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This study highlights the superior electrochemical performance of Cos04/CosS4 composite
nanoparticles for supercapacitors, compared to individual CosO4 and CosS4, synthesized
using sol-gel, co-precipitation, and mechanical alloying methods. The composite combines
pseudocapacitance and electric double-layer capacitance, as evidenced by cyclic
voltammetry. It exhibits a specific capacitance of 722.9 F/g at 0.5 A/g and an energy
density of 73.8 Wh/kg at 405 W/kg. Electrochemical impedance spectroscopy reveals low
charge transfer resistance and excellent cycling stability is achieved, with 98.5%
capacitance retention after 1500 cycles. These results confirm the composite's potential for
high-performance energy storage applications.
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1. Introduction

The overconsumption of fossil fuels has become a significant global issue. One effective
approach to overcome this global issue is to develop renewable energy sources that are cost-
effective, ecologically friendly, highly efficient, and offer sustainable electrical stability [1]. In the
same way, the energy storage capability of devices is also an option that can help to overcome the
energy problem and provide energy in the absence of any energy source. Lithium-ion batteries,
introduced in 1991, have become the best common energy source and are extensively used in
convenient electronic devices. However, their comprehensive application in the automotive
industry is limited due to safety concerns and low energy density (Ed) [2]. As an alternative,
sodium-ion batteries have been anticipated and actively researched due to their inferior reactivity
and the greater abundance of sodium equated to lithium [3].

Additionally, supercapacitors (SCs) are considered capable energy storage devices (ESDs)
due to their extraordinary theoretical Ed and rapid charge/discharge capabilities, making them
superior to batteries [4]. Supercapacitors as critical electrical ESDs have been broadly studied
because of their excellent cyclic stability, best specific power density (Pd), and fast charging-
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discharging rates [5]. The performance of these devices is primarily estimated by electrode
materials (EMs) [6]. The best electrode material considered the major challenge for promoting and
commercializing these capacitors, can be the game changer for this technology [7].

To date, commonly used EMs include, conducting polymer materials (CPMs) [8],
transition metal oxides (TMOs) [9], transition metal sulfides (TMSs) [10], carbon materials (CMs)
[11], and other compounds. However, each of these materials has its shortcomings. For instance,
CMs tend to restack, which reduces their specific surface area—a crucial indicator of performance
[12]. CPMs also face structural collapse during long-term charge/discharge cycles [13]. However,
these shortcomings of CMs and CPMs render them less suitable as electrode materials.

Due to the aforementioned reasons, TMOs got huge attention from researchers due to their
variable oxidation states and high charge storage capacity [14]. TMOs are considered suitable
electrode materials due to their best reversible faradic reactions, attributed to their valence
flexibility. They exhibit several outstanding characteristics, including (i) low cost, (ii) serving as
support materials for numerous noble metal nanostructures [15], (iii) minimizing industrial
operation costs due to their high abundance on Earth [16], (iv) offering appealing catalytic
properties [17] and (v) demonstrating higher energy storage abilities [18]. Due to these causes,
earth-abundant transition metals-based nanostructured materials are considered potential
candidates for electrochemical applications. Recent studies have revealed that TMOs with various
dimensions and unique morphologies possess exceptional specific capacitance and electrochemical
efficiency [19]. However, TMOs comparatively have lower electron conductivity than carbon
materials and CPMs, which may reduce their specific capacity [20]. To address this issue,
significant progress has been made in studying metal sulfides widely used in supercapacitors [21]
and batteries [22].

Transition metal sulfides (TMSs) exhibit adaptable element configurations, extraordinary
crystal assemblies, varied valence positions, and numerous structures [23]. Additionally, TMSs are
low-cost and offer better electrical conductivity than their oxide counterparts due to their smaller
sulfur electronegativity compared to oxygen, making them promising for electrochemical
applications [24]. Cobalt-based sulfides, such as CoS, CoS2, Co3Ss, and CosSs, exhibit different
stoichiometries, crystal structures, and unique electronic, optical, physical, and chemical properties
[25]. Among them, Co3S4 exhibits excellent stability attributed to its best thermal stability and high
electronic conductivity [26]. These properties enable extensive applications in electrochemical
supercapacitors.

Cobalt-based sulfides have significant potential for supercapacitor applications, but their
use is limited by instability, sluggish reaction kinetics, and a tendency to aggregate. Solving these
issues would lead to an increase in energy storage capacity and stability [27]. The most common
approach involves altering the morphology of sulfides based on the Cobalt and combining them
with additional purposeful constituents, namely conductive polymers, precious metal
nanostructures, and carbon materials [28]. Recently, transition metal elements like Ni, Fe, Mn, Cu,
and Zn have been reported to enhance the catalytic aptitude of sulfides based on cobalt [29].

Among transition metal sulfides and oxides, Co304 and CosSs are considered the best
options as EMs for capacitors because of their cost-effectiveness, great theoretical specific
capacity, and relatively small environmental impact [30]. Nevertheless, the deprived cycle stability
of Cos3Ss and the lesser energy density of Co304 remain key limitations to their further
advancement [31]. To tackle these issues, considerable research has focused on developing
composite electrode materials as a straightforward and efficient approach [32]. The heterojunctions
at the interface play the best role in facilitating charge transport and enhancing surface reaction
kinetics by providing an internal electric field [33]. In their study, J. Yan et al. synthesized Co3Oa,
which demonstrated a specific capacitance (Cs) of 261 F/g at a current density of 0.25 A/g [34].
M. Zhu et al. synthesized CosSs4 nanopolyhedra, observing a Cs of 353 F/g at 10 A/g, with a
capacitance retention (Cr) of 86.4% after 5,000 no of cycles at 4 A/g. Additionally, an Ed of 20.7
Wh/kg and a Pd of 716 W/kg were achieved [35]. W. Zhang et al. synthesized N-CoMoO4@C0304
double-shell nanoboxes, achieving a maximum Cs of 520 F/g [36]. Y. Gu et al. synthesized a
PANI/Fe:0s/CNF composite electrode material, exhibiting an impressive Cs of 603 F/g at 1 A/g,
with an E of 18.29 Wh/kg and a P of 500 W/kg [37]. G. Liu et al. prepared a CNF@CoNi(1:4)S
composite, achieving a Cs of 617.78 F/g at 0.5 A/g, with a maximum E of 40.54 Wh/kg and a P of
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6788 W/kg [38]. Thus, the strategy to construct a composite with a rational design can effectively
improve the electrochemical properties of materials [39].

Despite the progress made with cobalt-based sulfides and oxides, developing innovative
materials with distinctive structures and enhanced catalysis for electrochemical applications
remains crucial. In this study, cobalt oxide (Co0s0O4) and cobalt sulfide (CosS4) were combined to
form a Co304/CosS4 nanocomposite using a simple mechanical alloying method. The Cs values at
0.5 A/g were 97.8 F/g for Cos04, 409.8 F/g for CosS4, and 722.9 F/g for the Co0304/C03S4
composite. The composite Co0s0+/CosSs EMs exhibited enhanced electrochemical properties
compared to the individual CosO4 and CosS4 electrode materials.

2. Materials and methods

Cobalt chloride (CoCl,) by Sigma Aldrich, sodium hydroxide (NaOH), and sodium sulfide
(Na;S.xH,0) from BDH were used as starting materials. Deionized (DI) water and ethanol were
used as solvents and washing agents.

The Co304 nanoparticles were prepared using the sol-gel method. In this process, cobalt
chloride and sodium hydroxide (in a 1:2 molar ratio) were each liquefied in 100 ml of distilled
water. The cobalt chloride solution was stirred constantly at 60°C while the sodium hydroxide
solution was added slowly. The mixture was then heated at 80°C for half an hour and repeatedly
washed to eliminate impurities. The final product was air-dried and then annealed at 500°C for 2
hours to improve crystallinity. The sample was subsequently ground to form powder for further
characterization.

The Co3S4 nanoparticles were synthesized using the co-precipitation method. Solutions of
cobalt chloride and sodium sulfide (in a 1:1 molar ratio) were prepared by dissolving each salt in
100 ml of distilled water, followed by constant stirring for 30 minutes. These solutions were then
combined and stirred for an additional hour at 60°C, leading to the formation of light purple
precipitates. The precipitates were thoroughly washed multiple times to remove impurities. The
final product was dried and calcined at 500°C for 2 hours to enhance its crystallinity. It was then
ground into a fine powder for characterization.

A simple mechanical alloying method was employed to synthesize the Co3;04/Co3S4 nano-
composite. Equal ratios of cobalt oxide and cobalt sulfide were mechanically mixed for 3 hours.
The resulting composite was then collected for further analysis.

2.1. Sample characterization

The structural study of materials was carried out by Bruker D8 x-ray diffractometer
(XRD) equipped with Cuk, radiations of 0.154 nm. The morphology of nanostructures was studied
by TESCAN Mira3 field emission scanning electron microscope (SEM). Optical properties were
studied by Photoluminescence measurements (Melles Griot Series 56). Raman spectrum
(Dongwoo) was carried out with by confocal mapping system. The electrochemical measurements
were carried out by the Voltalab (PGZ 402) system.

2.2. Electrochemical studies

A three-electrode system has been employed to explore the electrochemical properties of
the synthesized nanostructures for cyclic voltammetry (CV), galvanostatic charge-discharge
(GCD), and Electrochemical impedance spectroscopy (EIS) measurements. Prepared Co30s, Co3S4,
and Co304/Co3S4 nanostructures used as working electrodes, Pt used as counter electrodes, and
Ag/AgCl used as reference electrodes.

The values of, Cs, Ed, and Pd were measured from GCD using given equations.

. . LAt .
(Specific capacitance) Cs —2 — 6)]
(Energy density) E = CS%AZV (i1)

(Power density) P = 2222 (iii)
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where,
e (s = specific capacitance
e [ = Current
e At = discharge time
e AV =potential change
e M = Active mass
e E  =energy density
e P =power density

3. Results and discussion

The crystalline structure of the prepared cobalt oxide nanostructures was studied utilizing
XRD, as represented in Figure 1. The XRD band of the cobalt oxide sample shows the cubic phase
of Co304 nanostructures with a space group of Fd3m. The observed XRD peaks at diffraction
angles 20 = 31.2°, 36.8°, 38.5°, 44.8°, 55.6°, 59.3°, and 65.2° correspond to the (220), (311),
(222), (400), (511), and (440) planes, respectively. These peaks confirm the cubic phase of Co304
nanoparticles, consistent with the standard data card (JCPDS number 43-1003). Similar findings
have been reported by other researchers as well [40][41].
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Fig. 1. XRD pattern of prepared Co304, C03Sy and their composite Co304/Co3Sy.

The XRD pattern in Figure 1 depicts the crystalline structure of cobalt sulfide
nanoparticles. The pattern indicates a face-centered cubic structure for cobalt sulfide. Detected
XRD peaks at diffraction angles 20 = 20.52°, 27.38°, 37.06°, and 45.12° correspond to the (200),
(220), (311), and (331) planes, respectively, confirming the presence of Co3Ss. These findings
align with standard reference cards [JCPDS 75-1561]. Additionally, a single peak at 31.2° signifies
the crystalline primitive hexagonal CoS phase, indicated by the @ sign. Comparable results have
been observed in previous studies by other researchers [42] who have seen the co-existence of
CoS2, CoS, and Co3S4 nanoparticles after preparation making it difficult to obtain pure cobalt
sulfide phase ComSn due to complex stoichiometry of various such compounds [43], [44]. In the
XRD graph of the Co304 and Co3S4 Nanocomposite, "#" and "*" represent the presence of Co304
and Cos3Ss, respectively. The peaks at 20 = 31.2° and 36.8° correspond to the (220) and (311)
planes of Co304, while peaks at 20 = 20.52°, 27.38°, 37.06°, and 45.12° correspond to the (200),
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(220), (311), and (331) planes of Cos3Ss4, respectively. These peaks confirm the presence of both
C0304 and Co3S4 in the nanocomposite, validating its successful synthesis.
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Fig. 2. SEM images of (a) Co304 (b) Co3S4(c) Co304/Co3Sy, at 500 nm.

The figure 2(a,b,c) depicts scanning electron micrographs at a magnification of 1000 nm,
showing the surface morphology of Co030s4, Co3Ss, and Co304/Co3S4 nanoparticles. Analysis
reveals a nano-rod-like shape for Co3QOs4, a sphere-like morphology for CosS4, and both sphere-like
and nano-rod-like shapes are seen in the composite, as observed in Figures 2- (a), (b), and (c),
respectively. This indicates the successful synthesis of the Co3;04/C03S4 nano-composite.
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Fig. 3 EDS spectra of (a) Co30y, (b) CosSy, and (c) Co304/Co3Sy.

EDX was used to measure the composition of elements in the prepared samples. Figure,
3(a,b,c) shows each element's composition in the synthesized sample. EDX analysis shows that
Co0304, Co3S4, and Co304/Co3S4 samples consisting of Co, O, and S elements confirm the
successful formation of concerned nano-particles.
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Fig. 4. PL spectra of Co30y4, Co3S4, and Co304/Co3Sy at 350 nm.

The photoluminescence (PL) spectrum is the best analysis tool to detect defects such as
oxygen vacancies and interstitials. The size, formation conditions, and morphology of crystals may
change surface states and the density of defects [45]. The high-intensity emission of the nano-
composite is because of the fast recombination rate of the charge carriers [46]. It is interesting to
observe different defect energy levels. The photoluminescence spectra of the prepared
nanostructures (Co304, C03S4, and their nano-composite) revealed a common high-intensity strong
UV emission from the bottom of the conduction band (BCB) to the top of the valence band (TVB)
at 409 nm which is due to the exciton recombination through an exciton-exciton collision process
[47]. The emission peaks at 458 and 478 nm are due to the transition from the state of Co™ which
is from, below the BCB to the TVB [48]. The peak position at 570 nm is attributed to the deep-
level green emission from crystal defects. This green emission is mainly due to point defects and
free electron concentration [49]. This defect might be associated with the transition from donors'
cobalt interstitials, and oxygen vacancy to accepters' cobalt vacancy, and oxygen interstitials [S0].
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Fig. 5. Raman spectra of Co30y4, Co3S4, and Co304/Co3Sy.

The Raman graph of Cos;04 reveals three distinct peaks centered at 456 cm™ (E, mode),
537 cm! (F®,, mode), and 705 cm™! (A, mode), which correspond to the distinctive characteristics
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of the cubic Co304 phase. The band centered at 705 cm™ (Alg mode) is assigned to the octahedral
(CoOes) site, corresponding to the vibrational mode of O7, spectroscopic symmetry. These
vibrational Raman bands reveal the same characteristic bands as those reported earlier for the
cubic Co30y structure [51], [52].

The Raman peaks of CosSs are positioned at 480 cm™!, 609 cm™ and 690 cm™!, consistent
with the Eg, Fa, and Aig modes, respectively. These characteristic peaks are associated with the
Co3S4 structure in the earlier report [53], [54]. These results align well with the XRD data for
CosSa.

The typical peaks of Co3Os centered at 456 cm™! and 705 cm™', and that of Co3S4 centered
at 480 cm™! and 690 cm!, are present in the Co3;04/Co3S4 nano-composite. These peaks can be well
attributed to the vibration modes of each composition.

CV, EIS, and GCD measurements are employed to elucidate the electrochemical
properties of the synthesized EMs for practical use in efficient supercapacitors.
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Fig. 6. (a) CV measurements of synthesized Co304, Co3S4, and Co304/Co3S4 composite at 10 mV/s scan rate.
CV measurements of synthesized (b) Co304, (c) CosSy, and (d) Co304/Co3Ss composite at scan rate ranges
from 10-100 mV/s.

We calculated the electrochemical properties of the fabricated Co3;04 Co03S4 and
C0304/Co3S4 composite nanostructures through CV analysis to reveal their supercapacitor
properties. The figure 6(a,b,c,d) displays the results of the Co030s4 Co03S4 and Co0304/Co3S4
electrodes analyzed at several scan rates (alternating from 10 to 100 mV/s) in the voltage range
from 0.2-0.8 V in an aqueous solution of 2M KOH. During electrochemical reactions, these cobalt-
containing materials (Co3O4 and Co3S4) clearly show the redox behaviors of the metals. This redox
behavior was also seen in an earlier report [55]. The faradaic effect comprises ion immigration
combined with surface-bound redox capacitance, while the non-faradaic process results from
double-layer capacitance [56]. Spanning the scan rate from low to high value can enhance the
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potential of the redox peak, as evidenced by fast-redox reactions that might be happening at the
interface between the electrolyte ions and electrode materials. The consequences of the CV curves
for Co304 and Co3S4 composite show reduction and oxidation peaks. The sharpness of these peaks
indicates the reaction rate. The cathodic and anodic peaks increased with higher sweep rates, yet
their positions remained consistent, suggesting bidirectional ion migration [57]. The redox
behavior of Co3;04 and Co3Ss4 indicates the pseudocapacitive nature of these electrode materials.
Upon careful analysis of the CV results for the Co0s04/Co03Ss EMs, it was observed that the
composite electrodes exhibited a combined contribution of double-layer and pseudocapacitive
behavior, showing ideal capacitive properties with broader redox peaks and a quasi-rectangular
shape. The interaction between Co:O4 and CosSa4 phases in the composite may create a structure
that enables both double-layer and pseudocapacitive charge storage, which may contribute to
reduced internal resistance and more stable performance, beneficial for practical energy storage
applications.

(@) | —— Coaly (b) [——0.25 Alg
Eate —— 0.5 A
400 3°4 400 H — 1 AQ
— Co304/Co35y —15Aq
Co304 —2 Alg
05 A/ =3
. 3 200 ] 2.5 Ag
3 5
EPIN E 200
100 4 00
0 0
T T T T T T T 1 T T L T T :
0 200 400 600 =00 1000 1200 1400 : 0 0o 150 200 20 el
Time (5) Time (S)
—025Ag c z
0saig | 3 ® 2
- i _5‘ I
poc — 1A 4004 2
L5A/g Co304/Co35y 15A/g
2Afg
200 4 —25A/g — 25A/g
= s
& =
= 200 = 200
100 4 1004
0 0

T T T T
0 1000 2000 3000 5000

Time (5) Time (S)
e (€) I G030z ] 0] -503;)4
700 I CosS4 0 [ [ g
[ Co;0,/CosS, [ Co;0,/CosSy

Specilic capacitance (/g
e
&
5
i

05

10 15
Current density (A/g)

20 25

T T T
0 500 1000 1500 2000

T T T
2500 3000 3500

inergy density (Whikg

I
=)
=
N

200

Power density (Wks)

400 600 200 1000 1200 1400 1600 1800 2000 2200

Fig. 7. GCD curves of synthesized Co30y4, Co3S4, and Co304/Co3S4 composite at 0.5 A/g. GCD curves of
synthesized (b) Co304, (c) Co3Sy, and (d) Co304/Cos3Ss composite from 0.25-2.5 A/g. (f) specific capacitance
of synthesized Co30y, Co3S4, and Co304/Co3Sy composite 0.25-2.5 A/g. (g) Energy-power densities of
synthesized Co304, Co3Sy, and Co304/Co3Sy composite.



286

The galvanostatic charge-discharge (GCD) experiment was performed (from 0.25 to 2.5
A/g) to measure the electrochemical supercapacitor properties of the electrode materials. Figure
7(a, b, ¢, d) represents the charge-discharge profiles of the CosO4, C03S4, and C0304/CosSs EMs at
different current densities. The presence of two potential plateaus for CosO4 and CosS4 confirms
the faradaic redox reactions, while the approximately linear and triangular shape of C0304/Co03S4
indicates capacitive behavior, supporting the CV results. All the GCD graphs exhibit symmetrical
behavior, suggesting reversible charge-discharge properties.

The determined Cs values (F/g) are shown in Figure 7(e). The Cs values at 0.5 A/g are
97.8 F/g for Cos04, 409.8 F/g for CosS4, and 722.9 F/g for the C0304/CosSs composite. The
capacitance value of the composite EMs is significantly higher than that of Cos;O4 and CosSa, likely
due to the more electroactive surfaces between the electrode and electrolyte. These sites facilitate
the transport of electrons and ions during the charging and discharging process. Energy densities
0f 9.9, 41.5, and 73.8 Wh/kg were achieved at power densities of 405, 405.1, and 405 W/kg for the
C030a, Co3S4, and C0304/CosS4 electrode materials, respectively.

Table 1. Synthesized electrode materials comparison with reported literature for SCs systems.

Material Specific Current Energy Density Power Capacitance No. of Reference
capacitance density (Wh/kg) density retention (%) | Cycles
(F/g) (A/g) (W/kg)

C0304 97.8 0.5 9.9 405 98.5 1500 This work

Co3S4 409.8 0.5 41.5 405.1 74 1500 This work

Co0304/ Co384 722.9 0.5 73.8 405 98 1500 This work
Co0304 98.39 0.66 18 200 94 5000 [58]
Co0304 (SCS-R) 278 1 111.58 869.45 90 6000 [59]
Co304@NPCS 464 1 98.5 1500 87.2 10000 [60]
Co0304/AC 125 1 25.27 585 93.75 8000 [61]
Co3S4 polyhedra 668 1 20.7 716 81.4 2000 [62]
Co03S4/WS, composite 412.7 1 47.3 512 92 2000 [63]
C03S4/Ni3S4 617.78 0.5 40.54 6788 [38]
MnS/CosSs 627 1 93.2 2000 [64]
(MXene)/CoS,/CuCo, 706.5 1 422 800 96 10000 [65]

S4

Mn-doped Co304 537 1.5 94 1500 [66]

The composite material maintained an E of 73.8 Wh/kg even at a P of 405 W/kg. Among
C0304, CosS4, and their composite (Co3;04/CosS4), the composite electrode exhibited higher Cs and

maintained E at high P, demonstrating the best electrochemical supercapacitive performance.
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The electrochemical stability of Co030s4, Co3Ss, and Co304/Co3Ss composite electrode
materials was tested over 1500 Charge-discharge cycles at a high current density of 50 A/g as
shown in Figure 7(g). The capacitance value of CosS4 drastically decreased to 74% of initial
capacitance after 1500 cycles, whereas Co304 and Co304/Co3S4 retained about 98.5% and 98% of
initial capacitance, respectively, which was higher than that of Co03Ss. Thus, the composite
C0304/Co3Ss exhibits high stability, making it an excellent candidate for electrochemical
supercapacitor applications.
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Fig. 9. (a) Nyquist plot of synthesized Co30y, Co3Ss, and Co304/Co3S4 composite. (b) bode-modulus
impedance plot of synthesized Co30y, Co3Sy, and Co304/Co3Sy composite. (c) bode-phase plot of synthesized
Co30y4, Co3Sy, and Co304/Co3Sy composite.

Figure 8(a,b,c) represents the EIS curves of the electrodes. A Nyquist plot typically
comprises three fundamental components, each corresponding to different resistances encountered
in EIS testing. The x-intercept on the real axis (Z") of the Nyquist plot signifies the equivalent
series resistance (ESR), which includes the inherent resistance of the electrode and the contact
resistance between the electrolyte and the sample. The semicircular portion represents the charge
transfer resistance (Rct), indicating the resistance encountered by charges as they move between
different phases. Furthermore, the location and angle of the diagonal line reveal the mass transport
resistance (Warburg resistance, Rw) and highlight the electrode's capacitive behavior, whether, it
is ideal or non-ideal [67].

To assess the internal resistance and capacitance of the prepared Co3;O4 Co3Ss and
C0304/Co03S4 electrodes, EIS was accompanied across a frequency range spanning from 0.1Hz to
100 kHz. In the Nyquist plot, the solution resistance (Rs) is determined from the x-axis intercept at
high frequencies, the Rct is inferred from the semicircle's diameter, and ion diffusion is assessed
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based on the slope of the linear region at low frequencies. Insight from the Nyquist plot analysis of
the sample electrode reveals a slight deviation towards the x-intercept, with estimated Rs values of
1.6 Q for Cos04 and 1.4 Q for CosSa. In contrast, the Co304/CosSs composite displays a nearly
vertical line, suggesting an almost negligible Rct. The C0304/Co3Ss composite displays a nearly
vertical line indicative of capacitive behavior and ion diffusion process, which transitions to Rw in
the mid-frequency range before deviating toward the impedance axis. This response may result
from phase variations within the composite, as confirmed by the XRD analysis. The higher
Warburg angle is attributed to the diffusion process occurring at the electrode-electrolyte
interfaces, indicating the capacitive behavior of the electrodes.

The Bode plots provide insights into impedance, frequency, and phase angle, with the
frequency (f) axis being logarithmic. Significantly, the impedance observed at low frequencies is
strongly associated with the polarization resistance (Rct), which is influenced by the kinetics of the
electrode reactions [68]. The frequency-phase plot provides valuable insights into the
electrochemical behavior of the material: at high frequencies, it reveals capacitive or resistive
characteristics; in the mid-frequency region, it reflects charge transfer efficiency; and at low
frequencies, it indicates diffusion-controlled processes. The composite exhibits a higher phase
angle in the high-frequency region in the Bode frequency-phase plot, indicating its capacitive
behavior. In the mid-frequency region, the composite exhibits two distinct peaks. These peaks
indicate separate charge transfer and ion diffusion processes, suggesting contributions from both
faradaic and capacitive mechanisms, as corroborated by the CV analysis. These distinct peaks may
be attributed to additional phase layers, as identified in the XRD analysis. This behavior has also
been reported in previous studies, where it was observed to result from interfacial states formed at
the interfaces [69]. The composite material exhibits multiple phase layers, providing multiple
charge storage pathways that are beneficial for energy storage applications in supercapacitors.

In Figure 8(c), the composite exhibits a lower modulus impedance compared to the
individual CosO4 and CosSs materials, suggesting that the composite has lower charge transfer
resistance and enhanced ion diffusion. At a certain frequency, the composite shows a constant
behavior, which could indicate stable capacitance or pseudocapacitive behavior. This may be due
to improved interfacial charge transfer at the boundaries between Co0sOs4 and CosSs, with the
presence of multiple phases also confirmed by XRD and SEM images of the composite. The C03O4
and CosSs composite may have formed a structure with optimized ion transport pathways and
stable charge storage zones at their interfaces, implying reduced energy loss and stable
electrochemical performance, which could make it suitable for practical energy applications.

4. Conclusions

In this study, C030s, CosS4, and a C0304/Co3Ss composite were synthesized using sol-gel,
co-precipitation, and mechanical alloying methods, respectively, and their electrochemical
properties as potential electrode materials were evaluated. XRD and Raman analyses confirmed
the cubic phase of CosO4 and the face-centered cubic phase of CosSa4, with a multiphase structure
in the Cos04/CosSa composite due to the presence of both phases. SEM images revealed rod-like
and spherical morphologies for CosO4 and CosSa, respectively, while the composite exhibited both
forms, suggesting a multiphase structure. EDX confirmed the elemental composition, while
photoluminescence (PL) analysis identified multiple defects such as oxygen vacancies, interstitials,
and phase boundaries in the composite, likely due to the stoichiometric and kinetic distinctions
between Co304 and CosSa.

The electrochemical analysis highlighted the Co0304/CosSs composite's superior
performance. Cyclic voltammetry (CV) revealed redox peaks in Co0sOs4 and CosSs, indicating
pseudocapacitive behavior, while the C0s04/CosS4 composite displayed a quasi-rectangular shape
with small peaks, suggesting a combined contribution from pseudocapacitance and electric double-
layer capacitance. GCD measurements showed Cs of 97.8 F/g for Cos04, 409.8 F/g for CosS4, and
722.9 F/g for the C0s04/Co3S4 composite at 0.5 A/g. The composite also achieved an Ed of 73.8
Wh/kg at a Pd of 405 W/kg, significantly surpassing CosO4 and CosS4 at similar power densities.
Furthermore, EIS showed that the composite exhibited negligible charge transfer resistance (Rct),
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compared to 1.6 Q for CosO4 and 1.4 Q for CosS4, highlighting enhanced charge transfer
capabilities.

Bode-phase plot analysis for the composite showed two distinct phases in the mid-
frequency range, suggesting multiple reaction kinetics, likely linked to ion diffusion and charge
transfer processes. Bode-modulus impedance measurements revealed lower and stable impedance
for the composite over a specific frequency range, indicating stable charge storage behavior and
enhanced electrochemical stability. The composite also demonstrated excellent cycling stability,
retaining 98.5% of its capacitance after 1500 cycles at 50 A/g, outperforming CosO4 (98%) and
CosSa (78%).

Overall, the Cos04/C03S4 composite’s high specific capacitance, superior energy density,
stable high-power performance, low Rct, and robust cycling stability underline its potential as an
efficient and durable energy storage material. These findings underscore the synergistic benefits
arising from the combined Co0304 and CosS4 phases, positioning the composite as the best option
for practical energy storage devices.
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