S,/rGO-160-8 electrode exhibits higher
capacitance than other materials. It is noteworthy that the specific capacitance values for all electrodes
exhibit a decreasing trend with increasing scan rates, attributed to ion diffusion rates. At higher scan rates,
fewer ions penetrate the electrode material for reactions, resulting in lower specific capacitance. Even at an
elevated current density of 20 A-g”, the Co.S,/rGO-160-8 electrode maintains a capacitance of 675.0 F-g",

significantly surpassing other materials, indicating effective ion and charge transport under rapid redox
conditions. The charge storage was calculated from the integrated area of the CV curves, yielding a value of
468.06 mAh/g at a scan rate of 10 mV/s, which suggests efficient charge storage and a high rate capability"*”.

The EIS data presented in this study provide valuable insight into the conductivity and charge transfer
characteristics of the electrode materials [Figure sE]. The Rs, Rct, and Warburg impedance (Zw) values
derived from the EIS spectra reflect the internal resistance, the resistance for charge transfer at the
electrode/electrolyte interface, and the diffusion of ions within the material, respectively. The observed
values for Co,S, and Co,S,/rGO composites show significant differences in charge transport properties,
highlighting the influence of material structure and composition on electrochemical performance. For
example, the Co.S,/rGO-160-8 electrode exhibits the lowest Rs and Rct values (0.26 Q and 0.41 Q,
respectively), suggesting superior electron conductivity and efficient charge transfer at the electrode
interface. The improvement in conductivity for the Co,S,/rGO composites compared to pure Co,S, can be
attributed to the inclusion of rGO. Graphene, known for its excellent electronic conductivity, forms a
conductive network that facilitates electron transport, reducing the Rs of the composite material. This effect
is especially pronounced in the Co,S,/rGO-160-8 composite, where the optimized synthesis conditions
(160 °C for 8 h) enable the formation of a more uniform composite structure, thereby enhancing electron
conductivity”. The Rct is another critical factor influencing the electrochemical performance of the
electrode material. A lower Rct indicates more efficient charge transfer at the electrode/electrolyte interface.
The Co,S,/rGO-160-8 composite, with the lowest Rct, suggests that the inclusion of rGO not only improves
the electron conductivity but also enhances the interaction between the electrode material and the
electrolyte, facilitating faster electron transfer. This is in line with the observed higher slope in the low-
frequency region of the EIS spectrum for the Co.S,/rGO-160-8 electrode. In supercapacitors, a larger slope
in the low-frequency region is indicative of ideal capacitive behavior, where rapid and reversible ion
adsorption/desorption occurs at the electrode/electrolyte interface. The faster ion desorption/adsorption
implies more efficient ion transport within the material, leading to higher capacitance. The Zw observed in
the EIS data is linked to the ion diffusion process within the material, particularly at lower frequencies. The
slope of the EIS curve at these lower frequencies provides information on the rate of ion diffusion and the
ability of the material to accommodate ion movement within its structure. In the case of the Co,S,/
rGO-160-8 electrode, the higher slope at low frequencies suggests faster ion diffusion, which can be
attributed to the improved microstructure of the composite. The combination of rGO’s high surface area
and the rod-like Co,S, nanoparticles creates an interconnected network that provides more accessible
pathways for ion transport™’. This, in turn, minimizes polarization effects during charge/discharge cycles
and leads to enhanced electrochemical capacitance performance. In contrast, the Co,S, electrode, which
lacks the conductive rGO component, exhibits higher Rs and Rct values, reflecting slower electron transfer
and ion diffusion. This limitation is primarily due to the intrinsic poor conductivity of Co,S, and the lack of
a conductive network, which hampers the efficient movement of charge carriers and ions. Overall, the EIS
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results suggest that the Co,S,/rGO composites, particularly Co,S,/rGO-160-8, benefit from the synergistic
effects of the Co,S, nanoparticles and rGO, resulting in enhanced electron conductivity, efficient charge
transfer, and faster ion diffusion. These factors contribute to the improved electrochemical performance of
the composite material, including higher capacitance, better rate performance, and enhanced cycling
stability. The findings highlight the critical role of microstructural design in optimizing the electrochemical
properties of supercapacitor electrodes and demonstrate the potential of rGO-based composites for high-
performance energy storage applications.

Cycling performance is a critical parameter for evaluating the practical applicability of electrode materials.
GCD cycling tests conducted at 4 A-g" reveal the variations in specific capacitance and Coulombic efficiency
for the Co,S,/rGO-160-8 electrode over 5000 cycles, as shown in Figure 5F, where the capacitance only
decreased by 6.7%. Throughout the cycling period, the Coulombic efficiency approached nearly 100%,
confirming the high reversibility of the Faradaic reactions during charge and discharge. The composite
material, based on graphene, possesses both chemical and mechanical stability, effectively buffering volume
change stresses and reducing the likelihood of structural damage®. Thus, the resultant Co,S,/rGO-160-8
composite exhibits excellent cycling stability.

To evaluate the application of the Co,S,/rGO-160-8 electrode material, an asymmetric supercapacitor was
fabricated utilizing Co,S,/rGO-160-8 as the positive electrode and AC as the negative electrode, designated
as Co,S,/rGO-160-8//AC. The active mass ratio of the positive electrode to the negative electrode was
determined to be 1:3.1. The electrochemical performance of the device was tested in a 6 mol-L" KOH
electrolyte, with results shown in Figure 6. Figure 6A displays the CV curves of AC and Co,S,/rGO-160-8
electrode materials at a scan rate of 10 mV-s™. The Co,S,/rGO-160-8 electrode exhibited pseudocapacitive
characteristics within a voltage range of 0-0.5 V, while the AC showed electric double-layer capacitance
features within the voltage range of -1.0 to 0 V. By combining these two electrodes, the constructed
asymmetric supercapacitor not only possesses pseudocapacitive properties but also features double-layer
capacitance. This configuration enables a higher operational voltage by integrating the voltage ranges of
both electrodes, resulting in an estimated operational voltage range of 0-1.5 V for the Co.S,/rGO-160-8//AC
device.

Figure 6B presents the CV curves of the Co,S,/rGO-160-8//AC supercapacitor within a voltage window of
0-1.5 V at various scan rates. The curves exhibit a broad redox peak, which is attributed to the distinct
energy storage mechanisms of the two electrodes. The integral area of the CV curve increases with the rising
scan rate, and the current values of the redox peaks also increase, while the basic shape of the curve remains
stable. This trend indicates that the device exhibits excellent rapid charge-discharge capabilities and good
rate performance. Figure 6C displays the galvanostatic charge-discharge (GCD) curves for the Co,S,/rGO-
160-8//AC supercapacitor within the voltage range of 0-1.5 V. The curves display good symmetry,
suggesting that the redox reactions of Co,S,/rGO-160-8//AC are reversible. The specific capacitance of the
device was determined using Equation (1), where mmm denotes the total active mass of Co,S,/rGO-160-8
and AC. The EIS results reveal interesting trends when comparing the impedance of the supercapacitor
device before and after cycling [Supplementary Figure 1]. Notably, after 5000 cycles, the overall impedance
decreases, with a reduction in Rs and an increase in the slope of the low-frequency region. Typically, one
would expect an increase in resistance due to side reactions or structural degradation, but the observed
decrease in Rs suggests a beneficial evolution of the material during cycling. This could be due to structural
reorganization that improves the contact between the active material and the conductive network,
enhancing electrical conductivity. The increase in the slope of the low-frequency region suggests faster ion
diffusion and better charge transfer at the electrode/electrolyte interface, indicating reduced polarization
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Figure 6. (A) CV curves of AC and Co,S,/rGO-160-8 at 10 mV-s": (B) CV curves of Co,S,/rGO-160-8//AC at different scan rates; (C)
GCD curves of Co,S,/rGO-160-8//AC at different current densities; (D) Rate performance; (E) Ragone plot of Co,S,/rGO-160-8//AC;
(F) Cycling stability and Coulombic efficiency at a current density of 4 A.g™.CV: cyclic voltammetry; AC: activated carbon; rGO:reduced
graphene oxide; GCD: displays the galvanostatic charge-discharge.

effects. The results are shown in Figure 6D. At a current density of 1-A g, the device exhibits a specific
capacitance value of 150.5 F-g", demonstrating good energy storage performance™. As the current density
rises to 10 A-g”, the capacitance declines to 68.0 F-g". This decrease in capacitance with increasing current
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density is attributed to the limited time available for the positive and negative electrodes to adequately
respond, leading to a decrease in the active materials participating in the reaction.

The key performance indicators for evaluating energy storage devices include energy and power densities.
Utilizing the results obtained from the GCD tests, the energy and power densities of the Co,S,/rGO-160-8//
AC device were determined using Equations (2) and (3), where mmm represents the total mass of both the
positive and negative electrodes. The results are plotted in Figure 6E, showing that at a power density of
749.8 W-kg", the Co,S,/rGO-160-8//AC device achieves an energy density of 47.0 Wh-kg". Even when the
power density is increased to 7500.0 W-kg™, the energy density remains at 21.3 Wh-kg". Compared to
previously reported devices assembled with transition metal sulfides, this device exhibits superior energy
and power densities. For example, Co,S,/PANI//AC achieves 40.75 Wh-kg" at 800 W-kg""", Co,S,//AC
delivers 31.4 Wh kg™ at 200 W kg™, NiCo-LDH/S-100//AC reaches 35.21 Wh kg™ at 749.98 W-kg'"**, Co,S
JCNTs/C//AC provides 41.3 Wh-kg" at 691.9 W-kg'"*, and rGO-NF/CoS,//AC shows 18.5 Wh-kg™" at 99.8
Wokg P,

Figure 6F presents the cycling stability test of the Co,S,/rGO-160-8//AC device. As shown, after 5000 GCD
tests at 4 A-g”, the device retains 91.1% of its capacity, indicating excellent cycling stability. Additionally, the
Coulombic efficiency during the cycling tests approaches 100%, demonstrating good charge-discharge
reversibility. These results suggest that rGO sheets, as a two-dimensional carbon allotrope, not only
facilitate the formation of electric double layers but also serve as a high-surface support, enabling strong
anchoring of Co,S, nanotubes without agglomeration. The direct deposition of Co.S, onto the surface of
rGO not only enhances the specific capacitance of the rGO but also promotes charge transfer while
effectively preventing the aggregation and restacking of rGO, increasing the active surface area available for
charge storage. These findings indicate the significant application potential of this material in energy storage
devices.

CONCLUSIONS

In this work, Co,S,/rGO composites were prepared by a two-step hydrothermal synthesis procedure,
exploring the effects of sulfurization temperature and time on their electrochemical performance. The
results indicated that the Co.S,/rGO-160-8 electrode material, synthesized at a sulfurization temperature of
160 °C for eight hours, exhibited optimal electrochemical properties. Three-electrode tests were conducted
on the samples, and an asymmetric supercapacitor was assembled using Co.S,/rGO-160-8 and AC
electrodes for further electrochemical performance evaluation. It was concluded that the rGO sheets serve as
a substrate to form a conductive network, enhancing the conductivity of the composite materials.
Electrochemical testing showed that the Co,S,/rGO-160-8 material displayed the highest capacitance at the
specified sulfurization conditions, achieving a mass-specific capacitance of 1442.5 F-g"' at 1 A-g".
Additionally, after 5000 cycles of GCD at 4 A g™, the specific capacitance retained 93.3% of its initial value,
indicating a significant enhancement in performance compared to bare Co,S, electrode materials. The
asymmetric supercapacitor assembled with Co.S,/rGO-160-8 and AC achieved an energy density of 47.0
Wh-kg" at a power density of 749.8 W-kg™. Notably, it maintained a specific capacitance retention of 91.1%
after 5000 cycles at 4 A-g", showcasing outstanding cycling stability. This high-performance electrode
material presents a viable solution for utilizing natural graphite in energy storage devices.
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