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ARTICLE INFO ABSTRACT

Handling editor: Raf Dewil Extensive use of fossil fuels causes heavy discharge of carbon dioxide, depleting energy resources and this re-

quires environmentally friendly and effective energy storage materials. Hybrid supercapacitors (HSCs) are

Keywords: recently developed as effective energy storage materials enabling high capacitance retention rate and quick
203004 flowers charging. Herein, synthesis of two-dimensional g-C3N4 nanosheets supported onto three-dimensional flower-like
€02

Co304/Ce02 (CoCe) ternary synergistic heterostructures are developed as effective electrodes for hybrid
supercapacitor applications. Addition of g-C3N4 produces substantial surface active sites, enabling its synergistic
effect with CoCe to enhance electrochemical performance having exceptional conductivity. The CoCe/g-C3N4
ternary composite electrode exhibits a higher specific capacitance of 1088.3 F g™ at 1 A g with 96 % of
recycling stability over 5000 cycles, which is ~5.5 and ~5 folds higher specific capacitance than the pristine g-
C3N4 and CoCe electrodes. EIS analysis revealed that CoCe/g-C3Ny4 electrode offered reduced charge transfer
resistance compared to pristine electrodes. The fabricated two-electrode HSC device displays outstanding
retention after 10,000 cycles with an ultra-high specific capacitance of 119.8 F g1, excellent energy density 37.4
Wh kg ! and power density of 749.9 W kg~ . This research showcases the perspectives of CoCe/g-C3Ny4 ternary
electrodes in hybrid supercapacitors and other renewable energy storage devices.

Carbon materials
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1. Introduction eco-friendly and prospective practicality (Reddy et al., 2021), (Tuna

et al., 2024). Nevertheless, HSCs have characteristically lesser energy

In recent years, efforts are devoted towards clean and renewable
energy sources due to fast increase in ecological contamination as a
result of high usage of fossil fuels (Bhatt et al., 2024), (Reddy et al.,
2022). Developing effective energy storage devices is therefore crucial
to address energy calamity and growing demands of energy storage
systems (Kundu et al., 2023), (Jang et al., 2023). Among the renewable
energy storage devices, hybrid supercapacitors (HSCs) are the accept-
able energy storage systems owing to their rapid charge/discharge cycle
efficiency, higher power density, outstanding cyclic stability,
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density than batteries, which limits their practical applications (Chau
et al., 2024), (Young Jang et al., 2023). It is, therefore, necessary to
further enhance HSCs energy density, power density and wider voltage
window (Zhang et al., 2022). It is thus necessary to explore innovative
electrodes to enhance the capacity and energy density (Wang et al.,
2023a).

Lately, heterostructured ternary electrode systems are being devel-
oped owing to their large surface area to generate high reaction sites.
Heterostructured electrode surface area and morphology can influence
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the electrochemical properties of HSCs, thus enhancing specific capac-
itance (Zhang et al., 2023), (Sethi et al., 2020). Hence, the preparation of
ternary heterostructured composites with high specific surface area is
needed. In recent years, transition metal oxides (MoOs, CoO, NiO, and
Co303, etc.) have been used as electrode materials in renewable energy
storage devices owing to their outstanding electro-activity, inexpensive
with natural abundance and having good electrical properties as well as
high theoretical capacitance (Gao et al., 2015).

Among the various systems, spinal Co304 has received great atten-
tion due to its ease of availability, ample storage, and ecological ad-
vantages as well as its diverse valences (Co?* and Co®™) of Co cations (Li
etal., 2015), (Lv et al., 2015). However, Co304 capacitance is still lower
than its theoretical capacitance (~3000 F g~1) due to its deprived con-
ductivity and slow contribution of Faradaic nature, which restricts its
rate of charge/discharge ability and recycling retaining activity (Li et al.,
2018). In order to overcome these issues, an effective method is to up-
surge cobalt oxide conductivity by introducing a suitable lower elec-
tronegativity material to improve the hybrid composites (Zhang et al.,
2017a). Among these, rare earth CeO with distinctive 4f5d electronic
configuration has been considered useful owing to its exceptional
properties such as higher oxygen storing ability, tunable vacancies and
redox properties (Qi et al., 2014), (Huang et al., 2021a). After the
introduction of CeO,, exchange of valence state between Ce®" and Ce**
can fasten the electron transmission to increase electroactivity of the
electrodes (Bhatt et al., 2024), (Xia et al., 2020).

Heterojunctions can attain fast electroactivity of the electrodes, and
hence, they are suitable for boosting electrochemical activity using
heterojunctions (Lian et al., 2016). For instance, CoO@Co-Cu-S and
CoS/NiCo3S4 heterostructures with enhanced capacitance and decent
cycling constancy have been reported by Lu et al. (2019) and Zeng et al.
(2015). Such improved specific capacitance might be due to electrical
properties, improved charge transmission and interface electric field
(Zheng et al., 2016). Additionally, interaction between the two materials
would facilitate the movement of ions and electrons. Nevertheless,
fabrication of electrodes from a single material cannot fulfill targeted
goals of the device. In such a situation, efforts have been pursued to
examine the hybrid heterostructured ternary composites with distinc-
tive 3D-like structures having exceptional capacitance to develop su-
perior electrochemical properties of the electrodes.

Carbon-based systems have amazing consequences such as ternary
composites, which are ideal for use with other electrode materials (Shin
et al., 2023). These materials have created greater interest in energy
storage systems that can be remarkably energetic owing to their
well-arranged permeable frameworks, excellent chemical stability with
higher specific surface area and electrical conductivity (Tareen et al.,
2022). Among such materials, g-C3N4 semiconductors have shown
considerable interest in photocatalysis, energy conversion, and energy
storage due to their exceptional activity in electrode construction,
extended specific surface area, ease of fabrication and less expensive
(Zhang et al., 2019), (Maruthasalamoorthy et al., 2023). Furthermore,
using g-C3N4 with other materials will enhance electrochemical efficacy
to improve the total energetic sites of the heterostructures such as in 2D
g-C3Ny, which has a suitable surface area. Likewise, g-C3Ny4 triazine ring
has a robust covalent bond, which provides extraordinary thermal and
chemical stability (Bai et al., 2022).

Inspired by the above findings, hydrothermal synthesis was used to
prepare 2D g-C3Ny4 supported hierarchical 3D flower-like Co304/CeO2
ternary heterostructured composite to investigate electrochemical per-
formances of HSCs electrodes. These ternary composites are prepared to
improve electrical conductivity and specific surface area by joining g-
C3N4 nanosheets with CoCe hierarchical flowers. The g-C3N4 nanosheets
are then added to improve CoCe electrochemical performance due to its
exceptional features. The prepared ternary heterostructured composites
are investigated for microstructural, optical, and electrochemical prop-
erties. Their electrochemical performances are characterized using three
electrode system in 2M KOH electrolyte. Notably, the ternary
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heterostructured electrode attained ultra-high capacitance of 1088.3F
g1 at a current density of 1 A g~'. Furthermore, a hybrid battery cell
type fabricated supercapacitor (CoCe/g-C3N4//AC) showed extraordi-
nary energy density of 37.4 Wh kg™! and a power density of 749.9 W
kg~!. After 10,000 charge/discharge cycles, the capacity was retained
up to 100% and the electrode system can be a suitable cathode material
for renewable energy storage devices.

2. Experimental
2.1. Chemicals

Melamine (C3HgNg), cerium (III) nitrate hexahydrate (Ce
(NO3)3-6H20), cobalt(Il) nitrate hexahydrate (Co(NO3)s3-6H20), urea
(HoNCONH3), de-ionized (DI) water, and ethanol, respectively were
purchased from Sigma Aldrich (South Korea).

2.2. Preparation of g-CsN4, C0304/CeO2 and Co304/CeO2/g-C3N4
heterostructures

Thermal polymerization technique was used to prepare g-CsNy
powder in which 5 g of melamine powder was ground in an agate mortar
for 45 min, placed in an alumina crucible and heated to 500 °C for 2h,
resulting in g-C3N4 powder with a pale yellow color. A one-step hy-
drothermal preparation was used to synthesize hierarchical 3D flower-
like cobalt oxide/cerium dioxide (Co304/CeO5) heterostructured com-
posites. Briefly, Ce(NO3)3-6H20 (0.1 M) and Co (NO3)3-6H20 (0.3 M)
were liquefied in deionized water (100 mL) to which 1.1 g of urea were
added under constant stirring for 1 h to which a suitable amount of g-
C3N4 powder was added, then taken to Teflon-lined vessel and main-
tained at 120 °C for 10 h. After reaching room temperature, the
centrifugation procedure was used to collect the attained sample and
clean it with deionized water and ethanol. Then, it was heated to 500 °C
for 2 h under N, atmosphere. The obtained Co304/CeOy composite
material was labeled as CoCe, while the Co304/CeO2/g-C3Ny4 ternary
composite was designated as CoCe/g-C3Ny.

2.3. Characterization of materials

PANalytical X’Pert PRO diffractometer (MPD for bulk powder, Dia-
tome (United Kingdom)) was used to investigate crystal phase of the
materials. Surface morphology and microstructures were investigated
using S-4800 (SEM, Hitachi, LTD (Japan)) and Tecnai G2 F20 S-TWIN
instruments (Netherland) (HRTEM). XPS (Thermo scientific instrument,
UK) was used to examine the surface chemical composition, and the BET
surface area of the samples was measured using BET theory and BJH
desorption analysis (BET Physisorption Analyzer, Model 3-Flex, Micro-
meritics (USA)).

2.4. Electrochemical measurements

Three electrode potentiostat workstation (Bio-Logic Sp-200) was
used to investigate electrochemical performance using the standard
three-electrode instrument. The Pt wire, Hg/HgO, and the synthesized
materials were used as a counter, reference and working electrodes in
2M KOH electrolyte solution. The battery-type coin-cell device was
fabricated to examine the performance of the hybrid supercapacitor
(HSCs) device.

2.5. Electrode preparation

For the preparation of working electrode, the synthesized samples,
activated carbon black, and polyvinylidene fluoride (80:10:10) were
uniformly mixed in N-methyl pyrrolidone solvent via ultrasonicaton for
30 min, which was coated onto Ni foam and desiccated at 120 °Cfor 12h
in a vacuum oven. The hybrid supercapacitor (HSC) assembly and
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calculations are provided in the supplementary information (SI file).
3. Results and discussions

3.1. Structural analysis

X-ray diffraction was used to examine crystal structure of the syn-
thesized g-C3Ny4, CoCe, and CoCe/g-C3Ny ternary heterostructures (see
in Fig. 1). Pure CoCe sample (Fig. 1(a)) has strong peaks of cubic fluorite
CeO-, crystal phase with diffraction patterns observed at 28.5°, 33.0°,
47.4° and 56.3°, signifying (111), (200), (220), and (311) crystal planes;
the distinctive peaks are assigned to JCPDS No: 34-0394 (Wang et al.,
2021a), respectively. Similarly, peaks observed at 31.2°, 36.8°, 44.8°,
59.3° and 65.2° are ascribed to (220), (311), (400), (511) and (440)
cubic spinal planes of Co304, the observed peaks are assigned to JCPDS
No: 42-1467, respectively (Fig. 1(a)) (Yi et al, 2023). No
impurity-related peaks were observed, indicating the purity of the pre-
pared sample. Pure g-C3N3 (Fig. 1(b)) showed two diffraction peaks at
13.1°, 27.4° related to (100), (002) planes, which are ascribed to
in-plane repetitive units and stacking of the conjugated aromatic
structure, respectively (Du et al., 2023). With regard to CoCe/g-C3Ny,
the characteristic diffraction peaks of CoCe and g-C3N4 were identified,
specifying co-existence of both the samples. The two new planes were
identified at 19.0° (111) and 69.4° (400) in the ternary composite
related to the planes of Co304 and CeO,. These data specify that g-C3N4
sheets were effectively loaded onto the surface of CoCe without any
changes in their crystal phases.

FESEM and TEM analysis were performed to observe the surface
morphology and microstructures of the materials. Fig. 2 shows FESEM
images of pure CoCe and CoCe/g-C3N4 samples, while Fig. 2(a—c) shows
FESEM images of pure CoCe samples with different magnifications. As
can be seen from the images, well-controlled 3D flower-like surface
morphology was observed with the nanowires having lengths ranging
from 1 to 10 pm. Similarly, Fig. 2(d—f) shows FESEM images of CoCe/g-
C3Ny ternary hetero-structured composite with different magnifications,
where g-C3N4 nanosheets are successfully attached to the surface of
CoCe, but they did not modify the 3D CoCe surface morphology. The
FESEM images showed successful synthesis of CoCe/g-CsNy4 ternary
hetero-structured composite. Likewise, TEM and HRTEM analysis were
used to observe the microstructures of CoCe/g-C3N4 ternary composite
as shown in Fig. 3. Fig. 3(a) shows TEM image of the ternary composite,
demonstrating the combination of CoCe and g-C3N4 sheets. HRTEM
image of the composite presented in Fig. 3(b) suggests that the identified
lattice spacing at 0.46 nm and 0.27 nm are related to (111) and (200)
planes of Co304 and CeO,. Additionally, Co3O4 and CeO, diffraction
rings can be identified in SAED image (Fig. 3(c)), which supports XRD
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and FESEM analysis.

3.2. Surface analysis

The N, adsorption/desorption was used to study surface analysis and
pore structures of g-C3Ny4, CoCe, and CoCe/g-C3Ny4 ternary composites,
respectively. Fig. 4(a) shows Ny adsorption/desorption isotherms, where
all the isotherms exhibited characteristic type IV adsorption-desorption
curves that are distinctive with the H3 hysteresis loops, specifying the
occurrence of the mesoporous structure. The evaluated surface area of g-
C3Ny, CoCe, and CoCe/g-C3N4 samples are 17.6, 34.5 and 51.2 m2/g,
signifying that the addition of g-C3N4 increased the specific surface area
of the materials. Fig. 4(b) shows the average pore size distribution of the
samples, where average pore sizes are ~20.8 nm, ~18.4 nm and ~16.7
nm for g-C3Ny4, CoCe, and CoCe/g-C3Ny, respectively. Overall, CoCe/g-
C3N4 ternary composite shows a larger specific surface area and smaller
pore size than g-C3N4 and CoCe, which can offer more exposed active
sites and plentiful open channels for the interphase mass transmission
(Riyajuddin et al., 2021). The specific surface area and pore size of the
ternary composite exhibit improved electrocatalytic performance
compared to that of pristine samples.

XPS was used to study the elements and the corresponding chemical
structures on the surface of the ternary composite sample; XPS data are
displayed in Fig. 5. The survey XPS spectrum (Fig. 5 (a)) displayed the
occurrence of Co, Ce, O, C, and N elements, respectively. The decon-
voluted core level XPS spectra of Co 2p are illustrated in Fig. 5 (b). The
peaks at 796.3 eV and 781.5 eV are ascribed to Co 2p; /2 and Co 2p3/5 of
Co?" state, while the other peaks identified at 794.4 eV and 779.6 eV are
attributed to Co 2p1 /2 and Co 2ps, of Co®™ state along with two peaks at
788.6 and 784.3 eV of Co®* and Co>*, respectively. This signifies that
cobalt exists in the form of 3+ and 2+ (Zhong et al., 2020), (Wang et al.,
2023b). The deconvoluted high resolution XPS spectra of Ce 3d spectra
are presented in Fig. 5(c), from which eight separate peaks can be
identified from Ce XPS spectra, disclosing two types of Ce states
instantaneously existing as the distinctive peaks at 916.3, 907.2, 900.2,
897.9, 888.4 eV (3ds,2), and 881.9 eV (3ds,2) that are credited to ce*t
state, while other peaks at 883.4 and 902.7 eV are related to ced* 3ds,2
and 3ds/, states, respectively; this is in consistence with he reported
literature (Li et al., 2023), (Xiao et al., 2024); the results suggest that
Ce** and Ce3* coexist onto the surface of the sample. Moreover, Ce>*
species are from the reduction of Ce**, while Ce>* was associated to
oxygen vacancies development on CeOy (Liu et al., 2019). The dissimilar
valence states specify that the synthesized ternary composite has dis-
similar types of cerium oxide, which confirms the formation of CeCo.
The fitted O 1s spectra are presented in Fig. 5 (d), where two peaks are
identified at 529.6 eV and 531.3 eV, which are credited to lattice oxygen
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Fig. 1. XRD patterns of (a) Pure CoCe, CoCe/g-C3Ny4, and (b) pure g-C3N4 samples.
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in cobalt oxide and cerium oxide and metal-oxygen bonds (Huang et al., oxygen vacancies are necessary for the unfulfilled Lewis pair’s creation
2021b). Moreover, interactions between Co and Ce species may lead to (Zhang et al., 2017b), which could improve the performance of the
the reduction of Ce** to Ce®*. Hence, the development of oxygen va- subsequent electro-catalyst. Particularly, the peak at 529.6 eV suggests
cancies is encouraged to sustain the charge impartiality, and these the presence of lattice oxygen initiated from the surface crystalline of
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Fig. 5. XPS spectra (a) survey, (b) Co, (C) Ce, (d) O, (e) C, and (f) N of CoCe/g-C3N, ternary composites sample.

cobalt oxide (Bao et al., 2015). Fig. 5 (e) illustrates C 1s XPS spectra,
where two C-C/C=C, and C=0 peaks are identified at 284.3 eV and
288.1 eV. The N1s XPS spectra are shown in Fig. 5 (), where the peaks at
398.1, 399.3 and 400.6 eV are ascribed to pyridinic-N, pyrrolic-N, and
quaternary-N, respectively (Wang et al., 2021b). XPS analysis confirmed
the elemental chemical states in the ternary composite sample.

3.3. Electrochemical analysis

Electrochemical properties of the materials were investigated using
three electrode system in 2M KOH electrolyte. Fig. 6(a) presents typical
cyclic voltammetry (CV) curves for pristine CoCe, g-C3N4, and CoCe/g-
C3N4 materials taken at the scanning rate of 30 mV s™! in the working
voltage window of 0-0.6 V. All the electrodes presented paired redox

peaks, indicating that the energy storage involves fast and reversible
redox reaction, a battery-type energy storage mode dominated by the
intercalation or diffusion (Roy et al., 2024). Moreover, the redox peaks
in the prepared electrodes are accredited to the multi-electron trans-
mission reactions of Co?" & Co>* « Co*" and Ce®" & Ce*". At the same
sweeping rate, redox peaks and curve areas of pure CoCe and g-C3N4 are
smaller than those of CoCe/g-CsN4, indicating that heterogeneous
CoCe/g-C3Ny electrode has a higher specific capacity and faster elec-
trochemical reaction kinetic energy. The CoCe/g-C3N4 ternary electrode
has a larger surface area, enormous active reaction sites and good
electrical conductivity, which are beneficial to electrochemical perfor-
mance, which is mostly attributed to superior electrical conductivity due
to synergistic interaction between CoCe and g-C3N4 materials. Fig. 6(b)
illustrates CV curves for CoCe/g-C3N4 ternary electrode at different scan
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rates. With increased scan rate, the consistency in shape indicates that
the energy storage reaction of CoCe/g-C3N4 electrode is highly revers-
ible and stable (pure CoCe, g-C3N4 electrodes; the CV curves at different
rates are presented in Fig. S1 (a & b)). All the electrodes show specific
current increases with the scan rates, signifying well rescindable Fara-
daic redox responses with an extensive potential separation for the quick
galvanostatic charge/discharge procedure. Also, the redox peak position
shifts to the corresponding potential with increasing the scan rate,
representing electrodes as having excellent electrochemical reversibility
(Liu et al., 2017).

Fig. 6 (c) displays galvanostatic charge/discharge (GCD) curves for
g-CsNy, CoCe, and CoCe/g-CsNy electrodes at 1 A g~ ! current density.
All the electrodes have a wide operating voltage window of 0-0.55 V. In
contrast to conventional electric double layer capacitor (EDLC) and
pseudo-capacitive electrodes, the GCD curve of hetero-structured elec-
trode demonstrates distinct charging and discharging patterns, sug-
gesting a non-linear relationship between voltage and charge storage/
discharge within the specific range, attributed to additional capacitance
phenomena associated with the electrode potential. Furthermore, these
charge and discharge curves correspond to the prominently separated
redox peaks in the CV curve, further proving that the storage mechanism
of the electrode involves Faradaic redox reaction (Shao et al., 2018). As
shown in Fig. 6(d), the GCD performance of CoCe/g-C3N4 at various
current densities from 1 to 6 A g~'. The GCD curves have shown
consistently high symmetry under various current densities, suggesting
their conventional reversibility in redox reactions, robust cycling, and
rate capabilities. The GCD curves of pure g-C3N4, CoCe electrodes are
illustrated in Fig. S1 (¢ & d) under similar conditions. The specific
capacitance of g-C3N4, CoCe, and CoCe/g-C3N4 ternary
hetero-structured electrodes as calculated from their respective GCD
curves is presented in Fig. 7(a), where CoCe/g-C3Ny ternary electrode
has ultra-high specific capacitance of 1088.3F g~! at current density of 1

A g1, which is significantly higher than that of pure g-CsN4 (196.5 F
g’l) and CoCe (215.4 F g’l) under similar conditions. In addition,
CoCe/g-C3Ny ternary electrode displayed outstanding electrochemical
performance (1088.3 Fg'! at a current density of 1 A g™!), which is
higher than those reported on Co and Ce-based composites as shown in
Table 1. In addition, CoCe/g-C3N4 ternary electrode shows excellent
energy storage capacity at current densities of 2, 3, 4, 5, and 6 A g7,
which are 1025.7, 973.7, 932.3, 896.1, and 872.3 F g’l, respectively.
These characteristics can be ascribed to two primary factors: (i) heter-
ostructured material has a high surface area (SSA), which offers suffi-
cient active sites, and provides efficient transport and diffusion channels
for particle adsorption and desorption, contributing significantly to its
superior electrochemical performance. (ii) The material benefits from
the exceptional electrochemical reaction kinetics. (iii) Additionally,
diffusion-dominated surface redox reactions produce stronger chemical
energy compared to traditional ion adsorption and desorption compared
to pristine electrodes.

The CoCe/g-C3Ny4 distinctive construction can efficiently avoid the
accumulation of g-C3N4 sheets. Specifically, addition of g-C3N4 nano-
sheets to CoCe could offer a vast quantity of active sites and a large
surface area. Additionally, the unique structure permits the formation of
enormous interaction between the active material and the electrolyte,
enabling the transfer of electrons/ions. Therefore, g-C3N4 nanosheets
and CoCe may provide better mechanical strength and extended
toughness. As illustrated in Fig. 7(b), the electrochemical impedance
(EIS) curves reveal that CoCe/g-C3Ny4 electrode has the lowest contact
resistance (Rg), charge transmission impedance (R.y), and diffusion
impedance (W) than the nascent electrodes, indicating its superior
electrochemical performance (Rabbani et al., 2023) (Table S1 for spe-
cific results). This can be attributed to distinctive hetero-structure of
CoCe/g-C3N4, which facilitates several beneficial factors. The
CoCe/g-C3N4 ternary electrode exhibited lesser internal resistance (0.35
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Q), enlightening its higher conductivity. Also, CoCe/g-C3Ny4 ternary
electrode shows a semicircle-like arc, signifying that lower charge
transmission resistance (R¢;) occurs onto the surface electrode in inter-
action with the electrolyte. Also, from the EIS analysis, it is evident that
CoCe/g-C3Ny electrode shows reduced charge transmission resistance
onto the surface of the electrode, and hence, increased interfacial charge
transmission, which offers abundant ion transport conductivity due to
the addition of g-C3Ny sheets that has excellent conductivity (Ali et al.,
2018). Thus, the combination of 3D flower-like CoCe with 2D g-C3N4
nanosheets could reduce the typical collapse issue observed in 2D ma-
terials (Kang et al., 2022), thereby enhancing the availability of the
surface area for adsorption and desorption of the particles. This
concurrently contributes to narrowing the energy band gap of the ma-
terials, thereby lowering the potential barrier for electron transport,
thereby optimizing electrical conductivity to improve its electro-
chemical reaction dynamics (Fu et al., 2024). The CoCe/g-C3Ny4 elec-
trode was tested up to 5000 cycles at a current density of 15A g~!. The
results presented in Fig. 7(c) demonstrate a capacitance retention rate of
96.6% after 5000 cycles. The GCD profile exhibits a remarkable con-
sistency throughout the cycling process, with charging-discharging
plateaus remaining intact, which underscores the materials’ excep-
tional reversible cycling performance. Compared to pure g-C3N4 (87.9%
capacity retention) and CoCe (80.0% capacity retention), ultra-high
cyclic stability of CoCe/g-C3N4 stands out to be better in practical ap-
plications as shown in Fig. 7(d).

The study on electrode energy storage capabilities was also exam-
ined, mainly focusing on the energy storage reaction kinetics of CoCe/g-
C3Ny ternary hetero-structured electrodes. Generally, the reversible

mechanism of energy storage was understood to originate from two
distinct electrochemical reaction mechanisms: the diffusion-controlled
process (Faraday process) and the capacitance process (EDLC) (Yang
etal., 2020). Throughout the CV cycle, the relationship between varying
scanning rates (v) and resulting current (i) adheres to the following
equations (Wang et al., 2007):

i=a) (€]

logi=1loga+blogv (2)
where the value of b varies between 0.5 and 1. For b = 0.5; the behavior
is controlled by diffusion, while for b = 1.0 it is controlled by the
capacitance. The value b was evaluated from the slope of the logarithm
of CV peak current I and scanning speed v. The anode and cathode peak
fitting results of the electrode are shown in Fig. 8(a), where at the apex
of both the cathode and anode, the b values are 0.58 and 0.61, respec-
tively, which fall in the range of 0.5-1.0, further substantiating a
cooperative interplay between diffusion and capacitive control mecha-
nisms that governs the entire energy storage operation. Furthermore, the
parameter b approximates 0.5, which suggests that the energy storage
mechanism of CoCe/g-C3N4 electrode closely resembles that of a bat-
tery, characterized predominantly by diffusion-controlled behavior.
This implies higher energy density, similar to the principles governing
battery operations, enhancing its ability for renewable energy storage
devices. The quantitative distribution of diffusion and capacitance
contribution were analyzed using the equation (Brezesinski et al., 2010):

i=kyv+kv'/? 3)
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Table 1
Comparison of electrochemical performance of relative-material electrodes.
Electrode Specific Electrolyte  Capacity Cycle Ref
Material Capacity Retention Number
%
CeCoSx-SA/ 873 F g’1 6 M KOH 87.1 5000 Reddy
GF aAgh et al.
(2021)
Cds/rGO/ 407 F g’1 2 M KOH 96 5000 Ali et al.
CeO, aAagh (2018)
Ce[Fe(CN)g] 148 C/g 1 M KOH 74.5 5000 Xie et al.
05Ag™hH (2021)
Co-Fe LDHs 728 Fg! 2M 84 5000 Ma et al.
(1Ag™h (2016)
CeO,@ZIF-8 131F g’1 3 M KOH 90 5000 Rabani
(1Ag D) et al.
(2021)
Mn-Ni-Co 638 F g’1 6 M KOH 96.3 6000 Lietal.
Oxide aAagh (2014)
Ni-Co LDH/ 404 mA h 3 M KOH 93.2 10,000 Kandula
NiMoSx g (3mA et al.
em™?) (2019)
Co(OH)y/ 1283.3C/g 3 M KOH 96.3 4000 Song et al.
CoSey// aag™h (2021)
CNTs
Co3S2/CoS/ 805.7F g’1 3 M KOH 91.2 6000 Qiao et al.
MoS; 1A g™ (2021)
Co304/Co 771.2 Fg'1 5 M KOH 93.3 3000 Cho et al.
(OH), 1Agh (2020)
Co-Mo-O 302Fg! 1 M KOH 95.8 2000 Tian et al.
aAgh (2017)
Co-MOF 578.6Fg~1 1M KOH 88.7 1000 Sun et al.
(1Ag™h (2020)
CoCe/g- 1088.3Fg! 2 M KOH 100 5000 This work
CsN, aagh

where kv is capacitive contribution current, and kyv'/? is diffusion
contribution current. Fig. 8 (b) shows the contribution distribution of
the capacitance at 30 mV s~ ' scan rate (distributions of capacitance
contributions at various scanning rates, shown in Fig. S2. Fig. 8(c)
summarizes the dispersal ratio of diffusion and capacitive contributions
at different scan rates, suggesting that as the scanning rate increases,
there is a progressive growth in the capacitance along with a simulta-
neous decrease in diffusion contribution. This phenomenon is ascribed
to the nature of the Faraday reaction, which characterizes the battery-
type energy storage through a slow and reversible redox process. At
increased scanning rates, the temporal constraints imposed by semi-
infinite diffusion reduce the reversible redox reaction time.
Conversely, the occurrence of capacitive contribution (occurs immedi-
ately at both adjacent to the electrode surface) experienced a gradual
increase. The comparative analysis of the two contributions reveals that
ternary electrodes demonstrate superior electrochemical reaction ki-
netics. Specifically, diffusion contribution indicates enhanced energy
density, a characteristic primarily associated with the battery perfor-
mance. Conversely, the capacitive contribution reflects increased power
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density, which aligns more closely with the attributes of SCs. This dif-
ferentiation underscores the potential of heterogeneous materials to
optimize electrochemical properties for applications requiring high en-
ergy storage or rapid energy release. As a result, the ultra-high specific
capacity and excellent recycle ability of the ternary electrode can be
credited to the accessible electroactive surface area for faster reactions
(Faradaic redox) and 3D hierarchical flower-like morphology self-
possessed of the nanowire interfacial interaction, while the 2D g-C3Ny4
sheets enable quicker electrolyte ions and electrons transmission
through the interrelating channels. These consequences specify the high
practical usage of the ternary electrodes owing to their ultra-high spe-
cific capacitance, decent rate ability, and excellent cyclic constancy.

3.4. Hybrid supercapacitor device performance

The CoCe/g-C3N4 electrode demonstrates outstanding energy stor-
age capabilities in addition to superior electrochemical reaction ki-
netics, providing a viable pathway for developing cathode electrodes of
hybrid supercapacitors (HSCs). This configuration employed CoCe/g-
C3Ny4 (two-electrode system) as the cathode material with 2M KOH
electrolyte by utilizing commercially available activated carbon (AC) for
the anode. The working voltage window of HSC was tested as shown in
Fig. 9 (a). The results show that CoCe/g-C3N4//AC HSC works quite
stable in the window of 0-1.6 V. At a higher applied voltage of more
than 1.6 V, the cathode appears in an oxygen evolution reaction (OER)
(Shao et al., 2018), which is not conducive to the cycle stability, which
means that HSC has a broader working voltage window, indicating
higher power density. Fig. 9 (b) depicts CV profiles of the device,
recorded at varying scan rates. Integrating an AC anode into HSCs
resulted in CV profile exhibiting the combined features of symmetrical
redox peaks (battery-like behavior) and a rectangular-like shape
(capacitive response), which is symbolic of HSC (Chatterjee and Nandi,
2021). Furthermore, the uniformity observed in CV profiles across
various scan rates underscores HSCs enhanced stability and rate capa-
bility, highlighting their ability to improve the performance in energy
storage applications with capacitive and battery-like attributes. A
similar phenomenon was also observed in GCD curve of HSC (Fig. 9 (c)).
A short charging and discharging platform and a symmetrical triangle
line appeared, suggesting that HSC combines the dual characteristics of
battery and supercapacitor.

The specific capacitance calculated from the GCD curves is depicted
in Fig. 9 (d), where HSC demonstrated a noteworthy specific capacitance
of 119.8 F g ! at a current density of 1 A g~!. Moreover, it maintained a
commendable specific capacitance of 49.6 F g1 even at the elevated
current density of 20 A g~ 1. The specific capacitance of CoCe/g-CsN4//
AC HSC surpassed the recently reported data (Kim et al., 2023), (Jiet al.,
2023), (Hadji et al., 2023), indicating that it maintains a strong per-
formance under the conditions of high power demand. Energy and
power densities are extensively recognized as vital device performance
indicators for energy storage applications. According to GCD curve, the
energy density and power density of HSC under different conditions

Diffusion Controlled B Capacitive contribution
241 C
_ (a) 0.2 (b) I Capacitive Controlled 120 ( ) I Diffusion contribution
':‘2.2 3 * =
z20} 2 2
H £ £ s0
218 0 S— k5 P
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Fig. 8. (a) The b values of CoCe/g-C3N4 calculated from corresponding peak current and sweep rate, (b) The capacitive and diffusion contribution distributions of
CoCe/g-CsNy4 at 30 mV s~ %, and (c) The capacitive and diffusion fractions of CoCe/g-C3N, at diverse scan rates.
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Fig. 9. (a) The CV curves of the HSC collected in diverse potential ranges at 30 mV s, (b) The CV profiles of the HSC at different rates, (c) The GCD curves of the
HSC at various current densities, (d) The specific capacitances of devices at different current densities calculated from GCD, (e) The Ragone plot of devices, (f) The
comparison of Nyquist plots after and before cycling test for devices, and (g) The capacitance retention of the HSC at 5 A g~* during 10,000 cycles with corresponding

periodic GCD profiles.

were further calculated. The Ragone diagram is shown in Fig. 9 (e). The
results indicate that energy density of CoCe/g-C3N4//AC HSC device
maintained a higher energy density at different power densities. Spe-
cifically, the device retains energy capacities of 37.4, 29.0, 28.5, 25.0,

20.5, and 15.5 Wh kg ™! when operated under power densities of 749.9,
1499.9, 2249.8, 3749.9, 7500.4, and 15,008.5 W kg_l, respectively.
Such a high energy density exhibited by HSC device matched with the
lithium-ion batteries, underscoring their potential in commercial
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applications. To assess the stability and efficiency of the device, HSC was
evaluated through 10,000 charge-discharge cycles conducted at a cur-
rent density of 5 A g~1. A comparative analysis of its electrochemical
impedance was also performed before and after the cycling process as
shown in Fig. 9 (f). Upon completion of the cycling process, there is a
noticeable increase in Ry of the device, potentially attributed to varia-
tions in electrolyte concentration over prolonged cycling periods.
Simultaneously, changes observed in Rt and W are minimal (Table S1
for specific results), suggesting that the electrode material exhibits su-
perior cyclic stability and outstanding ion conduction efficiency.

The exceptional electrochemical performance may be due to surface
cations in Co304 (Co®>" and Co®"), which could assist as the electronic
donor/acceptor reduction sites for fast electrochemical activity. There-
fore, based on this assumption, accumulating the surface exposed cat-
ions site quantity might be a possible process to further improve the
electrochemical activity (Edri et al., 2017). In addition, cycle stability is
also a key factor in practical applications. Fig. 9 (g) illustrates cycling
stability and capacity retention across different cycling stages. Notice
that during the initial 200 cycles, there was a marginal increase in ca-
pacity retention, which can be ascribed to electrode material activation
process (Chen et al., 2016), after which the capacitance was stable,
maintaining up to 10,000 and showed ~100% of retention rate, which
indicates the fabricated HSC device has an outstanding cycling stability.
As a result, enhanced electrochemical activity of the prepared electrode
can be attributed to the surface oxygens permitting quick dispersion and
reaction (owing to its rich Ce**/Ce3*or Co®" and Co®*"), and g-C3N, in
the composite could progress the charge transport between the electrode
and the electrolyte as well as its higher working window potential.
Hence, the fabricated HSC device shows outstanding electrochemical
performance and has great potential in practical supercapacitors as well
as energy storage device applications.

4. Conclusions

The CoCe/g-C3N4 ternary heterostructured electrodes were prepared
following a simple hydrothermal technique for developing hybrid
supercapacitors. The interaction between g-C3N4 and CoCe materials
can deliver a decent connection for ion transmission and extra active
sites during electrochemical reactions due to 2D lamellar g-C3Ny struc-
ture. Especially, CoCe/g-C3N4 electrode showed an ultra-high specific
capacitance of 1088.3 F g™ at a current density of 1 A g~!, which is
considerably higher than the pristine g-CsN4 (196.5 F g™1) and CoCe
(2154 F g’l) electrodes. Furthermore, fabricated HSC device has an
adequate energy density of 37.4 Wh kg~ ! at a power density of 749.9 W
kg~ 1. The improvement in electrochemical performance is attributed to
3D flower-like structure, higher electrochemical active sites, enhanced
charge moving at the interface of electrode/electrolyte, higher specific
surface area, ample reaction active sites, and good electrical conduc-
tivity. This study suggests a simple method and architectural strategy to
achieve an extraordinary performance of HSC and other related energy
storage applications. Furthermore, the distinctive electrochemical
properties of CoCe/g-C3N4 ternary composite demonstrate its potential
for applications in the development of high-performance batteries,
electrocatalysis, and energy-related devices.
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