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Abstract

In this study, we investigated the electrochemical properties and performance charac-
teristics of CoxSy and silicon–carbon-based heterostructures synthesized on nickel foam
substrates for energy storage applications. Cobalt sulfide films were successfully elec-
trodeposited on nickel foam (NF) using cyclic voltammetry (CV) from the solutions with
different Co2+ concentrations. The presence of a silicon–carbon sublayer promotes the
deposition of cobalt sulfide material. The amorphous phase of α-CoS was observed by the
X-ray diffraction technique. Raman spectroscopy confirmed the formation of CoS and CoS2

phases. A significant increase in electrode areal capacitance is observed with the silicon–
carbon film sublayer from 0.5 to 1.3 F·cm−2 and from 1.6 to 2.3 F·cm−2 at 3 mA·cm−2

for samples prepared from solutions with CoCl2·6H2O concentrations of 0.005 M and
0.02 M, respectively. In the case of gravimetric capacitance, an increase is observed in the
presence of a silicon–carbon sublayer for the SiC@CoS_0.005 sample, rising from 690 F·g−1

to 748 F·g−1 at 4 A·g−1. Conversely, the SiC@CoS_0.02 sample shows a decrease from
1287 F·g−1 to 6590 F·g−1. It was shown that the capacitance of all the electrodes derives
from the mix of diffusion-controlled and surface-controlled capacitance processes. The
electrochemical impedance spectroscopy (EIS) analysis indicates that the formation of
heterostructure materials significantly alters the electrochemical properties by reducing
both Rf and Rs.

Keywords: cobalt sulfide; silicon–carbon heterostructure; electrodeposition; capacitance;
synergistic effect

1. Introduction
Recently, semiconductor-based sulfur materials have attracted significant attention

due to their remarkable chemical and physical properties, making them suitable for various
advanced applications, including energy storage and conversion [1,2], catalysis [3], solar
energy harvesting [4], and wastewater treatment [5]. Continued progress in this field is
essential for improving the efficiency and sustainability of emerging technologies. At the
same time, the development of such materials must address economic and environmen-
tal considerations, including cost-effective synthesis and sustainable resource utilization.
Among different sulfur-based materials, cobalt sulfides, particularly CoS, Co9S8, Co4S3,
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and CoS2, have emerged as some of the most extensively investigated systems due to their
tunable compositions, rich redox chemistry, and promising electrochemical behavior.

The integration of cobalt sulfide-based electrodes into supercapacitor systems, par-
ticularly through hybridization with carbon-based materials, offers several significant
advantages for improving the performance and efficiency of energy storage devices. Such
hybrid structures combine the high theoretical capacitance and rich redox activity of cobalt
sulfides with the excellent electrical conductivity, mechanical stability, and large surface
area of carbon materials, resulting in improved charge transport, enhanced electroactive
surface sites, and superior overall electrochemical behavior.

Incorporating conductive carbon materials such as activated carbon or graphene with
cobalt sulfide can significantly enhance the overall electrical conductivity of the electrode.
This synergistic interaction promotes efficient charge transport and accelerates the electron
transfer, which is essential for achieving the rapid charge–discharge behavior required in
high-performance supercapacitors [6,7]. Similarly, integrating cobalt sulfide with silicon–
carbon materials can further improve mechanical stability and electrochemical activity due
to the strong interfacial coupling between the components [8]. Although cobalt is relatively
expensive compared to some alternative materials, combining cobalt sulfide with abundant
and cost-effective carbon structures remains economically viable. Moreover, the high energy
density and superior electrochemical performance achieved by such hybrid electrodes can
justify the investment in cobalt sulfide-based systems for targeted applications [9].

Numerous synthesis techniques including hydrothermal, solvothermal, sonochem-
ical, and sol–gel methods have been widely employed to fabricate CoxSy materials with
diverse morphologies and phase compositions. Among these, electrochemical deposi-
tion is particularly noteworthy, as it enables the direct formation of active materials on
conductive substrates without the need for additional binders [3,4]. Despite the progress
made in developing cobalt sulfide (CoxSy) systems, a deeper understanding of how specific
electrodeposition parameters influence the resulting material properties is still required.
The fabrication of CoxSy thin films through electrodeposition remains relatively underex-
plored, and further systematic studies are necessary to elucidate its full potential. Moreover,
only a limited number of reports have investigated the application of CoxSy materials in
supercapacitor systems [10–13].

Methods for forming metal sulfide–carbon composites include one-pot synthesis ap-
proaches utilizing precursors such as metal–organic frameworks [14] or biomass-derived
materials [15], in situ strategies in which metal sulfides are generated within a pre-formed
carbon matrix [16], and post-synthesis routes that combine pre-constructed carbon frame-
works with metal sulfide components [17]. The development of carbon–cobalt sulfide
heterostructures is driven by the desire to harness the synergistic interactions between both
components—pairing the high electrical conductivity and structural stability of carbon-
based materials with the rich redox activity and high specific capacitance inherent to cobalt
sulfides. This integrated approach addresses the limitations of the individual materials and
enables enhanced electrochemical performance.

In this work, cobalt sulfide was synthesized on nickel foam substrates pre-coated with
a silicon–carbon sublayer to improve electrochemical behavior. Additionally, the influence
of the Co2+ ion concentration in the electrodeposition electrolyte on the surface morphology
and specific capacitance of the resulting electrodes was systematically examined for their
potential application in supercapacitors.
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2. Materials and Methods
2.1. Experimental Materials

Cobalt(II) chloride hexahydrate (CoCl2·6H2O) (OOO NPP “Aquatest”, Rostov-on-don,
Russia), thiourea (CH4N2S) (OOO NPP “Aquatest”, Rostov-on-don, Russia), potassium
chloride (KCl) (Component-Reagent LLC, Moscow, Russia), carbon plates (Shijiazhuang
Nalai Biotechnology Co., Ltd., Shijiazhuang, Hebei, China), nickel foam (NF) (Wuzhou
HGP Advanced Materials Technology Co., Ltd., Wuzhou, Guangxi, China), hydrochloric
acid (HCl) (Sigma Tech, Moscow, Russia), methanol (CH3OH) (Chimmed, Moscow, Russia),
hexamethyldisilazane (HMDS) (AO “EKOS-1”, Moscow, Russia), and potassium hydroxide
(KOH) (AO “EKOS-1”, Moscow, Russia) were used as received. Bidistilled water (H2O)
was prepared via a second distillation step from pre-distilled water. All chemicals and
materials were utilized without further purification.

2.2. Characterization

The phase composition of the materials was confirmed with Raman spectroscopy using
DXR 3xi Raman imaging microscope (Thermo Fisher Scientific, Waltham, MA, USA) with
532 nm laser at 5 mW. The X-ray diffraction (XRD) spectra were collected with a diffractometer
ARL X’TRA,Thermo Fisher Scientific, Ecublens, Switzerland) using Cu Kα radiation (1.5406 Å).
The crystallite size was estimated from the Scherrer equation. The morphological analysis was
performed using scanning electron microscopy (Nova Nanolab 600, Thermo Fisher Scientific,
Eindhoven, The Netherlands) coupled with Energy-dispersive X-ray Spectroscopy (EDX)
(Edax Ametek Genesis, DAX (AMETEK Inc.), Mahwah, NJ, USA).

The mass of the deposited material was determined using a DA-125DC analytical
balance (Kern & Sohn GmbH, Balingen, Germany) (discreetness of 0.00001 g/0.0001 g).

X-ray photoelectron spectroscopy (XPS) analysis was performed on an Escalab
250Xi spectrometer (Thermo Fisher Scientific, East Grinstead, UK) equipped with a
monochromatic Al Kα X-ray source (hν = 1486.6 eV). All spectra were acquired using
a 650 µm X-ray spot at a constant pass energy of 50 eV. The overall experimental energy
resolution was approximately 0.3 eV. Measurements were conducted at room temperature
under ultrahigh vacuum conditions, maintaining a base pressure of ~1 × 10−9 mbar. To
mitigate the sample charging effects, a combined electron and low-energy argon ion flood
gun system was employed throughout the analysis.

2.3. Electrode Preparation

In this study, cobalt sulfide samples were synthesized through electrochemical deposition
from solutions of 0.005 M and 0.02 M CoCl2·6H2O in conjunction with 0.75 M thiourea (50 mL).
A high molar ratio of thiourea (TU) to metal ions in electrodeposition is a critical factor for
controlling the properties of the resulting cobalt sulfide deposit, primarily by facilitating the
formation of a single-source precursor complex like the [Co(TU)]n cation [18,19].

The electrochemical process was conducted using a potentiostat-galvanostat (P-45X,
Elins Ltd., Chernogolovka, Russia) within a standard three-electrode electrochemical cell
configuration. The reference electrode utilized was an Ag/AgCl electrode with a con-
centration of 3.5 M KCl, while the counter electrode was a carbon plate. The working
electrode comprised a nickel foam substrate with dimensions of 40 mm × 10 mm. Prior to
deposition, the nickel foam was pre-treated using a 10% hydrochloric acid (HCl) solution
and subsequently rinsed thoroughly with bidistilled water to ensure a clean surface.

Electrochemical deposition was performed via cyclic voltammetry, employing a po-
tential range from −1240 mV to 160 mV. The scanning rate was maintained at 5 mV s−1,
and a total of 17 deposition cycles were executed. The choice of cobalt sulfide deposition
cycles number was based on preliminary research (Figure S1).
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Composite samples featuring a silicon–carbon sublayer were fabricated using the
following procedure described earlier [20–22]. A silicon–carbon film was deposited onto
a nickel foam substrate from a solution of methanol (CH3OH) and hexamethyldisilazane
(C6H19NSi2) in a 9:1 ratio. The deposition process was conducted utilizing a stationary
current source (Hansheng Puyuan HSPY-1000-003, Shanghai Hansheng Puyuan Electric
Co., Ltd., Shanghai, China). The substrate was positioned on the negative electrode
(cathode), while a carbon plate served as the positive electrode (anode), with a separation of
approximately 6 mm between them. The deposition was continued for 40 min at a voltage
of 100 V. Following this, cobalt sulfide was deposited on the silicon–carbon film using the
same method.

As a result, several samples were produced: a pure silicon–carbon film (SiC), cobalt
sulfide samples deposited from 0.02 M and 0.005 M solutions (designated as CoS_0.02 and
CoS_0.005), as well as cobalt sulfide samples with a silicon–carbon sublayer (identified as
SiC@CoS_0.02 and SiC@CoS_0.005).

2.4. Electrochemical Characterization

Electrochemical characterization was performed in a three-electrode system where the
working electrode was nickel foam (NF) with deposited electrode material. Platinum electrode
served as a counter electrode and Ag/AgCl as reference electrode with a concentration of
3.5 M KCl in 1 M KOH as electrolyte. The working electrode was made from the large
sample (Section 2.3) by cutting off a part. The area of the working electrode covered with the
electrode materials was 1 cm2. A potentiostat-galvanostat (P-45X, Elins Ltd., Chernogolovka,
Russia) was used to test the electrode for cyclic voltammetry (CV), and Galvanostatic charging
discharging (GCD) and electrochemical impedance spectroscopy (EIS) with a frequency range
of 0.01 Hz–10 MHz at 10 mV of Alternating Current Voltage (AC).

3. Results and Discussion
3.1. Electrochemical Deposition

The cyclic voltammograms corresponding to the electrodeposition of cobalt sulfide
are presented in Figure 1a–d. The deposition profiles display two well-defined redox peaks.
With an increasing number of deposition cycles, both the oxidation and reduction peaks
gradually shift oxidation peaks move toward more negative potentials, while reduction
peaks shift toward more positive potentials. Simultaneously, the anodic and cathodic
current densities progressively increase. The enhancement of peak currents at higher
Co2+ concentrations is attributed to the greater availability of metal ions at the electrode–
electrolyte interface. An elevated ion concentration promotes a higher rate of charge
transfer, leading to increased current response, provided the process is not restricted by
diffusion or mass-transport limitations [23]. Recent studies [3] have proposed a mechanistic
pathway for metal sulfide formation during electrochemical deposition. In this pathway,
thiourea initially interacts with Co2+ ions and hydroxide ions to form a complex species,
typically represented as (NH2)2CS·Co2+·OH−. This intermediate subsequently decomposes
to generate cobalt sulfide according to the following reaction sequence:

Co2+ + CS (NH 2)2 + 2OH− ⇌ Co(OH)2CS(NH2)2 → CoS + H2NCN (1)
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(a) (b) (c) 

 

 

 

(d)  (e) 

Figure 1. Electrochemical behavior of different electrolyte substrate systems on nickel foam:
(a) CoS_0.005; (b) CoS_0.02; (c) SiC@CoS_0.005; (d) SiC@CoS_0.02; and (e) SiC.

The deposition curve of the silicon–carbon film is shown in Figure 1e. At the initial stage,
a rise in current is observed, which is attributed to the dissociation of organic molecules in
the methanol–HMDS solution, resulting in increased ionic conductivity. As the deposition
progresses, the concentration of dissociable functional groups decreases, leading to a gradual
decline in conductivity and, consequently, a reduction in current over time [24].

Table 1 summarizes the mass loadings of the deposited materials for the CoS and
SiC@CoS samples. The data clearly demonstrate that the presence of a silicon–carbon sub-
layer significantly enhances the deposition of cobalt sulfide. For instance, the mass loading
of CoS increased from 0.5 mg·cm−2 for CoS_0.005 to 2.0 mg·cm−2 for SiC@CoS_0.005, and
from 1.2 mg·cm−2 for CoS_0.02 to 3.5 mg·cm−2 for SiC@CoS_0.02. This pronounced mass
gain indicates that the SiC sublayer promotes more efficient nucleation and growth of the
cobalt sulfide phase, likely due to improved surface conductivity and increased number of
active sites for electrodeposition.

Table 1. Masses of the deposited materials for CoS and SiC@CoS samples, showing the enhanced
CoS deposition in the presence of the silicon–carbon sublayer.

Sample CoS_0.005 CoS_0.02 SiC@CoS_0.005 SiC@CoS_0.02 SiC

Mass of the deposited
material (mg·cm−2) 0.5 1.2 2.0 3.5 0.8
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3.2. Morphological and Compositional Study

The morphological characteristics of the cobalt sulfide thin films synthesized via elec-
trochemical deposition were examined using scanning electron microscopy (SEM). Figure 2
presents the SEM images of samples grown on nickel foam substrates from electrolytes
containing different concentrations of cobalt ions. All cobalt sulfide-based samples exhibit a
cloud-like morphology composed of thin, wrinkled nanosheets. This sheet-like architecture
is typical for amorphous sulfide materials, which lack long-range crystalline order and
grain boundaries (Figure 2a–d). The amorphous nature is further supported by the broad
and diffused halo observed in the XRD patterns (Figure 3b). For samples prepared from the
higher Co2+ concentration (0.02 M), the deposited films display a denser and more compact
morphology compared to those obtained from the lower concentration precursor (0.005 M)
(Figure 2c,d). Such morphological differences arise from the increased availability of metal
ions during nucleation and growth. The presence of an amorphous structure—with abun-
dant defects, unsaturated coordination sites, and the absence of grain boundaries—can
significantly enhance electrochemical performance by facilitating ion diffusion and increas-
ing active surface area. This improvement is particularly advantageous in energy storage
systems such as supercapacitors and batteries [25–27].

   
(a) (b) (c) 

  

 

(d) (e) (f) 

Figure 2. SEM images: (a) CoS_0.005; (b) CoS_0.02; (c) SiC@CoS_0.005; (d) SiC@CoS_0.02; (e) SiC;
and (f) EDX spectra of CoS_0.005 sample.
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(d)  (e) 

Figure 3. (a) Survey spectra, (b) Co 2p spectra, and (c) S 2p spectra of CoS and SiC@CoS, (d) Si 2p
spectrum, and (e) C 1s spectrum of SiC@CoS.

The chemical composition of the electrodeposited cobalt sulfide film was analyzed using
EDX, and the corresponding spectrum is shown in Figure 2f. The clear presence of cobalt
and sulfur peaks confirms the successful formation of the cobalt sulfide film. The detected
carbon (C) and nitrogen (N) signals are attributed either to surface contamination from air
exposure [28] or to adsorbed CN− and NH4

+ species originating from the electrolyte [29].
Oxygen (O) and nickel (Ni) signals arise from the underlying substrate. Trace amounts of
chlorine likely originate from chloride-containing components in the electrolyte solution.

3.3. X-Ray Photoelectron Spectroscopy (XPS)

To verify the chemical states of cobalt and sulfur and evaluate the effect of the silicon–
carbon interlayer on the electronic structure of the deposited films, X-ray Photoelectron
Spectroscopy (XPS) analysis was performed for the CoS and SiC@CoS samples (Figure 3).
In the Co 2p region of the CoS sample, the Co 2p3/2 peak located at 781.4 eV and its satellite
at 785.8 eV, together with the Co 2p1/2 peak at 797.2 eV (satellite at 803.2 eV), indicate the
coexistence of Co2+ and Co3+ species. This mixed-valence state is characteristic of cobalt
sulfides and directly contributes to the Co2+ /Co3+ Faradaic redox behavior observed in
the CV curves. The sulfur 2p spectrum shows S 2p3/2 and S 2p1/2 peaks at 162.5 and
164.4 eV, confirming S2−/S2

2− associated with Co–S bonding. Minor peaks at 168–169 eV
correspond to oxidized sulfur species formed due to surface exposure to air. For the
heterostructure SiC@CoS sample, the Co 2p3/2 peak appears at 779.7 eV with a satellite at
784.2 eV, significantly shifted toward lower binding energies relative to pure CoS. This shift
indicates stronger electronic interaction between the CoS layer and the underlying Si–C
substructure, suggesting partial electron transfer from SiC toward Co, which stabilizes Co2+
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species. Such interfacial electronic modulation is known to facilitate faster redox kinetics,
aligning with the enhanced electrochemical performance of SiC@CoS_0.005. It can be found
from Figure 3b that the content of Co2+ and Co3+ are 80% and 20% for SiC@CoS, and 84%
and 16% for CoS. The S 2p region shows peaks at 162.2 and 163.8 eV, confirming preserved
Co–S bonding, while the reduced intensity of S–O contributions indicates that the SiC layer
improves surface stability. The Si 2p spectrum contains peaks at 100.6 eV (Si–N), 102.5 eV
(Si–C), and 104.7 eV (Si–O), verifying the composition of the silicon–carbon film. The C 1s
spectra further support the presence of C–Si, C–C, C–O, and C–N bonds. Overall, XPS
results confirm the mixed-valence nature of cobalt in both samples and reveal significant
electronic coupling at the SiC/CoS interface, which contributes to the improved capacitive
behavior of the heterostructure electrodes.

3.4. Raman and XRD Analysis

Raman spectroscopy was employed to investigate the structural characteristics of the
electrodeposited materials and to confirm their successful growth on the NF substrate.
The Raman spectra (Figure 4a) reveal two distinct groups of peaks: bands at 253, 315,
and 359 cm−1 correspond to the characteristic vibrational modes of CoS2, consistent with
previously reported data [26,30], while the peaks located at 450, 525, and 690 cm−1 are
attributed to the CoS phase [26,31]. For the silicon–carbon sample, the characteristic
graphite vibrational modes (D and G bands) are clearly observed at 1356 and 1583 cm−1,
respectively [32]. Additionally, the peak at 2324 cm−1 lies within the region typically
associated with second-order Raman features, indicating its possible assignment as a
second-order band of carbonaceous materials [33]. Several Raman bands in the range of
200–700 cm−1 correspond to SiC polytypes, including 6H-SiC (177, 241, 273, 298, 482 cm−1)
and 15R-SiC (321, 350 cm−1) [34]. All spectra also exhibit prominent substrate-related
features between 849 and 998 cm−1, which can be attributed to hydrated nickel species,
likely nickel hydroxides or oxides previously reported to show bands in the 550–950 cm−1

region, with a notable feature near 840 cm−1 [35–37]. A strong peak at 1064 cm−1, also
associated with the substrate, corresponds to the NiO phase [38].

 
(a) (b) 

Figure 4. (a) Raman spectra and (b) XRD spectra of the materials.

According to the XRD patterns (Figure 4b), the electrodeposited materials exhibit an
amorphous structure. The amorphous α-CoS phase is characterized by the absence of
sharp diffraction peaks and the presence of a broad, nonlinear background hump at low
diffraction angles, consistent with the literature reports [39]. The diffraction peaks observed
at 44.2◦, 51.6◦, and 76.1◦ correspond to the (111), (200), and (220) planes of the nickel foam
substrate, respectively [40].
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3.5. Electrochemical Study
3.5.1. Cyclic Voltammetry (CV)

Cyclic voltammetry measurements were carried out at scan rates of 10–100 mV·s−1 in
a three-electrode configuration using Ag/AgCl (3.5 M KCl) as the reference electrode and
1 M KOH as the electrolyte (Figure 5a–e). The CV curves of the cobalt sulfide electrodes are
relatively symmetrical and display two pairs of well-defined redox peaks corresponding to
Faradaic transformations involving cobalt oxidation states (Co2+/Co3+). According to the
literature, the two anodic peaks are associated with the oxidation of CoS to CoSOH, followed
by the conversion of CoSOH to CoSO, along with related cobalt redox transitions [13]:

CoS + OH− ⇆ CoSOH + e− (2)

CoSOH + OH− ⇆ CoSO + H2O + e− (3)

   
(a) (b) (c) 

   
(d) (e) (f) 

Figure 5. CV curves of (a) CoS_0.005; (b) CoS_0.02; (c) SiC@CoS_0.005; (d) SiC@CoS_0.02; (e) SiC;
(f) at 50 mV·s−1 in comparison to NF.

The symmetry and clarity of the redox peaks indicate favorable electronic and ionic
conductivity of the cobalt sulfide films, enabling efficient charge storage behavior. As the
scan rate increases, the anodic peaks shift to more positive potentials and the cathodic
peaks shift to more negative potentials, accompanied by an increase in peak current density.
This behavior is characteristic of diffusion-controlled Faradaic processes, where ion trans-
port limitations begin to influence the electrochemical response at higher scan rates [13].
For electrodes incorporating a silicon–carbon underlayer, both anodic and cathodic cur-
rents increase noticeably (Figure 5c,d). This enhancement is attributed to the improved
electrochemical activity resulting from the increased mass loading of the active material
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and reduced diffusion resistance offered by the conductive Si–C layer [41]. The enclosed
area of the CV curves varies among the electrodes at identical scan rates, reflecting clear
differences in electrochemical storage capacity. These variations arise from distinctions in
surface morphology, structural features, and accessible electroactive surface area, which de-
termine the number of available redox sites [42,43]. To further assess the redox behavior, the
dependence of peak current density (ip) on scan rate (ν) was analyzed. Their relationship
typically follows the power-law expressions [44,45]:

ip = αυb (4)

log (i p

)
= blog (υ)+log(α) (5)

where ip is the peak current density, ν is the scan rate, α is an adjustable constant, and b is
the slope of the log–log plot.

A b-value of 0.5 indicates that the electrode reaction kinetics are predominantly gov-
erned by diffusion-limited redox processes, which are characteristic of battery-type or
pseudocapacitive behavior. In contrast, a b-value approaching 1.0 represents ideal ca-
pacitive behavior, typical of electrochemical double-layer capacitance. In our study, the
b-values extracted from the peak current versus scan rate plots (Table S1) show that all
electrodes exhibit a mixed charge-storage mechanism, involving both diffusion-controlled
and surface-controlled capacitive contributions [46]. However, the b-value of the SiC-based
electrode is notably closer to 0.5, suggesting that its charge-storage process is more strongly
diffusion-controlled, consistent with battery-like behavior. The relatively lower b-value
indicates that ion insertion and extraction play a more dominant role in the SiC electrode.
This behavior can enhance ion-transport efficiency, potentially improving overall electro-
chemical performance. The structure of SiC providing favorable channels for rapid ion
movement likely contributes to improved charge storage, higher effective capacitance, and
better cycling stability in SiC-containing composites.

The capacitive and diffusion contributions to the total current response can be quanti-
fied using the following relationship:

i(υ) = k1υ + k2υ
1
2 (6)

where i is the current at a fixed potential V, k1 and k2 are constants, and ν is the scan rate.
By plotting the current (i) against the square root of the voltage (υ

1
2 ), we can ascertain

the constants k1 and k2, which allows us to directly evaluate the contributions of capacitance
(k1υ) and diffusion (k2υ

1
2 )-controlled processes [47].

Figure 6 illustrates the relative contributions of these two processes at various scan
rates for all electrodes. As the scan rate increases, the time available for ion diffusion
decreases, leading to a reduction in the diffusion-controlled contribution. The SiC elec-
trode exhibits the highest fraction of diffusion-controlled charge storage, reinforcing its
predominantly pseudocapacitive nature [48] (Figure 6e).
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(a) (b) (c) 

 

 

 
(d)  (e) 

Figure 6. Relative contribution of the capacitive and diffusion-controlled charge storage at different
scan rates of (a) CoS_0.005; (b) CoS_0.02; (c) SiC@CoS_0.005; (d) SiC@CoS_0.02; and (e) SiC.

3.5.2. Galvanostatic Charging Discharging (GCD) and Stability Tests

GCD measurements were performed within a potential window of 0–0.5 V at various
current densities. The GCD curves obtained at 10 mA·cm−2 are shown in Figure 7a and
Figure S2. The pronounced nonlinearity in both the charging and discharging segments
confirms the partial pseudocapacitive nature of the electrode materials, consistent with
the redox processes identified in the CV analyses [22]. The GCD profiles exhibit two
distinct potential reduction regions: a rapid discharge zone at the beginning, and a slower
discharge region thereafter, indicating excellent capacitive behavior and efficient charge
storage capability.

The areal capacitance (Cs) and gravimetric capacitance (Cg) were calculated using the
well-known equations:

Cs =
I ×△t
△U × S

, Cg =
I ×△t

△U × m
(7)

where I/S or I/m is current density (A·cm−2 or A·g−1); △t is discharge time (s); △U is the
potential window (V) and S and m are the electrode area and active material mass, respectively.

A noticeable improvement in areal capacitance is observed for the electrodes in-
corporating the silicon–carbon sublayer. At 3 mA·cm−2, the capacitance increases
from 0.5 to 1.3 F·cm−2 for samples prepared from the 0.005 M Co precursor and from
1.6 to 2.3 F·cm−2 for the 0.02 M samples (Figure 7b). This enhancement arises from the
broader operational current density range and improved charge-storage efficiency imparted
by the SiC underlayer.

https://doi.org/10.3390/chemengineering10020029

https://doi.org/10.3390/chemengineering10020029


ChemEngineering 2026, 10, 29 12 of 19

  
(a) (b) (c) 

  

 

(d) (e)  

Figure 7. (a) Charge–discharge curves at 10 mA·cm−2. (b) Dependence of areal capacitance on
current density. (c) Dependences of gravimetric capacitance vs. current density. Stability of electrodes
at (d) 7 mA·cm−2 and (e) 21 mA·cm−2.

The silicon–carbon layer enhances the electrical conductivity of the heterostructure
electrode, facilitating rapid electron/ion transport and improving overall capacitive perfor-
mance [49]. For gravimetric capacitance (Figure 7c), the SiC@CoS_0.005 electrode shows an
increase from 690 F·g−1 (CoS_0.005) to 748 F·g−1 (SiC@CoS_0.005) at 4 A·g−1. However,
the SiC@CoS_0.02 electrode exhibits a decrease from 1287 F·g−1 (CoS_0.02) to 590 F·g−1

(SiC@CoS_0.02). This reduction is attributed to the significantly higher mass loading and
greater density of the SiC@CoS_0.02 sample, as evidenced by morphological analyses.
Thicker and denser electrodes introduce substantial diffusion limitations: electrolyte ions
must travel longer distances to access deeper active regions, ion transport becomes re-
stricted at higher current densities, electrochemical reactions occur predominantly at the
outer surface layers, the inner regions remain underutilized, which collectively reduce
the effective gravimetric capacitance despite increased areal capacitance. As a result, the
capacitance per unit mass declines as the electrode thickness increases.

Furthermore, the specific capacitance decreases with increasing current density
(Figure 7b), which is attributed to bulk diffusion limitations. At higher discharge cur-
rents, ions are unable to fully penetrate the internal pores and bulk of the electrode within
the shortened timescale [6].

The cycling stability tests were conducted at current densities of 7 mA·cm−2 and
21 mA·cm−2. for all electrodes (Figure 7c,d). After 3500 charge–discharge cycles, the capac-
itance retention values were found to be: ~60% (CoS_0.005), ~40% (SiC@CoS _0.005) and
57% (CoS_0.02), ~66% (SiC@CoS _0.02). Among all samples, the SiC@CoS_0.02 electrode
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exhibits the best overall performance at 21 mA·cm−2
, showing both enhanced capacitance

and improved long-term durability (for SiC@CoS_0.02). Special attention should be paid to
the long-term durability of the SiC@CoS_0.005 sample. A significant drop in capacitance of
36% is observed after the first 100 cycles, and after 500 cycles, the capacitance stabilizes and
remains constant up to 3500 cycles. This improvement can be attributed to the synergistic
effect between the cobalt sulfide active layer and the silicon–carbon underlayer, which
enhances electrical conductivity and promotes stable ion transport during repeated cycling.
The gradual decrease in capacitance observed for all electrodes may result from the progres-
sive blockage of pores due to electrolyte ion diffusion and accumulation on the electrode
surface. This phenomenon has been previously reported; for example, Co9S8 electrodes
showed a capacitance retention of only 53.3% after 2000 cycles at 10 mA·cm−2 [6] illus-
trating that capacity fading is common in sulfide-based systems under prolonged cycling.
A comparison of the present results with recently reported cobalt sulfide/carbon-based
electrodes (Table 2) demonstrates that the electrochemical performance of our syntcarhe-
sized electrodes is comparable or superior to those reported in the literature. Notably, the
electrodes developed in this study are capable of operating effectively at higher current
densities, highlighting their strong potential for practical supercapacitor applications.

Table 2. Comparative characteristics of recently reported cobalt sulfide and carbon-based electrodes.

Material Electrolyte Specific
Capacitance

Current
Density/Scan Rate

Cycle Stability
(Capacitance

Retention)
Ref.

Carbon
nanotubes(CNT)/CoS 1 M KOH 2000 F·g−1

1000 F·g−1
10 mV s−1

100 mV s−1 1500 cycles (91%) [7]

Zeolitic Imidazolate
Framework -Derived

Nanoporous Carbon and
Cobalt Sulfide

2 M KOH 677 F·g−1 100 mV s−1 1600 cycles (74%) [50]

Cobalt sulfide
nanoparticles

on carbon cloth
2 M KOH 382.3 F·g−1 5 mV s−1 5000 (97%) [51]

Yolk−Shell-Structured
Nickel Cobalt Sulfide and

Carbon Nanotube
Composite

2 M KOH 464.8 F·g−1 1 A·g−1 8000 cycles
(91.3%) [52]

Cobalt sulfide/graphen 2 M KOH 2603 F·g−1 5 A·g−1 3000 (150%) [17]

SiC@CoS_0.02 1 M KOH 1.55 F·cm−2

(426 F·g−1)
21 mA·cm−2

(6 A·g−1)
3500 (66%) This work

SiC@CoS_0.005 1 M KOH 1.04 F·cm−2

(598 F·g−1)
7 mA·cm−2

(3.5 A·g−1)
3500 (40%) This work

3.6. Electrochemical Impedance Spectroscopy (EIS)

Electrochemical impedance spectroscopy was employed to investigate the charge-
transfer kinetics, ion diffusion behavior, and interfacial processes occurring in the prepared
electrodes. The Nyquist plots along with the corresponding fitted equivalent circuits are
presented in Figure 8. The fitting quality is high, with R2 values ranging from 0.98 to 0.99,
and the errors associated with the fitted circuit parameters remaining below 13% (Table 3).
Based on the EIS results, the samples can be classified into two groups depending on the
dominant electrochemical process: one group exhibits primarily capacitive behavior, while
the second displays behavior governed by diffusion-controlled processes. The general-
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ized equivalent circuit used for fitting consists of the solution resistance (Rs), constant
phase element (CPE), charge-transfer resistance (Rf), and the Warburg diffusion element
(W), which accounts for semi-infinite ion diffusion within the electrode matrix [53]. The
equivalent series resistance (Rs) ranges between 0.87 Ω and 1.54 Ω. The lowest value
is recorded for the SiC@CoS_0.005 electrode, indicating superior electrical conductivity
and improved interfacial contact between the electrode and electrolyte, thereby reducing
ohmic losses [54]. In contrast, the CoS_0.02 sample exhibits the highest Rs, which may
be attributed to the higher electrolyte viscosity at increased precursor concentration and
the less uniform, denser morphology of the active material, hindering ion transport path-
ways. In the presence of silicon–carbon sublayer the Rs value become lower due to the
electronic interaction between the CoS layer and the underlying Si–C substructure (XPS
study) (Table 3) declaring the faster ion transport and enhanced capacity.

   
(a) (b) (c) 

 

 

 
(d)  (e) 

Figure 8. Nyquist plots of the electrodes: (a) CoS_0.005; (b) CoS_0.02; (c) SiC@CoS_0.005;
(d) SiC@CoS_0.02; and (e) SiC.

Table 3. Equivalent circuit parameters extracted from the EIS analysis of the electrodes.

Rs CPE-T1 CPE-P1 Rf1 CPE-T2 CPE-P2 Rf2 W-R W-T W-P

SiC 0.94165
(1.6%)

0.00311
(2.9%) *

0.81055
(0.8%)

1607
(2.9%)

0.003414
(2.2%)

0.72706
(2.3%) - - - -

SiC@CoS_0.02 1.109
(0.6%)

0.17803
(8.2%)

0.42947
(3.4%)

1.514
(6.5%) - - - 7.41

(5.9%)
6.916

(6.7%)
0.62578

(2%)

CoS_0.005 1.133
(0.8%)

0.0073565
(5.8%)

0.770074
(1.3%)

14.18
(6.6%) - - - 39.29

(11.7%)
2.788

(12.8%)
0.35671
(4.66%)

CoS_0.02 1.535
(1.2%)

0.0155
(11.5%)

0.685
(3.3%)

2.447
(4.24%) - - - 8.645

(3.2%)
15.31

(1.7%)
0.35725
(12.5%)

SiC@CoS_0.005 0.87615
(1.5%)

0.07478
(1.9%)

0.51386
(5.7%)

72
(4.6%)

0.068861
(9.9%)

0.53236
(4.5%)

365
(10.3%)

76
(6.9%)

0.167
(7.2%)

0.76
(5%)

* Error.
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To account for surface heterogeneity, roughness, and porosity of the electrodes, a
constant phase element (CPE) was applied in the impedance fitting. The phase index
(CPE-P) ranges from 0.43 to 0.81. The relatively high CPE-P value (0.81055) for the SiC
sample indicates a smoother and more uniform surface [55]. In contrast, the CoS-based
samples (SiC@CoS_0.02 and CoS_0.02) exhibit CPE-P values of 0.43 and 0.69, respectively,
revealing pronounced surface heterogeneity that likely originates from the developed
morphology and possible nanostructure formation on the film surfaces [56].

A significant influence of the charge-transfer resistance (Rf) on the electrochemical
activity is evident. The SiC@CoS_0.02 sample shows one of the lowest Rf values (1.51 Ω),
indicating fast faradaic processes and efficient charge transfer, comparable to highly active
Co- and Ni-based catalysts [57]. In contrast, the bare SiC electrode displays a markedly
higher Rf (1607 Ω), likely due to the formation of a thick passivating oxide layer that
hinders electron transport an effect commonly reported in systems with protective surface
oxides [58]. The presence of a Warburg element (W) confirms the contribution of diffusion
processes to charge-transfer kinetics. The W element is defined by W-R (diffusion resis-
tance), W-T (diffusion constant), and W-P (phase index). The CoS_0.005 sample exhibits
a relatively high W-R value (39.29 Ω), suggesting substantial diffusion resistance, likely
arising from narrow pore channels or partial particle agglomeration [59]. In contrast, the
SiC@CoS_0.02 sample shows a much lower W-R (7.041 Ω), indicating more favorable ion-
diffusion pathways. The SiC@CoS_0.005 sample also requires a more complex equivalent
circuit with two parallel Rf–CPE branches, implying zones with differing charge-transfer
kinetics [53,60]. Despite this complexity, its overall behavior, low Rs, moderate Rf, and the
presence of a Warburg element are consistent with trends observed in high-performance
composite electrodes. The diffusion parameter W-P ≈ 0.76 points to a partially capacitive
diffusion characteristic, typically associated with porous electrodes where diffusion is
geometrically restricted [54].

The differences between the equivalent circuits for SiC@CoS_0.005 and SiC@CoS_0.02
arise from morphology variations induced by different CoS precursor concentrations. SEM
images at 50,000× magnification show that SiC@CoS_0.005 possesses a porous “cloud-like”
architecture with high roughness and surface heterogeneity. Such a structure results in
domains with differing charge-transfer kinetics, justifying the use of two parallel Rf–CPE
branches. In contrast, SiC@CoS_0.02 forms a dense, compact, and fine-granular coating
with relatively uniform structural features. This homogeneity supports a consistent charge-
transfer behavior across the surface, adequately represented by a single Rf–CPE branch.

4. Conclusions
Heterostructured cobalt sulfide/silicon–carbon electrodes were successfully fabricated

via electrochemical deposition on nickel foam. Raman spectroscopy revealed two distinct
groups of peaks corresponding to CoS2 and CoS phases, while the silicon–carbon under-
layer exhibited multiple polytypes, including 6H-SiC and 15R-SiC. XRD analysis confirmed
the predominantly amorphous nature of the deposited electrode materials. Electrochemical
studies showed that the charge-storage kinetics of all electrodes arise from a combination
of diffusion-controlled and surface-controlled capacitive processes, with the contribution
of the diffusion-controlled mechanism decreasing at higher scan rates. The introduction of
a silicon–carbon sublayer resulted in a substantial enhancement of electrode capacitance,
increasing from 0.5 to 1.3 F·cm−2 and from 1.6 to 2.3 F·cm−2 for electrodes synthesized
using 0.005 M and 0.02 M CoCl2·6H2O precursor solutions, respectively. Cycling stability
tests demonstrated capacitance retentions of 60% (CoS_0.005), 40% (SiC@CoS _0.005), 57%
(CoS_0.02), and 66% (SiC@ CoS_0.02) after 3500 charge–discharge cycles. Among them, the
SiC@CoS_0.02 electrode exhibited both improved capacitance and superior cycling stability
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at a current density of 21 mA·cm−2. Gravimetric capacitance increased significantly with
the incorporation of a silicon–carbon sublayer for the SiC@CoS_0.005 electrode, rising
from 690 F·g−1 (CoS_0.005) to 748 F·g−1 (SiC@CoS_0.005) at 4 F·g−1. Conversely, a de-
crease was observed for the SiC@CoS_0.02 electrode, dropping from 1287 F·g−1 (CoS_0.02)
to 590 F·g−1 (SiC@CoS_0.02), which can be attributed to its substantially higher mass
loading and denser morphology. EIS analysis revealed that the incorporation of the silicon–
carbon sublayer considerably modifies the electrochemical behavior by reducing both Rs

and Rf and by altering diffusion pathways. Composite electrodes such as SiC@CoS_0.02
and SiC@CoS_0.005 demonstrated favorable combinations of high conductivity and low
charge-transfer resistance, underscoring their potential for use in high-specific-power su-
percapacitor applications. Overall, the cobalt sulfide–based heterostructures investigated in
this work exhibit promising electrochemical performance, driven largely by the engineered
surface morphology and optimized material architecture. These findings highlight the
importance of tuning synthesis parameters, surface roughness, and porosity to accelerate
charge-transfer processes and enhance long-term stability. Future studies should emphasize
scaling the fabrication process and integrating CoxSy-based heterostructures into practical
energy-storage systems, while addressing economic and environmental considerations to
support sustainable technological development.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/chemengineering10020029/s1, Figure S1. Dependences of specific
capacity on current density and number of deposition cycles: (a) pure CoxSy on NF; (b) CoxSy on
the NF with silicon-carbon sublayer.; Figure S2. Charge-discharge curves: (a) SiC; (b) CoS_0.005;
(c) CoS_0.02; (d) SiC@CoS_0.005; (e) SiC@CoS_0.02; Table S1. b values, estimated from the plots.
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