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ABSTRACT: Transitional bimetallic sulfides have garnered significant interest due to their versatile redox reactions, strong
electrochemical activity, and cost-effectiveness. However, their low energy density and poor rate performance have hindered their
use in energy storage systems. To overcome these challenges, we have developed a Co2O3@CoMo2S4 core−shell structure using a
strategic design approach, serving as a conductive framework for supercapacitors. The innovative Co2O3@CoMo2S4 core−shell
structure exhibits exceptional performance, achieving a specific capacitance of 4951.8 F g−1 at 1 A g−1 and retaining 90.85% cyclic
stability after 5500 cycles, outperforming most reported transitional bimetallic sulfides. The Co2O3@CoMo2S4//AC supercapacitor
achieves an energy density of 41.66 Wh kg−1 and a power density of 0.35 kW kg−1. Our research paves the way for the development
of transitional bimetallic sulfides with core−shell structures that offer superior performance in supercapacitor applications, providing
valuable insights for future advancements in the field.

1. INTRODUCTION
The increased attention worldwide toward renewable energy
sources is a result of the widespread reliance on fossil fuels and
growing environmental concerns.1−3 Supercapacitors excel in
the competitive energy storage device market due to their
impressive power density, quick charge/discharge capabilities,
and exceptional cycling stability.4−8 The efficacy of super-
capacitors is significantly influenced by the choice and
composition of electrode materials.9−13

Transition metal compounds and their hybrid materials are
often used as electrodematerials in energy storage devices due to
their high theoretical specific capacity, which originates from
Faradaic redox reactions.14−19 Transition metal sulfides have
shown increased redox activity and higher theoretical
capacitance performance compared to transition metal oxides
in various electrochemically active materials, which is attributed
to the higher electronegativity of sulfur compared to oxy-
gen.20−22

Various bimetallic sulfides, such as NiCo2S4,
23 CoNi2S4,

24

CuCo2S4,
25 FeCo2S4,

26 and MnCo2S4,
27 are being investigated

for their potential as supercapacitor electrode materials. Current
research is focused on the synthesis, morphology, structure, and
properties of these sulfides. For example, Zhang et al.28 studied
CuCo2S4 as an anode material in hybrid supercapacitors,
achieving an energy output of 51.8 W h/kg and a power output
of 700 W/kg using activated charcoal. Additionally, Jing et al.29

synthesized CoNi2S4 nanosheets integrated with S,P-doped
graphene, achieving a specific capacitance of 1136.5 F g−1

(126.28 mA h g−1) at 2 A g−1. Currently, there are limited
studies on Co−Mo−S (CMS) BTMSs.30−32 Theoretically,
CMS containing Co2+/3+ andMo4+/6+ redox pairs is predicted to
be a cost-effective and environmentally friendly candidate for
electrode materials in SCs.33,34 Recent studies have emphasized
advancements in CMS. For example, Liu et al. reported the

CoMo2S4@ZnCo−S electrode materials demonstrated a high
capacity of 4630 mF/cm2 at 1 mA/cm2 and exhibited excellent
cycling stability, retaining 85.6% of their capacity after 6000
cycles at 10 mA/cm2.35 Yang et al. reported that the Co3S4/
CoMo2S4 electrode demonstrates a capacitance of 1457.8 F g−1

at 1 A g−1 and retains 97% of its initial capacitance after 2000
cycles, indicating excellent stability. Nwaji et al.36 demonstrated
that Co3S4@CoMo2S4 exhibited a high specific capacitance of
980.3 F g−1 at 1 A g−1, with a capacity retention of 96.5% after
6000 cycles at 10 A g−1.37 The complexity of most synthesis
processes often increases the phase interface between materials,
leading to higher resistance due to composite formation. Thus,
employing a cost-effective and simple fabrication method is
crucial for producing hybrid electrodes with optimal spatial
structures to enhance the CoMo2S4 efficiency.
This study presents a novel core−shell structure of Co2O3@

CoMo2S4 synthesized on Ni foam through a straightforward
solution-based technique. The unique core−shell architecture of
Co2O3@CoMo2S4 offers an increased number of reactive sites,
resulting in a specific capacitance of 4951.8 F g−1 at 1 A g−1 and
demonstrating exceptional durability with 90.85% capacity
retention after 5500 cycles, surpassing many previously
documented bimetallic sulfides. The asymmetric supercapacitor
utilized the optimal combination as the cathode and commercial
activated carbon (AC) as the anode. Electrochemical
techniques, including cyclic voltammetry, galvanostatic
charge−discharge, and electrochemical impedance spectrosco-
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py, were employed to evaluate the performance of the Co2O3@
CoMo2S4//AC asymmetric supercapacitor. The Co2O3@
CoMo2S4//AC supercapacitor achieves an energy density of
41.66 Wh kg−1 and a power density of 0.35 kW kg−1.

2. EXPERIMENTS

2.1. Synthesis of Co2O3@CoMo2S4. Figure 1 depicts a
diagram illustrating the creation of Co2O3@CoMo2S4. All

Figure 1. Synthesis the Co2O3@CoMo2S4 flowchart on nickel foam.

Figure 2. (a) XRD patterns of Co2O3@CoMo2S4. (b−e) SEM of Co2O3@CoMo2S4. (f) Energy-dispersive spectrometry (EDS) of Co2O3@CoMo2S4.
(g) TEM of Co2O3@CoMo2S4. (h) Selected area electron diffraction (SAED) of Co2O3@CoMo2S4. (i) Elemental mapping.
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reagents were bought and utilized in research without additional
purification, and were commercially available in large quantities.
A mixture was created by dissolving 0.01 M of cobalt chloride
hexahydrate, 0.01 M of molybdenum trioxide, and 1 g of urea in
20 mL of purified water and then stirring to achieve a uniform
solution. The Ni sheet, measuring 1 cm by 2 cm, was immersed
in the solution after being cleaned. Themixture in a Teflon-lined
stainless-steel autoclave was heated in an oven at 180 °C. After 6
h, the Ni-sheet and powder nanoparticles were extracted and
washed three times with ethanol and deionized water to
eliminate unreacted residues. Second, 0.4 g of sodium sulfide
nonahydrate (Na2S·9H2O), the previously obtained powder,
and 0.5 g of urea were mixed into 60 mL of deionized water and
stirred for 30 min to achieve a homogeneous solution. The
solution was transferred into Teflon-lined stainless-cleaned 100
mL autoclave andmaintained at 120 °C for 10 h. Once cooled to
room temperature, the Ni-sheet and powder were repeatedly
washed with ethanol and deionized water, respectively. The
product was dried overnight at 60 °C.
Additionally, a Co3O4 sample was prepared without the

inclusion ofMoO3, and a Co3S4 sample was also created by using
the identical procedure. Meanwhile the CoMoO4 sample was
also prepared without adding Na2S·9H2O.
2.2. Materials Characterizations and Electrochemical

Measurements. The details of this part can be found in the
Supporting Information.

3. RESULTS AND DISCUSSION
3.1. Morphology and Microstructure Analysis. The

XRD examination was utilized to analyze the crystal formations
of all synthesized composites. Figure 2 displays the pertinent
XRD diffraction patterns. XRD pattern analysis indicated that

the peaks of the synthesized Co2O3@CoMo2S4 aligned with the
standard reference cards (CoMo2S4, PDF#23-0192 and Co2O3,
PDF#02-0770), implying the formation of distinct core−shell
structures. Specifically, diffraction peaks at 27.29°, 31.07°, 8.08°,
42.37°, 54.38°, and 58.81° were observed, indicating the
presence of crystal plane families (−103), (002), (102),
(211), (310), and (022), thus confirming the successful
synthesis of Co2O3@CoMo2S4.
SEMwas used for examining the structure of the items. Figure

2b−e illustrates the arrangement of Co2O3@CoMo2S4 on Ni
foam. The surface morphology of Co2O3@CoMo2S4 was
distinctively rough and uneven, characterized by numerous
nanosheets attached to the cylindrical surface, forming a unique
shell structure, as compared to other samples (Figures S1−S3).
The core−shell design increases surface area, reactive sites, and
shortens ion paths, reducing resistance in the electrode.38−40

Figure 2f,i shows the mappings conducted by the EDS that
further confirms the basic structure of the composite material.
Figure 2g,h presents the high-resolution TEM image and the
SAED pattern of Co2O3@CoMo2S4, respectively. As displayed
in Figure 2g, the unique nanorod nanosheet core−shell
structures were clearly revealed. The SAED pattern revealed
diffraction rings with bright spots, indicating the polycrystalline
nature of the material (Figure 2h). The core−shell nanostruc-
tures, with their increased specific surface area and abundance of
electrochemical active sites, facilitated REDOX reactions,
enhanced induced current generation, and improved electro-
chemical cycle stability.41,42

Figure 3 shows the XPS analysis of Co2O3@CoMo2S4, Co3O4,
Co3S4, and CoMoO4·0.75H2O samples. A study was conducted
to examine surface element composition and oxidation states to
determine the chemical makeup. The XPS survey of the
Co2O3@CoMo2S4 sample (Figure 3a) confirmed the presence

Figure 3. XPS of samples: (a) survey spectra. (b) High-resolution Co 2p spectra. (c) Mo 3 d. (d) S 2p.
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of Co, Mo, S, C, and O elements. The Co 2p spectrum (Figure
3b) exhibited distinct peaks for Co 2p1/2 and Co 2p3/2 at binding
energies of 796.85 and 781.25 eV, respectively, along with two
satellite peaks labeled as Sat. The peaks at 802.9 and 786.1 eV
were distinctive for Co2+ and Co3+ ions.43 TheMo 3d5/2 andMo
3d3/2 peaks were observed at approximately 231.7 and 234.85
eV, respectively, as shown in Figure 3c. Furthermore, the S 2p1/2
and S 2p3/2 peaks appeared at around 175.21 and 169.05 eV,
respectively (Figure 3d), indicating metal−sulfur interactions
and low-coordination sulfur ions on the surface, suggesting the
presence of S2−.44−47
Figure 4a presents the FTIR spectra of Co2O3@CoMo2S4,

Co3O4, Co3S4, and CoMoO4·0.75H2O, highlighting broad,
intense bands near 3500 cm−1 attributed to O−H stretching
vibrations from water molecules and hydrogen-bonded OH
groups. Peaks at ∼1401, ∼1247, and 747 cm−1 correspond to
Mo−O−Co and Mo−S−Co vibrations.48,49 The Co2O3@
CoMo2S4 composite shows similar peaks with slight shifts,
indicating interactions between CoMo2S4 and Co2O3.
Raman spectroscopy (Figure 4b) identified key vibrational

modes:37 a peak at 354.70 cm−1 in Co2O3@CoMo2S4 related to
Co2O3 vibrations

50 and another around 926 cm−1 associated
with CoMo2S4 and CoMoO4.

51 Shifts in the peaks for Co3S4,
Co3O4, and CoMoO4 in Co2O3@CoMo2S4 suggest defects from
Co2O3 integration. Additional peaks around 800 and 869 cm−1

point to defect-induced S atom motions.52

The BET test characterized the pore size and specific surface
area of Co2O3@CoMo2S4, Co3O4, Co3S4, and CoMoO4·

0.75H2O composites. Each sample exhibited typical type-IV
behavior in the N2 adsorption and desorption isotherms, along
with an H3-type hysteresis loop, which suggests the existence of
mesopores.53 The Co2O3@CoMo2S4 sample exhibited the
highest specific surface area of 42 m2 g−1 among those listed
in Table S1. The Co2O3@CoMo2S4 composites were
engineered with an advanced core−shell structure, enhancing
specific surface area and increasing reactive sites. In Figure 5a,
the inset displays the distributions of pore sizes for the
composites Co2O3@CoMo2S4, Co3O4, Co3S4, and CoMoO4·
0.75H2O. The Co2O3@CoMo2S4 composites contain a variety
of hierarchical pores, ranging from micropores to macropores.
Micropores offered extra reactive locations, while mesopores
enhanced the speed of electrolyte ion diffusion, and macropores
established effective routes for ion transportation.54 The layered
porous configuration of the Co2O3@CoMo2S4 compounds can
significantly enhance their electrochemical efficiency.
Additionally, the Co2O3@CoMo2S4 specimen undergoes a

notable decrease in the KOH contact angle, decreasing from
43.05° to 26.84° after KOH activation. In Figure 5b−e, the
Co2O3@CoMo2S4 sample demonstrates enhancements in
surface hydrophilicity and electrolyte accessibility.
3.2. Electrochemical Analysis.The prepared samples were

evaluated for electrochemical performance using a three-
electrode setup with 6 M KOH as the electrolyte. Figure 6a
illustrates the CV curves for Co2O3@CoMo2S4, Co3O4, Co3S4,
and CoMoO4·0.75H2O electrodes at a scan rate of 50 mV s−1.
The Co2O3@CoMo2S4 material demonstrates superior electro-

Figure 4. (a) FTIR spectra results. (b) Raman spectra results.

Figure 5. (a) Nitrogen adsorption−desorption isotherm. (b−e) KOH contact angle of the Co3O4, CoMoO4·0.75H2O, Co3S4, and Co2O3@CoMo2S4.
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chemical performance, as evidenced by its larger CV curve area
and higher redox peak intensity compared to other electrode
materials. In Figure 6b, the peak potential of the anode/cathode
may shift toward positive or negative directions with changes in
the scan rates of Co2O3@CoMo2S4 cyclic voltammetry curves,
due to constraints in ion diffusion/transfer kinetics at higher
scan rates as mentioned in55.
The discharge graphs at a current density of 1 A g−1 (Figure

6c) clearly demonstrate the improved energy storage capacity.
The discharge plateau of the Co2O3@CoMo2S4 electrode is
notably longer than that of other samples, providing further
evidence of its superior capacity. Figure 6d presents the
galvanostatic charge−discharge curves for Co2O3@CoMo2S4
electrode materials across different current densities, while
Figure 6e shows the specific capacitance of hybrid electrodes
Co2O3@CoMo2S4, Co3O4, Co3S4, and CoMoO4·0.75H2O at
various densities. The Co2O3@CoMo2S4 electrode demon-
strates specific capacitances between 5123.5 and 2780.4 F g−1

across different current densities. The electrode materials’
enhanced specific capacitance is attributed to four factors, (1)
including the direct growth on nickel foam, which enhances
surface area and minimizes ion and electron diffusion lengths.
(2) This direct growth method removes excess materials, avoids
“dead volume,” and speeds up redox reactions. (3) No additives
like graphene or binders are used, reducing internal resistance
and improving conductivity.41 (4) The unique structure and
oxygen content of Co2O3@CoMo2S4 contribute to its higher
specific capacity compared to Co3O4, Co3S4, and CoMoO4·
0.75H2O. The uniform active site distribution in Co2O3@
CoMo2S4 accelerates charge/ion transfer, enhancing double-
layer capacitance and conductivity.40 The residual oxygen-
containing functional groups on Co2O3@CoMo2S4 contribute
to the Faradaic redox capacitance. However, a high scan rate

may impede the diffusion of electrolyte ions to the inner surface
of the active material, leading to a decrease in specific capacity.
Figure 6f presents the Nyquist diagrams from the EIS test,

comparing Co2O3@CoMo2S4 with Co3O4, Co3S4, and
CoMoO4·0.75H2O across a frequency range that encompasses
high-frequency regions and the electrical equivalent circuit. The
calculated Rs values for these samples are consistent with the
electrode setup and electrolyte used. In the high-frequency
region, all samples display small semi circles, indicating low
charge transfer resistance. Co2O3@CoMo2S4 (Rct = 0.105 Ω)
has a lower Rct value than the others (Rct Co3O4 = 1.08 Ω, Rct
Co3S4 = 0.211Ω, Rct CoMoO4·0.75H2O = 0.328Ω), suggesting
the least resistance to charge transfer related to the curvature
diameter.56 Co2O3@CoMo2S4 shows the most significant slope
in the lower frequency range compared to the other samples,
implying reduced Warburg impedance due to electrolyte ion
diffusion at the electrode surface.57 In essence, Co2O3@
CoMo2S4 demonstrates exceptional charge and ion transfer
capabilities. Therefore, the EIS analysis confirms that Co2O3@
CoMo2S4 has a higher reaction rate than the other samples when
used as a supercapacitor electrode.
Analyzing cyclic voltammetry data at different scan rates is

crucial for understanding the charge storage mechanism and
reaction kinetics of the Co2O3@CoMo2S4 composite electrode.
In most cases, the total capacitance of the electrode material can
be categorized as either capacitive or diffusion-controlled
electrochemical processes.58,59 Formula 160 can qualitatively
evaluate the main influence of the governing mechanism based
on the power law.

=i a b (1)

Themaximum current (A) is denoted as i, with a and b serving
as the variables, while ν represents the scan rate (mV s−1). The

Figure 6. Electrochemical measurements of Co2O3@CoMo2S4, Co3O4, Co3S4, and CoMoO4·0.75H2O in 6M KOH. (a) Comparison of CV curves at
the scan rate of 10 mV s−1. (b) CV plots at different scan rates. (c) GCD curves at the current density of 1 A g−1. (d) GCD plots at different current
densities of Co2O3@CoMo2S4. (e) Specific capacitance at various current densities. (f) EIS curves of Co2O3@CoMo2S4, Co3O4, Co3S4, and CoMoO4·
0.75H2O.
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value of b can distinguish between different charge storage
mechanisms of electrode materials. When b is below 0.5, the
diffusion-controlled process prevails over the capacitive
contribution. In the “transitional region” where b ranges from
0.5 to 1, the electrochemical process of composite electrodes is
influenced by both diffusion-controlled and capacitive-con-
trolled processes. When b exceeds 1, the primary factor is the
process controlled by capacitance.61 Formula 1 is then
transformed into the subsequent formula 2.

= +i a blog log log (2)

Figure 7a illustrates that the b value denotes the slope of the
linear regression between log i and log ν. The Co2O3@CoMo2S4
composites electrode exhibits b values of 0.66 for anodic peaks
and 0.54 for cathodic peaks, verifying the simultaneous existence
of two methods for storing charges. Formulas 3 and 462 can be
used to calculate the comparison of diffusion and capacitive
contributions in the electrochemical process of the Co2O3@
CoMo2S4 composites electrode.

= +i k kv 1 2
1/2 (3)

= +i k k/v
1/2

1
1/2

2 (4)

When the voltage V is provided, adjustable constants k1 and k2
are used, with k1ν representing the capacitive part and k2ν1/2
representing the diffusion-controlled part.63,64 The values of k1
and k2 can be determined by examining the plot of iv/ν1/2 against
ν1/2 at a given voltage using eq 4. These values are then
represented by the slope and y-intercept of the curve.
Subsequently, k1 is used to calculate the capacitive component
of the total capacitance based on eq 4. At a scan rate of 10 mV
s−1, the surface capacitive contribution accounts for 8% of the
total area, as shown in the green shaded region of the CV curve
(Figure 7b). The Co2O3@CoMo2S4 composites electrode’s
capacitive contribution ratios are outlined in Figure 7c. The

contribution of surface capacitive effects to charge storage
increases from 6% to 33% with higher scan rates. This is due to
the decrease in ion diffusion time and the limited reaction at
reactive sites with higher scan rates, resulting in a narrowing gap
between the two charge storage mechanisms.65,66

An asymmetric supercapacitor was developed using Co2O3@
CoMo2S4 as the cathode and AC as the anode, integrating
Faradaic redox reactions with electrochemical double-layer
energy storage mechanisms. Figure 8a illustrates the CV curves
for Co2O3@CoMo2S4 and AC electrodes at a scanning rate of 50
mV s−1. The optimal voltage for the Co2O3@CoMo2S4//AC
asymmetric device was determined to be 0−1.4 V bymaximizing
the application window and accounting for polarization effects,
combining the potential ranges of Co2O3@CoMo2S4 and AC.
Figure 8b illustrates the alteration in the CV curve at 1.4 V,
attributed to oxygen evolution and polarization. Figure 8c,d
displays the CV and GCD plots of the asymmetric device
Co2O3@CoMo2S4//AC, indicating that the primary energy
storage mechanism involves Faradaic redox reactions.12,13 The
morphology of the CV remains consistent, showcasing the
exceptional efficiency of this nonsymmetrical device even under
a rapid scanning speed of 100 mV s−1. According to eq S1 in
Figure 8e, the Co2O3@CoMo2S4//AC asymmetric super-
capacitor exhibits a specific capacity of 35.29 mAh g−1 at a
current density of 1 A g−1.
Simultaneously, formulas S2 and S3 were employed to

determine power and energy density values. The Co2O3@
CoMo2S4//AC asymmetric device shown in Figure 8f attains an
energy density of 41.66 Wh kg−1 at a power density of 350 W
kg−1, attributed to its high specific capacity and broad
operational voltage range. It maintains a capacity of 12.05 Wh
kg−1 even under high power density conditions of 7000 W kg−1.
Electrochemical impedance spectroscopy (EIS) analysis verifies
the superior reaction kinetics of the asymmetric supercapacitor
electrode (Figure 8g). The experiment proves that the devices

Figure 7. (a) Plots of log(peak current) (i) versus log(scan rate), (v). (b) Capacitance-confined (purple region) and diffusion-controlled (green
region) contribution to charge storage of Co2O3@CoMo2S4 electrode at 10 mV s−1. (c) Relative contribution of capacitance.
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can power red LEDs commonly used in commercial lighting
applications (Figure 8h). This study clearly demonstrates the
significant potential for practical real-world applications.
The cycle stability of the Co2O3@CoMo2S4//AC asymmetric

supercapacitor was evaluated bymeasuring its capacity retention
at a current density of 2 A g−1 (Figure 9a).The capacity retention
after 5500 charge−discharge cycles was approximately 90.85%
of the initial capacity, surpassing comparable asymmetric

supercapacitors. The Co2O3@CoMo2S4//AC asymmetric
supercapacitor exhibits exceptional long-term performance in
practical applications, as evidenced by examples such as
CoMoS4//rGO (86% retention after 10,000 cycles),65

CoMo2S4/NF-120//AC (80.1% retention after 10,000
cycles),66 and CoMoS4 @Ni−Co−S//AC (90.3% retention
after 10,000 cycles).67 The Ragone chart in Figure 9b
demonstrates that supercapacitors can achieve a maximum

Figure 8. Electrochemical performance of the Co2O3@CoMo2S4//AC ASC device: schematic diagram representing the module of ASC device. (a)
CV curves of the as-fabricated negative (AC, blue region) and positive (Co2O3@CoMo2S4, orange region) electrode at the scan rate of 50 mV s−1. (b)
CV profiles at diverse potential ranges at 50 mV s−1. (c) CV profiles at different scan rates. (d) GCD profiles at different current densities. (e) Cs at
different current densities. (f) Energy density at different power densities. (g) EIS curves. (h) Powering an LED light using a Co2O3@CoMo2S4//AC
ASC device.

Figure 9. (a) Cyclic performance of the device at 2 A g−1. (b) Ragone plot of Co2O3@CoMo2S4//AC.
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energy density of 41.66 Wh kg−1 at a power density of 0.35 kW
kg−1. The Co2O3@CoMo2S4///AC ASC device surpasses
previously reported symmetrical and asymmetrical super-
capacitors, such as NiMoS4//AC (35 Wh kg−1),64 CoMoO4//
pureG (31.61Wh kg−1),68 NiCo2S4//AC (28.8Wh kg−1),69 and
CoMoS4//rGO

70 (27.2 Wh kg−1) as shown in Table S2.

4. CONCLUSIONS
In summary, this study introduces an easy method for producing
highly conductive Co2O3@CoMo2S4 composites through a
hydrothermal process. The preprepared Co2O3@CoMo2S4
composites exhibit a core−shell structure with a large specific
surface area, enhancing electron mobility during charge−
discharge cycles and leading to excellent electrochemical
performance. The uniform distribution of active sites within
the core−shell structure enhances rapid charge and ion transfer,
leading to improved electrochemical double layer capacitance
and conductivity in metal sulfides. The Co2O3@CoMo2S4
core−shell structure exhibits a remarkable specific capacitance
of 4951.8 F g−1 at 1 A g−1, with outstanding cyclic stability of
90.85% after 5500 cycles, surpassing the performance of most
reported bimetallic sulfides. The ASC device utilizing the
Co2O3@CoMo2S4 composite as the anode attains an energy
density of 41.66 Wh kg−1 at a power density of 350 W kg−1. A
comprehensive numerical analysis of diffusion and surface
capacitance contributions is performed to investigate the charge
storage mechanism. Undoubtedly, this synthesis approach offers
a straightforward technique for creating bimetallic compound
materials tailored for high-efficiency supercapacitors.
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