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Abstract

Supercapacitors have emerged as efficient energy-storage systems due to their high output power,
rapid charging/discharging capability, and long cycle life, making them suitable for applications
ranging from portable electronics to electric vehicles. This paper presents the fabrication and
electrochemical performance of bimetallic sulfide structures combined with cerium oxide (CeQO2)
nanosheets for supercapacitor applications. ZnCoS/CeO, and CuCoS/CeQO: electrodes were
prepared through a sulfidation process, followed by analysis of their architecture and
electrochemical behavior. A key novelty of this work is the direct comparison of Zn- and Cu-based
CeOr-integrated bimetallic sulfide electrodes within the same synthesis and testing framework,
enabling identification of the role of metal selection in electrochemical performance. Analyses
confirmed successful incorporation of CeO; nanosheets and the formation of uniform bimetallic
sulfide frameworks. Electrochemical evaluation was carried out using a three-electrode setup. The
ZnCoS/Ce0; electrode achieved a high specific capacitance of 616.25 F g at 1 A g'!, significantly
surpassing the CuCoS/CeO, counterpart, which delivered 416.25 F g'!. This improvement is
attributed to the synergistic effect of CeO: nanosheets and Zn, which improves charge-transfer
behavior and ion/electron transport. The ZnCoS/CeO2 and CuCoS/CeO; electrodes retained 86.7%
and 86% of their initial capacitance after 2500 cycles, respectively. Asymmetric supercapacitors
using ZnCoS/CeO; and CuCoS/CeO; as cathodes and activated carbon as the anode showed
significant energy-storage potential. These results highlight the promise of CeO;2-integrated

bimetallic sulfide structures for advanced energy-storage applications.
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sulfide; Power density.



1. Introduction

Today, the primary sources of energy supply are fossil fuels such as coal, diesel, and petrol, which
pose serious environmental risks such as increased greenhouse gases and global warming [1,2]. In
addition to the environmental impacts of fossil fuels, a significant amount of time is needed to
replace these resources [3]. Therefore, considering the increasing demand for energy, renewable
energies have gained attention as they are both clean and inexhaustible [4—6]. However, the energy
produced from renewable sources is intermittent and requires energy storage system [7,8]. Fuel
cells, rechargeable cells, and supercapacitors rank among the key energy conversion technologies
and have shown high efficiency in modern energy storage systems [9,10]. Supercapacitors have
garnered significant attention for bridging the gap between the limited energy storage of traditional
capacitors and the restricted power output typically associated with fuel cells and rechargeable
batteries [11-13]. Its high-power density, extended cycle life, and quick charging and discharging
speed make it ideal for a variety of uses, uninterruptible power supply (UPS), flexible displays,

and wearable technology [14—16].

Cerium oxide (CeQy) is regarded as a viable candidate for supercapacitor applications due to its
environmental friendliness, non-toxicity, availability, cheaper cost among rare earth elements, and
existence of oxygen vacancies [17,18]. Also, Ce has two oxidation states, trivalent and tetravalent,
that transition between these states results in a fast redox reaction in cerium and the electrolyte,
thereby helping to improve electrochemical performance [19,20]. However, lattice expansion due
to the conversion of Ce** to Ce*" results in insufficient structural stability [21]. In addition, the low
conductivity of CeO,, as a semiconductor, results insufficient specific capacitance [22-24].
Therefore, it is preferred not to be used alone but rather in hybrid or composite forms [25,26]. For

instance, Mazloom et al. [27] made a core-shell structured a-Fe,O3@CeO- and reported its specific



capacitance at 5 mV s’ to be 168 F g'!. Xiao et al. [28] synthesized MWCNTs@CeO; via a
solvothermal approach, achieving a capacitance performance of 421.1 F g'! when tested under a

current density of 1 A gl

According to the disparity in energy levels between O 2p and S 2p orbitals, coupled with sulfur's
lower electronegativity relative to oxygen, transition metal sulfides frequently exhibit superior
conductivity in comparison to oxides, making them exceptional candidates for battery materials
[29,30]. In comparison to their corresponding oxides and hydroxides, transition metal sulfides
offer enhanced electrical conductivity, improved structural integrity, better thermal resistance,

extended durability, and greater theoretical capacitance [31,32].

Moreover, sulfide form of transition metals are among the best options as supercapacitors due to
their outstanding capacity, abundance, low cost, compatibility with the environment, and rich
redox, in addition to the previously listed benefits [33—35]. Among transition metal sulfides,
bimetallic sulfides are preferred over monometallic sulfides due to their synergistic effect, multiple
oxidation sites, and improved electrical conductivity. They possess richer and more stable
electrochemical activity [36-38]. Recently, bimetallic sulfides containing cobalt as one of the
metals, such as ZnCo2S4 [39] and CuCo2S4 [40], have gained attention because cobalt improves

electrical conductivity and consequently enhances supercapacitor performance [41].

In this study, CeOz-integrated cobalt-based bimetallic sulfide composites were developed as
supercapacitor electrodes through a three-step route involving CeO> nanosheet formation, growth
of MCo LDH precursors (M = Zn, Cu), and subsequent sulfidation to obtain MCoS/CeO>
structures. Unlike many previous reports that focus on a single sulfide composition or a single
composite design, the present work provides a direct comparative investigation of two related

systems, ZnCoS/CeO> and CuCoS/CeO3, in order to clarify the influence of metal selection
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together with CeO> incorporation on structural evolution and electrochemical behavior. The
novelty of this work lies in combining CeO» nanosheets with two cobalt-based bimetallic sulfides
within the same experimental framework and systematically evaluating the roles of sulfidation,
CeO> integration, and cation type in determining capacitance, resistance, and device-level
performance. The results reveal that ZnCoS/CeO> delivers the best overall electrochemical
response, achieving 616.25 F g at 1 A g, lower internal resistance than the comparison
electrodes, and an asymmetric-device energy density of 22 Wh kg' at 640 W kg, thereby
identifying Zn-based CeOs-integrated bimetallic sulfide as the more effective configuration in the

present system.
2. Experimental part
2.1. Materials

Copper(Il) nitrate trihydrate (Cu(NO3)2-3H20), cobalt(Il) nitrate hexahydrate (Co(NO3)2:6H20),
zinc(II) nitrate tetrahydrate (Zn(NOs3)2-4H>0), cerium(III) nitrate hexahydrate (Ce(NO3)3-:6H20),
ammonium fluoride (NH4F), sodium hydrogen carbonate (NaHCO3), carbon black (C), potassium
hydroxide (KOH), ethanol (C>HsO), acetone (C3HsO), hydrochloric acid (HCIl), N-methyl-2-
pyrrolidone (CsHoNO), and urea (CO(NHz)2) were purchased from Merck (Germany). Sodium
sulfide hydrate (Na,S) was obtained from Acros Organics Co (Belgium). Polyvinylidene fluoride
was sourced via Alfa Chemistry (USA). Nickel foam (NF), 0.3 mm thick, was acquired through
American Elements (USA). Methanol (CHsOH) was supplied by Neutron Pharmacochemical Co.

(Iran).

2.2. Fabrication of CeO; nanosheets



The materials were prepared following the procedure illustrated in Scheme 1. To synthesize CeO»
nanosheets, specific amount of Ce(NO3)3-6H>0 (2.78 g) and 1.594 g of NaHCO3 were individually
dispersed in water (50 ml) via ultrasonic agitation. These solutions were then mixed and stirred at
30 °C for 24 h by employing a magnetic stirrer. The resulting solid was washed using distilled
water and then subjected to drying at 80 °C in an oven for a duration of 15 h. Ultimately, cerium

oxide nanosheets were acquired by calcining the precipitate for 4 h at 500 °C.

2.3. Synthesize of MCo LDH/CeO; (M = Zn, Cu) and MCo LDH (M = Zn, Cu)

To produce ZnCo LDH/CeO», 0.339 g of generated CeO2 nanosheets were dispersed in 50 ml of
water using ultrasonic treatment. Then, 2.328 g of Co(NO3)2-6H20, 1.045 g of Zn(NOs)2-4H-0,
0.148 g of NH4F, and 0.961 g of CO(NH2)2 were included into the solution of CeO2 nanosheet.
The mixture was agitated for 30 minutes with a magnetic stirrer and then placed in an autoclave,
maintained at 90 °C for 24 h. The resulting material underwent successive rinsing steps using
ethanol followed by purified water to remove any residual impurities. After the cleaning process,

the sample was subjected to thermal treatment at 80 °C for 12 h to ensure complete drying.

In the synthesis of CuCo LDH/CeOa, all preceding steps were replicated, with the exception that
0.966 g of Cu(NO3)2-:3H>0O was utilized in place of Zn(NO3)2-4H>0. Furthermore, to further the
comparability of the structures, ZnCo LDH and CuCo LDH were synthesized using the identical

process, excluding the addition of certum oxide.

2.4. Synthesize of MCoS/CeO; (M = Zn, Cu) and MCoS (M = Zn, Cu)

To synthesize the sulfide structures, 0.2 g of ZnCo LDH/CeQO», CuCo LDH/Ce0O,, ZnCo LDH, and
CuCo LDH was introduced into 50 ml of 0.1 M Na,S aqueous medium, and then it was subjected

to ultrasonic waves for 10 min. Afterward, the reaction solution was placed into 100 ml autoclaves



lined with Teflon and maintained at 120 °C over an 8-hour period. final solid product underwent
triple rinsing with ethanol followed by another three washes using distilled water, and was

subsequently oven-dried at 80 °C for 16 h.

(a)

Ce(NO,)y-6H,0 + NaHCO,

Stirred at 30 °C for 24 h.

\\ ©

==

Dried in an oven at 80 °C for 15 h. Calcination was performed at 500 °C for 4 h. CeO, nanosheets

Co(NO,),-6H,0 + Zn(NO,),4H,0 +
NH/F + CO(NH)),

CeO, nanosheets Stirred for 30 min. 90 °C for 4 h. ZnCo LDH/CeO, 120 °C for 4 h. ZnCoS/Ce0O,

Co(NO,),-6H,0 + Cu(NO,),-3H,0 +

Na,S + CuCo LDH/CeO,
NH,F + CO(NH,),

CeO, nanosheets Stirred for 30 min. 90 °C for 4 h. CuCo LDH/CeO, 120 °C for 4 h. CuCoS/CeO,

Scheme 1. Illustration depicting the synthesis process of (a) CeO2, (b) ZnCo LDH/CeO; and

ZnCoS/Ce03, (¢) CuCo LDH/CeO; and CuCoS/CeOs.
2.4. Materials characterization

The structural composition of the synthesized materials was examined using diffraction analysis
techniques. Specifically, phase identification was carried out using a PANalytical XPert PRO

MPD system (UK) based on XRD methodology. Sample morphology was analyzed through field



emission scanning electron microscope (FE-SEM) imaging performed with a TESCAN MIRA 3
LMU instrument manufactured in the Czech Republic. A TESCAN (MIRA 3 LMU) equipment
from the Czech Republic was used to assess the elemental chemical properties by energy
dispersive spectroscopy (EDS). Detailed morphological analysis at the nanoscale was carried out
by employing a Zeiss EM10C-100Kv system (Germany), which utilizes transmission electron
microscopy (TEM) for high-resolution imaging. Elemental composition and valence state
information were also determined using a Kratos Axis Supra X-ray Photoelectron Spectrometer

(XPS), Japan.

2.5. Electrochemical measurement

A Palmsens 4 device was utilized for electrochemical studies, with all measurements performed
in a 3 M KOH electrolyte. An electrochemical cell consisting of three electrodes was employed:
Ag/AgCl served as the reference, platinum wire acted as the counter, and the working electrode

was prepared by coating the synthesized material on nickel foam (NF).

For electrode preparation, the nickel foam underwent sequential cleaning with acetone, followed
by treatment in 2 M KOH, 1 M HCI, and a final acetone rinse, each for 10, 4, 2, and 5 minutes.
Next, a blend of 12 mg of the fabricated material and 2 mg of C was uniformly dispersed in a
solvent system composed of -(CoH2F2)n- and CsHoNO. The resulting suspension was applied to
the nickel foam surface, and the assembled electrode was subsequently dried at elevated
temperature. In addition, a non-symmetrical energy storage device was constructed, incorporating
the synthesized electrode materials on the positive side, while activated carbon (AC) was
employed on the negative side. A layer of cellulose paper functioned as the separator within the
cell architecture. To maintain the charge balance, the cathode-to-anode mass ratio (m+/m.) was set

at 1:2, as determined using Eq. (1) [42].



m, C_AV_ (1)

m_  C,AV,

In this context, m (g), AV (V), and C (F g') denote the mass of the material, the voltage range,

and the specific capacitance, respectively.

Values for specific capacitance (Cs, F g'!), energy density (ED, Wh kg™!), and power density (PD,

W kg ') were obtained through corresponding formulae presented below [43]:

_IAt (2)
ST mAV
5D — 1 y C,AV? x 1000 (3)
2 3600
3600 X E
D= — 4)

Here, m refers to the combined mass of active components in grams, AV denotes the voltage range
in volts, I is the applied discharge current in amperes, and At indicates the duration of discharge in

seconds.

3. Results and discussion

To investigate the structural arrangement of the synthesized materials, XRD analysis was utilized,
providing insights into their crystalline phases and lattice organization. Fig. 1a illustrates the peaks
associated with the ZnCo LDH and ZnCo LDH/CeO: structure. For ZnCo LDH (black line) the
peaks identified at 20 values of 12.9, 20.8, 32.4, 33.6, 35.6, 59.4, and 61.7 correspond to the (003),
(006), (009), (012), (015), (018), (110), and (113) crystal planes, respectively, in accordance with
JCPDS standard 12-0142 [44]. Furthermore, the peaks at 26 values of 38.8 and 51.9 correspond to
Co(OH), with crystal planes (102) and (104), consistent with JCPDS standard 51-1731 [45]. The
results validate the effective synthesis of ZnCo LDH. The XRD data for the ZnCo LDH/CeO

9



structure (red line) unequivocally indicates integration of ZnCo LDH on CeO; nanosheets.
Additionally, the deposition of ZnCo LDH on CeO; results in the emergence of new peaks in the
XRD graph, signifying the incorporation of CeO> nanosheets into the structure. JCPDS standard
75-0076 indicates that CeO» possesses a simple cubic structure, exhibiting distinctive peaks at 20
values of 27.9, 33.6, 47.7, 56.5, 59.3, 69.8, and 77.1. The peaks correspond to the (111), (200),
(220), (311), (222), (400), and (331) crystallographic planes, respectively [46]. Consequently, the

findings validate the effective synthesis of the ZnCo LDH/CeO: structure.

Moreover, Fig. 1b displays the XRD data for the CuCo LDH and CuCo LDH/CeO structures. In
the case of CuCo LDH (black line) prominent peaks are noted at 20 values of 12.8 and 25.6,
indicating the development of LDH with crystal planes (003) and (006) 199-200 [47,48]. It is
worth mentioning that layered double hydroxides often exhibit peaks with 26 values of 11.7 and
23.2. The displacement of these peaks to elevated angles may be ascribed to the partial
deterioration of copper sites [49]. Furthermore, peaks at 20 values of 20.7 and 38.9 are indicative
of Co(OH); corresponding to crystal planes (001) and (002) (JCPDS standard 74-1057) [50]. The
results validate the effective synthesis of CuCo LDH. Furthermore, as observed in the XRD pattern
of the CuCo LDH/CeO: structure, the addition of CeO: nanosheets introduces new peaks at
specific angles, like the ZnCo LDH/CeO: structure. These newly formed peaks confirm the

successful synthesis and the presence of CeO> nanosheets within the CuCo LDH/CeO: structure.
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Fig 1. (a) Diffraction profiles of ZnCo LDH and ZnCo LDH/CeOz; (b) Diffraction profiles of

CuCo LDH and CuCo LDH/CeOo.

Fig. 2a displays the diffraction profiles corresponding to ZnCoS and ZnCoS/CeOQ: structures. As
observed in the ZnCoS structure, the crystalline planes (111), (200), (220), (311), (222), (400), and
(331) appear at 20 angles of 28.8, 33.25, 47.7, 56.6, 59.6, 69.7, and 76.9, respectively. The
appearance of new peaks indicates structural changes in ZnCo LDH, confirming its transformation
into ZnCoS. Notably, this structure follows the JCPDS standard 47-1656 [51]. On the other hand,
the XRD pattern of ZnCoS/CeO: retains the same crystalline planes as ZnCoS. However, the
overlapping diffraction peaks of the sulfide structure with CeO» hinder the clear differentiation of

their respective peaks.

Furthermore, Fig. 2b displays the XRD patterns of the CuCoS and CuCoS/CeO: structures. The
data for CuCoS display diffraction peaks at 26 angles of 26.6, 31.3, 38.0, 46.0, and 54.9, which
correspond to the crystalline planes (022), (113), (004), (224), and (044), respectively. The
observed peaks validate the fabrication of the CuCo,S4 structure, according to JCPDS standard 42-

1450 [52]. Additionally, the peaks at 27.9, 29.4, 32.0, 32.9, and 48.0 are attributed to CuS,
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corresponding to the crystalline planes (101), (102), (103), (006), and (110) based on JCPDS
standard 75-2233 [53]. The results validate the effective synthesis of the CuCoS structure. The
XRD pattern of CuCoS/CeO; exhibits additional peaks at 33.3, 47.5, 56.5, 59.4, 69.8, and 77.1,
corresponding to the crystalline planes of CeO». The results demonstrate that the final composite

structure has been effectively formed.
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Fig 2. (a) Diffraction profiles of ZnCoS and ZnCoS/CeOz; (b) Diffraction profiles of CuCoS and

CuCoS/Ce0s.

FESEM was utilized to investigate and visualize the external structural features and surface texture
of the fabricated materials. Fig. 3a illustrates the image of CeO> nanosheets, characterized by a
smooth surface. Fig. 3a is presented at a relatively lower magnification to show the overall sheet-
like morphology of the CeO; support. Fig. 3b presents the micrograph of the ZnCo LDH structure,
which comprises nanorods with a thickness of approximately 200 nm. Following the sulfidation
process, the ZnCoS structure is generated. Its micrograph (Fig. 3¢) reveals an aggregated particle
morphology. Moreover, the micrograph of ZnCo LDH/CeO> is depicted in Fig. 3d representation

distinctly illustrates the deposition of particles onto CeO; nanosheets, so validating the efficacy of
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the synthesis method. Following the sulfidation process of ZnCo LDH/CeO», the ZnCoS/CeO>
structure was achieved, as illustrated in Fig. 3e. Sulfidation significantly increases surface
porosity, thereby enhancing electrolyte-accessible surface area, exposing more electroactive sites,

and facilitating ion/electron transport during charge storage.

The micrograph of the CuCo LDH structure (Fig. 3f) illustrates the development of nanorods with
smooth surfaces and consistent particle size and distribution. Furthermore, in Fig. 3g, after the
sulfidation treatment, the formerly smooth nanorods exhibit modest porosity. Furthermore, the
micrograph of CuCo LDH/CeO: (Fig. 3h) reveals the existence of nanoparticles and nanorods
affixed to cerium oxide. The detected porosity on the CeO: surface enhances electrolyte
infiltration. The morphology of CuCoS/CeO> (Fig. 31) closely resembles that of its layered
hydroxide precursor, comprising nanorods and nanoparticles with dimensions between 100 and
200 nm. The nanoscale porosity generated during synthesis is anticipated to enhance
electrocatalytic performance [54]. In Fig. 3j and 3k, the TEM micrographs of the ZnCoS/CeO- and
CuCoS/CeOs structures are shown, respectively. These images reveal that both structures possess
a hollow morphology, which can play a significant role in enhancing their performance by

facilitating more efficient electron transport.
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2um

Fig 3. FESEM micrographs of (a) CeOz, (b) ZnCo LDH, (c) ZnCoS, (d) ZnCo LDH/CeO, (¢)
ZnCoS/Ce03, (f) CuCo LDH, (g) CuCoS, (h) CuCo LDH/CeO:, and (i) CuCoS/CeO,; TEM

micrographs of (j) ZnCoS/CeO2, (k) CuCoS/CeOs.

Fig. 4a and 4b, illustrate the EDS results and elemental distribution maps for the ZnCoS/CeO,
sample. The EDS analysis indicates that this structure comprises oxygen, sulfur, zinc, cobalt, and
cerium components, hence verifying the effective synthesis of ZnCoS/CeO>. Moreover, the
elemental mapping unequivocally illustrates that all elements are consistently distributed across
the surface, signifying the homogenous dispersion of components and corroborating the efficacy

of the synthesis process.
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Fig 4. (a) EDS results, and (b) elemental distribution of ZnCoS/CeO.

The EDS analysis of the CuCoS/CeO> structure (Fig. 5a) confirms the presence of oxygen, sulfur,
cobalt, copper, and cerium elements, validating the effective formation of the intended
composition. Moreover, the elemental distribution of this structure (Fig. 5b) demonstrates a
uniform distribution of all these elements across the surface [55,56], further validating the
homogeneous dispersion and proper synthesis of the CuCoS/CeO structure.
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Fig 5. (a) EDS results, and (b) elemental distribution of CuCoS/CeO,.

XPS analysis was carried out to further examine the elemental composition and chemical valence
states in ZnCoS/CeO> (Fig. 6) and CuCoS/CeO> (Fig. 1S). In the XPS spectrum of the
ZnCoS/Ce0O; structure, within the binding energy region associated with cobalt (Fig. 6a),
deconvoluted peaks at 779.8 and 784.2 eV are assigned to Co 2p3/2, while those at 795.7 and 800.2
eV correspond to Co 2pi2. Furthermore, two satellite peaks were present at 787.3 and 803.5 eV
[57,58]. Additionally, based on the results of this analysis, and disregarding the satellite peaks, the
amount of Co*" in this structure is 67.18%, and the amount of Co*" is 32.82%. Fig. 6b presents the
Ce 3d XPS spectrum. The deconvoluted peaks at binding energies of 880.3, 883.6, 886.8, and
895.9 eV are associated with Ce 3ds/2, while those observed at 898.8, 904.9, 905.1, and 914.3 eV
correspond to Ce 3d32 [59]. Additionally, the measured oxidation-state fractions for Ce*" and Ce**
are 24.88% and 75.12%, respectively. The deconvoluted O 1s spectrum shown in Fig. 6¢ exhibits
three distinct peaks at binding energies of 527.2, 529.4, and 530.6 eV, corresponding to lattice
oxygen (O%), hydroxyl groups (OH"), and adsorbed water molecules (H,0), respectively [60]. The
S 2p spectrum presented in Fig. 6d displays two primary peaks at 159.4 and 160.6 eV, assigned to
S 2p32 and S 2pis, respectively. An additional peak at 166.7 eV suggests the presence of surface-
bound sulfur in the form of sulfate species [61]. Fig. 6e illustrates the XPS results for the Zn
element. The deconvoluted peaks at 1019.4 eV and 1042.5 eV are attributed to Zn 2p32 and Zn

2p1n, respectively; and , Fig. 6f shows Zn LLM peak [62,63].

The XPS analysis of the CuCoS/CeO; structure is shown in Fig. S1. In Fig. S1a, the deconvoluted
peaks associated with Co 2p are evident, with signals at 779.4 eV and 783.8 eV corresponding to
Co 2p3n2, and those at 795.9 eV and 801.3 eV assigned to Co 2p1.2. Furthermore, two satellite peaks

were present at 787.2 and 804.6 eV [58,64]. Moreover, based on the results of this analysis, and
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disregarding the satellite peaks, the amount of Co’" in this structure is 65.25%, and the amount of
Co*" is 34.75%. The deconvoluted Ce 3d spectrum presented in Fig. S1b shows peaks at binding
energies of 880.3, 883.6, 886.7, and 895.9 eV, corresponding to Ce 3ds.. In contrast, the peaks at
898.9, 902.1, 905.3, and 914.3 eV are associated with Ce 3d3,2 [59]. Furthermore, quantification of
cerium oxidation states yields 20.97% for Ce*" and 79.03% for Ce*. The deconvoluted O 1s
spectrum (Fig. Slc) displays three distinct peaks: the signal at 527.1 eV is attributed to O*, the
peak at 529.3 eV attributed to OH", and the one at 530.6 eV is associated with H>O [60]. The results
corresponding to the S 2p spectrum in Fig. S1d show peaks located at 159.4 eV and 160.8 eV,
which are attributed to S 2p3» and S 2pis, respectively. Additionally, similar to the ZnCoS/CeO>
structure, the peak observed at 166.7 eV indicates the presence of surface sulfur in the form of
sulfate [61]. The results related to the Cu 2p spectrum in Fig. Sle confirm the presence of copper
metal in the synthesized structure. deconvoluted peaks at 931.7 and 951.8 eV are assigned to Cu
2p32 and Cu 2p1., respectively. While, those at 939.8 and 959.7 eV correspond to satellite peaks;
and , Fig. S1f shows Cu LLM peaks [65,66]. It is important to mention that, the coexistence of
Ce*" and Ce*" in both composites suggests a defect-associated ceria environment that can support

interfacial redox activity and charge-transfer processes [67,68].

Beyond confirming elemental composition, the XPS results provide insight into the electronic
structure of the synthesized composites. The coexistence of Co?* and Co*" in both samples
indicates the presence of multiple redox-active cobalt centers, which can promote reversible
Faradaic reactions and improve pseudocapacitive charge storage behavior. The simultaneous
presence of Ce®" and Ce*" further suggests a redox-flexible ceria phase and a defect-rich interfacial
environment, both of which are beneficial for charge compensation and electron-transfer processes

in composite electrodes [69]. In particular, the slightly higher Ce** fraction in ZnCoS/CeO>
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compared with CuCoS/CeO> points to a more reduced ceria environment in the Zn-containing
composite, which may contribute to its improved electronic transport and electrochemical activity.
The O 1s components assigned to surface hydroxyl species and adsorbed water indicate a hydrated
surface chemistry that can facilitate electrolyte penetration and OH™ adsorption during charge
storage, although these features should not be used alone as a direct measure of oxygen-vacancy
concentration [70,71]. In addition, the S 2p spectra confirm the formation of metal-sulfur bonds,
while the high-binding-energy sulfur component is reasonably attributed to superficial oxidized
sulfur species formed by partial surface oxidation of sulfides under ambient exposure, a common
phenomenon in sulfide-based materials [72]. Therefore, the XPS results support that the superior
performance of ZnCoS/CeQO; arises not only from elemental composition but also from a more
favorable mixed-valence/defect-assisted electronic environment, which is consistent with its lower

resistance and higher capacitance in the electrochemical measurements.
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Fig 6. XPS spectrum of (a) Co 2p, (b) Ce 3d, (c) O 1s, (d) S 2p, (e) Zn 2p, and (f) Zn LMM for

ZnCoS/Ce0:s.

A range of electrochemical evaluation methods, namely impedance spectroscopy (EIS), charge-
discharge profiling under constant current (GCD), and cyclic voltammetry (CV), was applied using
a standard three-electrode setup for detailed performance analysis. For better comparison and
clearer visualization of the obtained results, the data for Zn-containing and Cu-containing
electrodes are presented in separate graphs. Fig. 7a and Fig. S2a illustrate the CV curves obtained
for the synthesized materials measured under a scan rate of 10 mV s™. It should be noted that these
CV curves were recorded in a three-electrode configuration for the positive electrode materials;

therefore, the positive and negative current responses in the selected potential window correspond
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to the anodic and cathodic branches of the reversible redox process, rather than indicating
simultaneous positive-electrode and negative-electrode behavior. Thus, the potential range of -0.2
to 0.4 V vs Ag/AgCl represents the operating window of the redox-active electrode against the
reference electrode, while the negative electrode in the assembled asymmetric device is activated
carbon, as discussed later in the manuscript. Based on these data, it is obvious that the ZnCoS/CeO-
structure, followed by CuCoS/CeQO., shows the highest capacitance compared to other substances.
These results indicate that the use of the bimetallic sulfide structure alongside cerium oxide
nanosheets creates a synergistic effect, enhancing electrochemical performance and confirming
the effectiveness of the applied synthesis approach. This interpretation is also supported by the
XPS results, which reveal mixed Co?"/Co** and Ce*"/Ce*" states in both composites and a slightly
more favorable reduced/defect-associated ceria environment in ZnCoS/CeQO-, consistent with its
faster charge-transfer behavior. The existence of a pair of redox peaks in the CV curves implies
that the electrodes undergo reversible faradaic redox reactions, further validating their battery-type
activity [73]. Additionally, within this potential range, the charge transfer process presumably
arises from the reactivity of the produced materials with OH™ ions in the electrolyte [74]. The
expected reactions for ZnCoS/CeO; and CuCoS/CeO; electrodes are described in Eq. (5-7) and

Eq. (7-10), respectively [75-77].

ZnC0:S4+H,0+OH >ZnSOH+2CoSOH+¢" (5)
CoSOH+OH >CoSO+ HyO+e" (6)
ZnSOH+OH ZnSO+ H,0+ & (7)
CuCo284+ H,O+OH >CuSOH+2CoSOH+e" (8)
CoSOH+OH —>CoSO+ HoO+e 9)
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CuSOH+OH «+>CuSO+ H,0+¢ (10)

Further evaluation of the samples' electrochemical performance was performed at constant current
densities using the GCD technique. Fig. 7b and Fig. S2b display the GCD profiles, providing
additional evidence of the battery-type characteristics exhibited by the synthesized samples. All
measurements were made at 1 A g'. The determined specific capacitances for ZnCoS/CeO2, ZnCo
LDH/Ce0O3, ZnCoS, ZnCo LDH, CuCoS/CeO,, CuCo LDH/CeO,, CuCoS, CuCo LDH, and CeO>
were 616.25, 403, 364, 321.75, 416.25, 351, 335.75, 321.5, and 169 F g!, respectively. Of them,
ZnCoS/Ce0O; had the longest discharge duration and the largest specific capacitance, whereas
CuCoS/CeO also showed a significant specific capacitance. The sulfidation process, along with
the incorporation of CeO-, significantly enhanced the charge storage capabilities of the resulting
compounds. This enhancement is attributed to the sulfidation-induced transition from LDH to a
more conductive and redox-active sulfide phase together with the formation of a more porous
electrode architecture, both of which promote electrolyte access and charge transfer [78—80]. The
quantity of oxidation states is essential for attaining elevated capacitance [81]. The lower
capacitance observed in copper-based structures compared to those containing manganese can be
explained by the narrower range of accessible oxidation states in copper compounds, which

restricts their redox activity during charge storage processes.

In Fig. 7c and Fig. S2¢, the GCD curves of ZnCoS/CeO; and CuCoS/CeO;, electrodes are presented
at1,2,3,5,8,and 10 A g'!. Furthermore, based on the data presented in these figures, capacitance
values for the electrodes under varying current conditions were computed and illustrated in Fig.
7d and Fig. S2d. For the ZnCoS/CeO, sample, the specific capacitance at a power density of 10 A

gl is 40% of its value at 1 A g'!, whereas for the CuCoS/CeO> sample, this ratio is 30%. These
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findings suggest that CuCoS/CeO> exhibits greater opposition to electron transfer in comparison

with ZnCoS/CeOs.

EIS analysis was conducted across a frequency span from 0.1 Hz to 100 kHz to gain deeper insight
into electrode behavior. The Nyquist plots for all materials are displayed in Fig. 7e and Fig. S2e.
In these plots, the horizontal axis represents overall resistance contributions , including interfacial
resistance arising from the junction between the electroactive material and the current collector,
inherent resistance within the active substance, ionic resistance from the electrolyte, and barriers
to charge transfer [82]. At lower frequencies, the linear segment reflects the impedance related to
ion diffusion within the electrode materials. The optimal Nyquist plot of an electrode should
manifest as a vertical line in this region; hence, a steeper vertical line within this frequency range
indicates superior capacitive performance [83]. The measured solution resistances (Rs) for
ZnCoS/Ce02, ZnCo LDH/CeO,, ZnCoS, ZnCo LDH, CuCoS/Ce0O,, CuCo LDH/CeO2, CuCoS,
and CuCo LDH were 4.93, 5.12, 5.76, 6.22, 5.43, 5.52, 5.9, and 6.81 Q, respectively, and are
summarized in Table 1. The results indicate that the Rs values of all investigated electrodes are
relatively close, suggesting that the ohmic contribution of the electrolyte/electrode system is
broadly similar among the samples. Among them, ZnCoS/CeO: exhibits the lowest Rs value,
followed by ZnCo LDH/CeO> and CuCoS/CeQO», whereas the precursor LDH electrodes show
comparatively higher values. This trend suggests that sulfidation and CeO> integration contribute
to a modest reduction in the ohmic resistance of the electrode system. However, because the
differences in Ry are not large, the superior electrochemical performance of ZnCoS/CeQO2 should
not be attributed solely to resistance reduction. Rather, its improved behavior is better understood
as the result of the combined effect of slightly lower Rs together with more favorable charge-

storage characteristics, as evidenced by its higher specific capacitance and better rate capability.
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Moreover, the charge transfer resistance (R¢) derived from the Nyquist plots provides important
insight into the interfacial faradaic kinetics of the prepared electrodes. As summarized in Table 1,
the Rt values vary significantly among the investigated materials, indicating notable differences
in electron transfer efficiency at the electrode-electrolyte interface. Among all samples,
ZnCoS/Ce0O; exhibits a relatively low Ret value of 1.53 Q, suggesting that the incorporation of
CeO facilitates faster charge transfer and improves the electrochemical activity of the ZnCoS
matrix. Similarly, ZnCo LDH/CeO, also shows a moderate R value of 1.76 Q, indicating
improved electroactive surface accessibility and enhanced redox kinetics due to the synergistic
interaction between LDH layers and CeO; species. In contrast, pristine materials such as ZnLDH
display a significantly higher R¢ value (3.01 Q), reflecting slower interfacial charge transfer and
consequently lower capacitance (321.75 F g'). A similar trend is observed for Cu-based
electrodes, where the incorporation of CeO: markedly reduces Rc: demonstrating that the
heterostructure formation effectively promotes electron transport and accelerates the faradaic
reactions. Overall, the reduced R values in the composite electrodes clearly indicate improved
electrical conductivity and more efficient charge transfer pathways compared with their

corresponding pristine counterparts.

In addition to charge transfer resistance, the Warburg impedance (Ryw) extracted from the
low-frequency region of the Nyquist plots reflects the ion diffusion behavior within the electrode
structure. The ZnCoS/CeO: electrode shows the lowest Ry value (9.6 ), indicating rapid
electrolyte ion diffusion and efficient penetration of ions into the active sites of the electrode. This
enhanced ion transport is consistent with its outstanding electrochemical performance and suggests
that the hybrid structure provides a more accessible porous framework for ion migration. By

comparison, the pristine ZnCoS and ZnCo LDH electrodes exhibit higher Ry values of 16.18 and
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16.37 Q, respectively, indicating relatively slower ion diffusion due to the more compact structure
and limited ion transport pathways. A similar tendency is observed in the Cu-based systems, where
the Ry value decreases from 17.43 Q in CuCo LDH to 12.71 Q in CuCo LDH/CeO; and 12.01 Q
in CuCoS/Ce0O>, confirming that the incorporation of secondary oxide phases significantly

improves ion accessibility and electrolyte penetration.

These results collectively demonstrate that the formation of composite or heterostructured
electrodes not only reduces the charge transfer resistance but also enhances ion diffusion kinetics,
thereby contributing to the improved capacitive performance of the developed supercapacitor
materials. Therefore, the EIS results support the conclusion that ZnCoS/CeO; provides the most
favorable overall electrochemical response among the investigated materials, although the

impedance differences are moderate rather than drastic.

Table 1. EIS values of the investigated electrodes obtained from the high-frequency intercept of

the Nyquist plots.

Sample Rs (QQ) Ret (Q) Rw (Q)
ZnCoS/CeO> 4.93 1.53 9.6
ZnCo LDH/CeO 5.12 1.76 12.82

ZnCoS 5.76 1.87 16.18
ZnCo LDH 6.22 3.01 16.37
CuCoS/CeO2 5.43 1.79 12.01
CuCo LDH/CeO2 5.52 1.97 12.71
CuCoS 59 2.2 16.35
CuCo LDH 6.81 2.7 17.43
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GCD analysis was conducted at 5 A g”! over 2500 cycles to assess the stability of the synthesized
structures. The findings for ZnCoS/CeO, and CuCoS/CeO; are shown in Fig. 7f and Fig. S2f,
respectively. The findings indicate that the specific capacity of both materials experiences a minor
rise during the early cycles, attributable to the self-activation of the electrodes [84]. Furthermore,
both figures demonstrate a reduction in performance during the cycling process attributable to
structural deterioration or trapping of electrolyte ions [85]. Ultimately, the ZnCoS/CeO> and
CuCoS/CeO; structures preserved 86.7% and 86% of their original capacity after 2500 cycles,
respectively, indicating their favorable long-term performance. Coulombic efficiency, defined as
the ratio of discharge time to charge time, which reflects the efficiency of charge transfer without
loss throughout the charge-discharge process, was determined to be 93.8% for ZnCoS/CeO> and

94% tor CuCoS/CeQs.

The beneficial role of CeO: introduction in the present composites is better understood as a
heterointerface-assisted synergistic effect rather than a simple addition of a second phase [86,87].
CeO; contributes a reversible Ce**/Ce*" redox couple and a defect-rich ceria surface, and the
coexistence of Ce**/Ce*" is widely associated with oxygen-vacancy-related states that facilitate
charge compensation and interfacial ion/electron transport in hybrid electrodes [86,88]. At the
same time, the CeO> nanosheet framework can act as a dispersive scaffold for the sulfide phase,
helping to suppress aggregation, expose more electroactive sites, and shorten electrolyte diffusion
pathways [78,87]. In the present work, the beneficial effect of CeOs: is directly reflected in the
electrochemical data: after CeO; incorporation, the specific capacitance increases from 364 to
616.25 F g! for ZnCoS to ZnCoS/CeO, and from 335.75 to 416.25 F g! for CuCoS to
CuCoS/CeOs. A similar positive effect is also observed for the precursor LDH systems, where the

capacitance rises from 321.75 to 403 F g! for ZnCo LDH to ZnCo LDH/CeO; and from 321.5 to
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351 F g'! for CuCo LDH to CuCo LDH/CeO., confirming that CeO, contributes beneficially even
before sulfidation. Therefore, in this manuscript, the synergistic effect of CeO; introduction should
be described as the combined result of redox-active Ce**/Ce*" chemistry, defect-associated

interfacial states, and improved electrolyte accessibility [86].

Moreover, beyond the increase in capacitance, the beneficial role of sulfidation in the present
system should be understood as a synergistic phase-and-structure transformation rather than as a
simple sulfur substitution step [78,89]. The conversion of the LDH precursor into a bimetallic
sulfide phase generally provides a more electrochemically favorable framework, because
transition-metal sulfides are widely associated with higher electronic conductivity and richer
reversible redox activity than the corresponding hydroxide phases [78,89]. At the same time,
sulfidation can preserve useful features of the precursor architecture while generating additional
porosity or interparticle voids, which improves electrolyte penetration, shortens ion-diffusion
pathways, and increases the exposure of electroactive sites [90,91]. In the present work, this
structural contribution is consistent with the FESEM observations, where the sulfidized Zn- and
Cu-based samples show more porous features than their corresponding LDH precursors (Fig. 3c-
1). The electrochemical data also support the beneficial effect of sulfidation, since the specific
capacitance increases from 321.75 to 364 F g for ZnCo LDH to ZnCoS and from 403 to 616.25
F g for ZnCo LDH/CeO2 to ZnCoS/Ce02, while the Cu-based series follows the same trend,
increasing from 321.5 to 335.75 F g’ and from 351 to 416.25 F g!, respectively (Fig. 7b and Fig.
S2b). Therefore, the synergistic effect after sulfidation in this work arises from the combined
outcome of a more redox-active sulfide phase, sulfidation-induced porosity, and preserved
integration with the CeO> nanosheet scaffold, which together improve active-site accessibility and

overall electrochemical kinetics [86,89,90].
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Fig 7. (a) CV analysis of ZnCoS/CeO2, ZnCo LDH/CeO2, ZnCoS, ZnCo LDH, and CeO; at 10
mV s (b) curves of GCD analysis at 1 A g'! for ZnCoS/Ce0,, ZnCo LDH/CeO2, ZnCoS, ZnCo
LDH, and CeOz; (c) GCD curves of ZnCoS/CeO: at different current densities; (d) Specific
capacitance of ZnCoS/CeO: at different current densities; (¢) ZnCoS/CeO,, ZnCo LDH/CeO»,
ZnCoS, and ZnCo LDH Nyquist diagrams; (f) Evaluation of ZnCoS/CeO; cyclic stability and

coulombic efficiency.

Fig. 8 (a,d) presents the CV plots of ZnCoS/CeO2 and CuCoS/CeO> at multiple scan rates. It is
clearly observed that both samples retain the structure of the curves at higher rates, indicating the
satisfactory performance of these electrodes. Based on the data from these curves, the logarithmic
plot of peak current versus scan rate was constructed using Eq. 11 to estimate the contribution of

charge storage processes (Fig. 8 (b,e)) [92].

i=avt (11)
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Here, v represents the scan rate, i is the peak current, and @ and b are constants. It is significant
that the slope of this plot, represented as b, equal to 1, signifies an optimal capacitive-controlled
process. Conversely, when the b-value approaches 0.5, it suggests that the charge storage
mechanism is primarily governed by a diffusion-limited Faradaic reaction. A b value situated
between these two extremes indicates a hybrid of diffusion-controlled and capacitive-controlled

processes. The total involvement of the entire capacity represented as [93]:
i(v) =kiv + ko' (12)

In this equation, the parameter kv represents the capacitive-controlled process, while the
parameter kov!” represents the diffusion-controlled process. For both electrodes, ZnCoS/CeO> and
CuCoS/Ce0, at a scan rate of 5 mV s, the diffusion-controlled process predominates over the
surface-controlled process. With a rise in scan rate, the influence of capacitive control becomes
more pronounced, signifying that capacitance-controlled responses prevail in charge storage at

1

elevated rates. At a scan rate of 100 mV s, the capacitive contribution peaks at 69% for

ZnCoS/Ce0O; and 71% for CuCoS/Ce0s.

A clearer comparison between the Zn-containing and Cu-containing electrodes shows that the
difference between the two systems is not limited to absolute capacitance values. ZnCoS/CeO2
delivers a substantially higher specific capacitance than CuCoS/CeQ> (616.25 versus 416.25 F g’!
at 1 A g'), together with better high-rate retention and lower electrochemical resistance, indicating
more favorable charge-transfer kinetics in the Zn-based composite. In addition, the XPS results
show slightly higher Co*" and Ce*" fractions for ZnCoS/CeO2 than for CuCoS/CeQ2, which
suggests a somewhat more favorable mixed-valence surface environment for reversible redox
reactions. By contrast, the two electrodes exhibit very similar cycling stability, meaning that the

principal distinction between them lies in reaction kinetics and charge-storage efficiency rather
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(d)

than long-term durability. Therefore, the key finding of this comparative study is that replacing Cu

with Zn in the CeOz-integrated cobalt sulfide framework produces a more electrochemically

effective electrode under the present synthesis and testing conditions, and this advantage is

maintained at the asymmetric-device level.
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Asymmetric supercapacitors, which consist of two different components for fabricating the
cathode and anode, are used for practical electrochemical evaluations. Due to the elevated
operating voltage of the cell and the thermodynamic decomposition potential of water, the device's
specific capacitance and energy density are both improved by combining the anodic capacitor
electrode with the cathodic faradaic electrode. Moreover, asymmetric design enhances the energy
density of supercapacitors by using distinct materials for the anode and cathode, facilitating
effective energy storage under diverse operating circumstances. Conventionally, an electrostatic
double-layer capacitor (EDLC) material functions as the negative electrode, while a Faradaic
material operates as the positive electrode. This configuration enhances energy density by
increasing the operating cell voltage [94]. Therefore, in this work, ZnCoS/CeO; and CuCoS/CeO>
structures were used as the cathode, while AC was used as the anode to obtain ZnCoS/CeO.//AC
and CuCoS/CeO2//AC. The CV patterns of ZnCoS/CeO> and CuCoS/CeO: (Fig. 9(a,b), Fig. S3a)
function as a battery-type cathode in the range of -0.2 to 0.4 V. Conversely, the CV curve of AC

exhibits EDLC behavior within the range of -1 to 0.

To ascertain the suitable potential window for the supercapacitors, cyclic voltammetry study was
conducted at a scan rate of 50 mV s’ across various potential ranges. The findings for
ZnCoS/Ce0O,//AC (Fig. 9c¢), assessed within the voltage range of 0 to 1.7 V, demonstrate that the
curve shape stays consistent up to 1.6 V. The ideal operating voltage for this asymmetric
supercapacitor ranges from 0 to 1.6 V. Likewise, the results shown in Fig. S3b indicate that the
best potential range for the CuCoS/CeO//AC structure in this asymmetric supercapacitor ranges

from0to1.5V.

CV analysis was conducted at multiple scan rates for ZnCoS/CeO>//AC and CuCoS/CeO,//AC

(Fig. 9d, Fig. S3c). The findings for both electrodes demonstrate that the curve morphologies
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remain consistent even at elevated scan speeds, indicating stable redox processes and good

reversibility.

Fig. 9¢ and Fig. S3d show the GCD assessment of the asymmetric supercapacitors at multiple
current densities. The findings indicate symmetric configurations with appropriate rate

performance for both ZnCoS/CeO//AC and CuCoS/Ce0O,//AC asymmetric supercapacitors.

Additionally, based on the GCD measurements, capacitance values for these structures were
determined (Fig. 9f, Fig. S3e). The results indicate that ZnCoS/CeO,//AC exhibits better

performance compared to CuCoS/CeO»//AC.

In Fig. 9g and Fig. S3f, the Ragone plots of ZnCoS/CeO2//AC and CuCoS/CeO2//AC are
presented. For the ZnCoS/CeQ»//AC sample, an energy density of 22 Wh kg™ corresponds to a
power density of 640 W kg™!, while at an energy density of 11.2 Wh kg™!, the power density reaches
6400 W kg!. Similarly, for the CuCoS/CeQ»//AC sample, the results show that at an energy
density of 18.7 Wh kg'!, the asymmetric supercapacitor exhibits a power density of 326 W kg!,
and at an energy density of 8.7 Wh kg™!, the power density is 3260 W kg™!. These results indicate
the satisfactory performance of both samples. Furthermore, to better compare the results obtained
in this work with those of other works, the performance of the asymmetric supercapacitors shown
in the graphs is summarized in Table 2. The comparison indicates that incorporating cerium oxide
nanosheets alongside the bimetallic sulfide structure can significantly enhance electron transfer,
thereby improving the supercapacitive performance. It can be concluded that the proposed
synthesis approach offers a promising strategy for the development of supercapacitors with high-

performance.
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Table 2. The comparison of the results obtained in this work with those of asymmetric

supercapacitors reported in other studies.

Result
Name of asymmetric supercapacitor Reference
(Whkg! at W kg™)
Zn9.76C00.24S/Carbon fiber papers//AC 9.59 at 750 [95]
NiCo2S4//C 10.6 at 2470 [96]
Graphitized rice husk-NiCo02S4//AC 19 at 703 [97]
a-Fe;03@Ce02//rGO 15.62 at 781 [98]
rGO-MgCo204//AC 7.3 at 1830 [99]
CoAl-LDH@Ni(OH)2//MWCNT 16.7 at 350 [100]
(CuCo)Se/Nitrogen-doped carbon//AC 16.3 at 155.3 [101]
CoMn LDH//AC 4.4 at 2500 [102]
Cu20/Cu0O/Co020s3//Activated graphene 12 at 162 [103]
MnCo Sulfide/ graphene-nickel foam//AC 14.3 at 74.8 [104]
22 at 640 This work

ZnCoS/Ce02//AC

11.2 at 6400

18.7 at 326 This work
CuCoS/Ce02//AC

8.7 at 3260

Conclusion

In this study, we introduced a comparative CeO:-integrated bimetallic sulfide platform based on

ZnCoS/CeO; and CuCoS/CeO: for supercapacitor applications. The main novelty of the work is
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the systematic evaluation of how cation selection (Zn versus Cu), together with CeO> nanosheet
integration and sulfidation, influences the structure and electrochemical response of the resulting
electrodes. Among the investigated materials, ZnCoS/CeQO; exhibited the most favorable behavior,
demonstrating the highest specific capacitance, and the best asymmetric-device performance.
These findings show that CeO»-assisted structural engineering is effective for both systems, while
the Zn-containing composite provides the more advantageous charge-storage configuration in the
present study. The enhanced electrochemical behavior of these composites underscores their
promise for use in next-generation energy storage technologies like supercapacitors. This work not
only provides valuable insights into the design of efficient energy storage systems but also opens
new avenues for the development of bimetallic sulfide-based composites for supercapacitor

applications.
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