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ABSTRACT

This study presents the development of a high-performance supercapacitor using a sodium
cobalt oxide integrated with graphene foam (NaCoO,@GF), PVA-KOH membrane, and activated
carbon derived from jute sticks (JC). The NaCoO,@GF/PVA-KOH/JC full-cell device operates
effectively across a voltage range of 0 to 1.7 V, demonstrating excellent reversibility and efficient
charge storage through diffusion-controlled redox reactions. The device exhibits energy density
up to 36.2 Wh kg™ at 0.5 A g-1 and power densitie up to 7749.2 W kg™ at 10 A, as confirmed by
GCD data, and shows improved electrochemical performance after stability testing, with
enhanced ionic conductivity and electrode material activation. Notably, the NaCoO,@GF/PVA-
KOH/JC supercapacitor achieves nearly 100% Coulombic efficiency over 10,000 cycles,
maintaining a retention of about 87% for most cycles before a slight drop to 83%. These results
demonstrate the superior performance and potential of this composite material for practical

energy storage applications.
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1. INTRODUCTION

The rapid progress in energy storage technologies is driven by the increasing demand for high-
performance and sustainable power sources [1][2]. Supercapacitors have attracted considerable
attention because of their exceptional power density, long cycle life, and fast charge-discharge
rates [3][4]. However, achieving high energy density while maintaining excellent power
performance remains a significant challenge [5]. Much of the research in this area has focused
on developing advanced electrode materials for supercapacitors, driven by the need for more
efficient and sustainable energy storage solutions [6]. Also known as electrochemical double-
layer capacitors (EDLCs), supercapacitors are emerging as promising energy storage devices due
to their ability to provide high power density, rapid charge-discharge cycles, and long cycle life,
positioning them as attractive alternatives to traditional batteries and other energy storage
technologies [7][8]. The search for innovative electrode materials and architectures is critical to
improving the overall performance of supercapacitors. This includes enhancing energy density,
power density, and cycling stability [9]. Finding the right balance between high energy density
and excellent power and cycling characteristics is crucial for the widespread adoption of

supercapacitor technology in various applications [10].

Carbon materials, such as graphene and activated carbon, are highly valued for their excellent
conductivity and large surface area, while metal oxides provide superior redox activity and
impressive theoretical capacitance. Organic materials, including conductive polymers, offer
flexibility and environmental compatibility, making them versatile options for enhancing
supercapacitor performance. Also, metal-organic frameworks (MOFs) and their derivatives stand
out for their unique structural properties, including high porosity, large surface area, and

chemical tunability, further expanding the possibilities for advanced energy storage systems

Sodium cobalt oxide (NaCoO;) has shown promise as a supercapacitor electrode material due to

its high theoretical capacitance, excellent electrochemical activity, and stable redox properties



[11]. However, its practical application is often hampered by low electrical conductivity and
limited surface area, which limits its overall electrochemical performance. One promising
approach to address these limitations is incorporating NaCoO; into graphene-based architectures
[12]. In the compound NaCoO,, sodium is a part of the lattice structure. Sodium's primary role in
this context is maintaining the cobalt oxide's structural integrity. However, its presence can also
influence the electrochemical properties of the material [12]. In supercapacitors, sodium can
contribute to the charge storage mechanism through intercalation processes, where sodium ions
move in and out of the lattice during charge and discharge cycles [13]. On the other hand, cobalt
oxides are known for their high Pseudocapacitance, which enhances the charge storage capability
of the supercapacitor [14]. The cobalt ions in NaCoO, participate in redox reactions during
charge/discharge cycles, significantly boosting the supercapacitor's capacity and energy density.
Graphene foam provides excellent electrical conductivity for the active material NaCoO, to
adhere to, improving the efficiency of charge and discharge cycles [15][16]. In summary, Na and
Co contribute to the electrochemical properties of the NaCoO, compound, with Na being part of
the structural lattice and Co enhancing Pseudocapacitance. Graphene foam acts as a supportive

conductive framework, improving the electrode's electrical conductivity and structural stability.

The polyvinyl alcohol and potassium hydroxide (PVA-KOH) membrane is an electrolyte and a
separator in this work. The reason for using this membrane lies in the fact that KOH enhances
ionic conductivity by dissociating into potassium ions (K*) and hydroxide ions (OH") in water-
based solutions [17]. This increased conductivity is essential for efficient charging and discharging
in supercapacitors. Additionally, PVA, a water-attracting polymer, helps maintain the KOH
solution and ensures consistent ionic conduction through the membrane. PVA also provides
robust mechanical support and flexibility, contributing to the membrane's durability and ability
to withstand operational pressures [18]. Its water-attracting nature aids in better wetting, crucial
for effective ionic transport and improved interaction between the electrolyte and electrodes,
thereby enhancing supercapacitor performance [19]. The PVA/KOH membrane plays a dual role
as an electrolyte and a separator: the PVA matrix offers structural support and separation
between electrodes, while KOH ensures ionic conductivity [20]. This dual functionality simplifies

supercapacitor design and can potentially reduce costs.



Jae Yeon Lee et al. investigated nanostructured cobalt (1, 1ll) oxide in combination with a PVA-
KOH gel polymer electrolyte in supercapacitors. Their comparative study included PVA/KOH,
urchin-shaped (U-Cos0,), and polyhedron-shaped (P—Co304) cobalt oxides. They measured the
ionic conductivity of these samples and found that U-CosO, exhibited the highest ionic
conductivity of 2.61 x 1072 S cm™ at room temperature. The study highlights that the U-Co30,
surface acts as a conductive network within the polymer matrix, enabling rapid ionic transport.
The supercapacitor using U-Cos04 achieved a maximum specific capacitance of 18.2 F g* at 0.1
A g'* and maintained energy and power densities of 0.5 Wh kg™ and 2.6 kW kg™, respectively,
even at a high a specific current of 5 A g™'. Additionally, the study noted long-term stability with
a capacity retention of 84% after 10,000 cycles [21]. However, to the best of our knowledge, the
investigation of sodium cobalt oxide integrated with graphene foam composite (NaCoO,/GF)
electrodes combined with PVA-KOH as a gel polymer electrolyte in supercapacitors has rarely

been reported.

In this study, we conducted hydrothermal synthesis to create NaCoO, and the NaCoO,@GF
composite as positive electrode combined with PVA-KOH gel polymer electrolyte for
supercapacitor applications. In this design, the conductive GF network facilitated efficient
electron transfer and provided mechanical stability, while the NaCoO; redox-active material
contributed to a high specific capacity. Furthermore, the PVA-KOH gel polymer electrolyte offers
a much higher ion conductivity. As a result, when paired with jute sticks derived activated carbon
(JC) as the negative electrode and using a PVA-KOH membrane as both electrolyte and separator
in a full supercapacitor device configuration, the NaCoO,@GF/PVA-KOH/JC device achieved
specific capacity values of 44.8, 39.8, 36.7, 32.5, and 28.1 mAh g at0.5,1,2,5,and 10 A g™,
respectively, operating at an optimized voltage of 1.7 V. Moreover, the NaCoO,@GF/PVA-KOH/IC
supercapacitor device demonstrated excellent long-term stability, maintaining nearly 100%
Coulombic efficiency and 83% capacity retention after 10,000 continuous charge-discharge
cycles. These outstanding electrochemical metrics underscore the potential of the
NaCoO,@GF/PVA-KOH/JC supercapacitor device as a promising candidate for future energy

storage applications.

2. EXPERIMENTAL



2.1. Materials

All chemicals used in this manuscript were utilized as received without further treatment.
Cobalt(ll) nitrate hexahydrate (Co(NOs),-6H,0), Sodium nitrate (NaNO3), urea, carbon black (CB),
polyvinylidene fluoride (PVDF), and N-methyl-2-pyrrolidone (NMP) were procured from Merck,
USA. Nickel foam (NF) with a thickness of 0.5 mm (110 PPI) was sourced from the Mini-hua store
on AliExpress.com, China. Ethanol, used for cleaning the Ni foam, was also purchased from
Merck, USA and used without additional purification. KOH and PVA, used for electrolyte
preparation, were similarly obtained from Merck, USA and employed without further

modification.
2.2. Synthesis of the materials

For the synthesis of the materials, stoichiometric amounts of Co(NOs),.6H,0 (8.5 g) and NaNOs
(1.5 g) were separately dissolved in 20 ml of deionized (DI) water. The two solutions were then
mixed and stirred at room temperature. While stirring, 0.5 g of urea was added dropwise to the
mixture. The mixture was left stirring for 2 hours. After 2 hours, the solution was poured into a
Teflon-lined autoclave and subjected to a hydrothermal reaction at 160 °C for 8 hours. The
solution was then cooled down, washed with DI water several times, and the recovered product
was identified as pristine NaCoQ,. The same steps were followed for synthesizing the composite
but with an optimized GF addition to the mixture (40 mg). The recovered product from this
process was identified as the NaCoO,@GF composite. A schematic of the NaCo0O2 and NaCoO2@GF
materials synthesis steps is shown in Scheme 1. The negative electrode was obtained by using JC as
an active material. The details of JC production and full characterization are provided in our

previous works [22][23].
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Scheme 1. Schematic illustrating the processes involved in the production of NaCoO, and
NaCoO,@GF materials.

2.3. Synthesis of the electrolyte/separator membrane

A stoichiometric amount of KOH is dissolved in 20 ml of DI water to provide ionic conductivity to
the membrane in supercapacitors. PVDF is dissolved in 20 mL of DI water and heated on a hot
plate at 80 °C with continuous stirring until fully dissolved. The KOH and PVDF solutions are
mixed, poured into a glass Petri dish, and allowed to form a film at room temperature. The film
is soaked in 1 M KOH to maintain wettability and ionic conductivity. This method produces a
PVDF-KOH membrane with desirable properties, combining effective ionic conductivity with

mechanical stability for use in supercapacitors.

2.4, Electrodes fabrication

For the fabrication of the electrodes, a mixture was prepared consisting of 90% of the prepared
material (either pristine NaCoO; or NaCoO,@GF composite), 5% CB as a conductive additive, and

5% PVDF as a binder. NMP was used as the solvent to create the slurry. This slurry was then



coated onto ~1 cm? nickel foam current collectors. The coated electrodes were dried overnight
at 80 °C to ensure complete evaporation of the NMP solvent. The mass loading of the active
material on each electrode was adjusted to be 2 mg. The fabricated electrodes were

subsequently tested for electrochemical characterization.
2.5. Materials characterization

X-ray diffraction (XRD) analysis was carried out using a Rigaku Miniflex-1l diffractometer equipped
with Cu-Ka radiation (A = 0.15416 nm). The instrument was operated at an accelerating voltage
of 10 kV and a current of 30 mA. This setup allowed for the precise determination of the
crystallographic structure of the samples. X-ray photoelectron spectroscopy (XPS) was performed
using a Thermo-Scientific XPS-Microprobe, ESCALAB — 250Xi. This instrument provided detailed
information on the elemental composition and chemical states of the surface of the samples.
Field emission scanning electron microscopy (FESEM) was conducted using an Oxford
Instruments X-Max detector with an accelerating voltage of 2.0 kV. This technique was employed
to obtain high-resolution images of the sample morphology and to analyze the surface structure

at the micro and nanoscale.
2.6. Electrochemical characterization

Electrochemical characterization was performed using a CHI 760E potentiostat, with
measurements conducted in half-cell and full-cell setups. In the half-cell setup, cyclic
voltammetry (CV), galvanostatic charge-discharge (GCD), and electrochemical impedance
spectroscopy (EIS) were carried out. The configuration included a platinum wire as the counter
electrode, an Ag/AgCl electrode saturated with 3 M KCl as the reference electrode, and a
NaCoO,@GF composite as the working electrode, all in a 1 M KOH electrolyte. CV measurements
were taken at a potential of 0.6 V, GCD measurements at 0.45 V, and EIS measurements at a
circuit voltage of 0 V, with a frequency range from 100 Hz to 1 MHz. For the full-cell setup, a coin
cell was used to construct the supercapacitor device. The CV and GCD were measured at different
potential for the fact that, In CV, the voltage is swept linearly at a constant scan rate, measuring
the current response of the supercapacitor. This technique allows for a controlled and gradual

change in voltage, often resulting in a wider voltage window without causing significant



overpotentials that might damage the electrode materials or electrolyte. Conversely, the
supercapacitor is charged and discharged at a constant current in GCD. This approach can induce
higher overpotentials, especially at the voltage range limits, leading to a reduced voltage window
to prevent overloading and ensure the stability of the supercapacitor. The NaCoO,@GF
composite served as the positive electrode, JC as the negative electrode, and KOH@PVA as the

gel electrolyte. This supercapacitor device operated within a cell potential range of 0to 1.7 V.

The below equation (1) is applied for the computing of specific capacitance (F g*) [24].

i VAt
CS = f >
mV

(1)

In the given expression, At denotes the discharging time, /4 refers to the specific current and can

be expressed as I4 = i/m.

In the full asymmetric supercapacitor, a charge balance is necessary due to the different
performances of NaCoO,@GF and JC. To ensure equal charge amounts in the negative and

positive electrodes, equation (2) was applied [15].

M _ CsoAvo)

(2)

me-)  Csobv

The symbols m(+) and m(-) denote the active masses of the positive and negative electrodes,
while Csi+) and Cs.) signify the specific capacitance values of the positive and negative electrodes,
respectively. Additionally, the OPWs of the positive electrode are denoted by Avn) and the

negative electrode by Av,).

In a coin cell arrangement, an asymmetrical cell was constructed with NaCoO,@GF serving as the
positive electrode and JC as the negative electrode. The electrolyte in this system was 1 M
KOH@PVA, and the filter paper served as a separator. The supercapacitor's performance can be
evaluated based on two essential factors: specific energy (Ed) and specific power (Pd). Equations
(3) and (4) were used to calculate the Ed and Pd of the asymmetric supercapacitor device [24].

i
3.6m

E; = ——[Vdt (3)



_ Ea
Py = 3600 (4)

Where i (mA) signifies current, m (mg) denotes active mass, At (s) represents discharge time and

f Vdt denotes the area under the curve of the supercapacitor’s discharge time.
3. RESULTS AND DISCUSSION
3.1. Structure, textural analysis, surface chemistry and morphology

Fig. 1(a) presents the XRD pattern of bare NaCoO,, measured within the 20 range of 10° to 80°,
with the intensity being appropriately recorded. The pattern was analyzed using the Joint
Committee on Powder Diffraction Standards (JCPDS) No. 87-0274 and corresponds to a
monoclinic unit cell with space group C2/m, utilizing the Visualization Molecular Structure
Diamond Crystal (VMSD) software. All observed peaks are consistent with the JCPDS No. 87-0274,
confirming the chemical formula NaCoO, [25]. The crystal system is monoclinic with cell
parameters am = 4.8996(6) A, bm = 2.8263(2) A, ¢ = 5.7156(5) A, and B = 106.069(6)°. The XRD
pattern displays sharp and narrow peaks, indicative of the high crystallinity of the synthesized
material [26]. Specific peaks were observed at 26 values of 14.5°, 17.2°, 23.9°, 34.5°, 41.5°, 59.2°,
and 67.3°, corresponding to the (hkl) reflection planes (001), (002), (004), (100), (103), (106), and
(110), respectively. All these peaks are indexed according to JCPDS No. 87-0274. Fig. 1(b)
compares the XRD patterns of bare NaCoQO, and the NaCoO,@GF composite. The NaCoO,@GF
composite pattern (blue) shows a similar spectra to the NaCoO, (orange), confirming the
structural consistency of NaCoO; in the composite. However, an additional peak at 26 = 33.5° is
observed in the NaCoO,@GF composite, attributed to the presence of carbon, thus confirming

the incorporation of graphene foam (GF) into the composite.

Fig. 1(b) presents the BJH pore size distribution and N, adsorption-desorption isotherms for
NaCo0; and NaCoO,@GF, providing valuable information about the porous structure and surface
characteristics of these materials. The N, adsorption-desorption isotherms for both NaCoO; and
NaCoO,@GF exhibit Type-3 behavior. The presence of an H3 hysteresis loop indicates that the
materials possess mesopores (pore sizes between 2 nm and 50 nm). H3 hysteresis loops are often

associated with materials that exhibit slit-shaped pores, which can be attributed to the



mesoporous nature and irregular pore structure of the materials [ref]. The BJH pore size
distribution reveals that the majority of pores fall within the mesopore range, specifically
between 2 nm and 35 nm for both NaCoO; and NaCoO,@GF. This indicates that both materials
primarily consist of mesopores. However, an important feature in the BJH graph is the presence
of a peak at lower pore diameters, suggesting the existence of minor micropores. This is
particularly evident for the NaCoO,@GF composite, indicating that the introduction of graphene
foam (GF) plays a role in generating a considerable micropores in the material [ref]. These smaller
pores could result from the interaction between NaCoO; and the graphene foam during the
synthesis process. The NaCoO,@GF composite shows a notably higher nitrogen adsorption at
high relative pressure, which reflects an increased surface area and porosity compared to NaCoO
alone. This suggests that the graphene foam enhances the porous structure of NaCoO. by
providing additional surface area for nitrogen adsorption, particularly at higher relative
pressures, a characteristic often associated with mesoporous materials. The significant increase
in nitrogen uptake at high relative pressure for the NaCoO,@GF composite is indicative of a larger
number of mesopores and possibly macropores, contributing to improved overall porosity. The
specific surface area of NaCoO2@GF is reported to be 28 m? g1, a considerable increase from the
9.8 m?2 gl for NaCoO; alone. This increase in surface area is a direct result of the incorporation of
graphene foam, which likely introduces additional pore volume and surface area for adsorption
[ref]. The improved surface area and enhanced porosity of NaCoO.@GF, as evidenced by the BJH
analysis and N adsorption isotherms, directly contribute to an improved electrochemical
performance of the composite. The increased surface area provides more active sites for charge

storage, while the enhanced porosity can facilitate better ion diffusion and electron transport.
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Fig. 1. (a) XRD patterns and (b) BJH plot associated with Nj-ithotherm as inset of NaCoO; and
NaCoO,@GF composite

The XPS survey spectrum of NaCoO,, as shown in Fig. 1(a), highlights the presence of the main
elements in the sample. The prominent peaks correspond to Na 1s core level peak, Co 2p: core
level peaks and O 1s core level peak. These peaks are characteristic of the NaCoO, compound,
confirming its elemental composition and purity. The XPS survey spectrum of the composite
sample NaCoO,@GF, shown in Fig. 1(b), reveals additional features compared to the NaCoO,
sample. In addition to the peaks observed in NaCoO,, the composite sample shows C 1s extra
peak corresponding to the carbon 1s core level. This peak is attributed to the presence of GF in
the composite, indicating the successful incorporation of GF into the NaCoO, matrix. The
presence of the C 1s peak in the composite sample indicates the integration of graphene, which
is known for its excellent electrical conductivity. The addition of GF to the NaCoO, matrix
enhances the overall electrical conductivity of the composite sample. This improvement is due
to the conductive pathways provided by the graphene, which facilitate better electron transport

throughout the material.

In Fig. 2(c), the high-resolution emission XPS spectra of the Na 1s core level in the NaCoO, sample
reveal two distinct peaks at binding energies of 1072.7 eV, which is attributed to the Na 1s core
level and 1074.8 eV at a slightly higher binding energy suggests a different chemical state of

sodium within the NaCoO, matrix [27]. These two peaks indicate that sodium exists in two



different environments within the NaCoO, structure [28]. In Fig. 1(d), the high-resolution
emission XPS spectrum of the Co 2p core level provides detailed insights into the cobalt chemical
states within the NaCoO, and NaCoO,@GF samples. The Co 2p spectrum is characterized by
several peaks: Co 2ps/, at 782.1 eV and 787.8 eV peaks correspond to the Co 2ps/, spin-orbit
components. The binding energy at 782.1 eV is typical for Co?* in a cobalt oxide environment,
while the peak at 787.8 eV may be associated with satellite structures often seen in Co?*
compounds. Co 2p:/, at 797.9 eV and 804.2 eV peaks correspond to the Co 2p,/, spin-orbit
components. The binding energy at 797.9 eV is indicative of Co3*, and the peak at 804.2 eV is also
associated with Co3* or satellite peaks. The analysis of these peaks suggests that cobalt exists in
both Co?* and Co3* oxidation states within the NaCoO, and NaCoO,@GF samples. The presence
of both oxidation states is critical for understanding the electronic structure and catalytic
properties of the material [29][30]. In Fig. 2(e), the core level spectrum of the O 1s in the NaCoO,
sample shows two fitted peaks at binding energies 532.9 eV, attributed to the O 1s core level in
Co-0 bonds and 534.7 eV, associated with Na-O bonds. The presence of these two peaks confirms
the different chemical states of oxygen in the NaCoO, sample, corresponding to its interactions
with cobalt and sodium atoms [31]. Fig. 1(f) presents the C 1s spectrum of the NaCoO,@GF
composite, showing multiple peaks at different binding energies: 287.2 eV (Sp? C=C),
corresponds to sp2-hybridized carbon atoms (C=C) in the graphene component, 289.4 eV (C=0),
associated with carbon-oxygen double bonds (C=0), 281.2 eV (C-O-C), attributed to carbon-
oxygen single bonds in an ether linkage (C-O-C), 292.7 eV (0-C=0), corresponds to carboxyl
groups (0-C=0), and 294.6 eV (n-it*), associated with -t electron transitions or satellite peaks,
characteristic of the electronic structure of graphene [32]. The presence of sp? carbon (C=C) from
graphene is critical for enhancing the electrical conductivity of the NaCoO,@GF composite. The
conductive pathways provided by graphene improve the overall electronic properties of the
material. Moreover, the various oxygen-containing functional groups (C=0, C-O-C, O-C=0) in the
composite may influence its chemical reactivity, stability, and potential applications in energy

storage [33].
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Fig. 2. (a,b) wide XPS survey spectra of NaCoO; and NaCoO,@GF, respectively, high-resolution
spectra of (c) Na 1s, (d) Co 2p, (e) O 1s for NaCoO; and (f) C 1s for NaCoO.@GF composite

The SEM micrographs of the NaCoO, samples (Fig. 3(a) and 3(b)) display a spherical morphology
with small secondary species distributed within the spheres. The average size of these spheres is
approximately 350 nm. The low magnification image of NaCoO,@GF in Fig. 1(c) depicts the
composite structure, where NaCoO, particles are combined with GF. High magnification in Fig.
1(d) does not reveal significant morphological changes in the NaCoO, spheres due to the
presence of GF, indicating that incorporating GF does not alter the fundamental spherical

structure of NaCoO,. GF is not visible in the SEM images, likely because it was coated on the



surface of NaCoO, spheres and dispersed through ultrasonication for several hours, making it
difficult to distinguish in the SEM images [32]. Despite the inability to visualize GF in the SEM
images, XPS analysis confirms the presence of high-quality graphene foam on the surface of
NaCoO, spheres, suggesting the successful integration of GF into the composite material. The
stable spherical morphology of NaCoO, in the presence of GF indicates that the structural
integrity of the particles is maintained. The SEM and XPS analyses provide a comprehensive
understanding of the NaCoO,@GF composite. While SEM shows the morphological details, XPS
confirms the successful incorporation of graphene foam, highlighting the synergistic benefits of

the composite material.

The micrographs of NaCoO,, further confirmed by HRTEM, are shown in Fig. 3(e). In agreement
with the SEM results in Figs. 3(a) and 3(b), the HRTEM reveals spherical morphologies with an
average diameter of 350 nm. Figs. 3(f) and 3(g) display the HRTEM images of NaCoO,@GF at high
magnifications of 50 nm and 20 nm, respectively. In these figures, a clear integration of GF into
NaCoO; is observed, with GF sheets and NaCoO, particles attached together. This integration is
evident at a high resolution of 50 nm and becomes even clearer at 20 nm, as shown in Figs. 3(f)
and 3(g). Such close attachment of GF to NaCoO, is necessary to provide a surface for effective
charge mobility and storage, while also evidencing the sheet-like morphology of GF. The lattice
fringes of NaCoO,@GF and the d-spacing become visible at a magnification of 10 nm (Fig. 3(h)),
indicating a high degree of crystallinity in the composite material. The selected area electron
diffraction (SAED) pattern is shown in Fig. 3(i). The SAED pattern exhibits distinct diffraction spots
(rings), portraying the polycrystalline nature of the material, which is consistent with the XRD

results in Fig 1.
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Fig. 3. (a, b) Low and high magnification FESEM images of NaCoO,, respectively; (c, d) Low and
high magnification FESEM images of NaCoO,@GF, respectively; (e) HRTEM image of the as-
prepared NaCoO, sample; (f, g, h, i) HRTEM images and corresponding selected area electron

diffraction (SAED) pattern of NaCoO,@GF.

3.2. Electrochemistry
3.2.1. Half-cell configuration

Fig. 4 (a,b) presents the electrochemical characterization of bare nickel foam (Bare NF), NaCoO,,
and NaCoO,@GF composites in a half-cell setup. Fig. 4(a) shows the cyclic voltammetry (CV)
curve of Bare NF at a scan rate of 50 mV s~ within a potential window of 0.0-0.6 V. A pair of
redox peaks is observed, with an anodic peak around 0.32 V and a cathodic peak around 0.41V,
confirming the faradic behavior of the Ni foam. Fig. 4(b) displays the CV profiles of the materials,

measured at a scan rate of 50 mV s™" within the same potential range of 0.0-0.6 V vs. Ag/AgCl.



The Bare NF shows a negligible current response, with minimal contribution compared to NaCoO,
and NaCoO,@GF. In contrast, both NaCoO, and NaCoO,@GF exhibit pseudocapacitive behavior,
displaying distinct redox peaks. Specifically, the CV curves show two redox peaks in the 0.1-0.2
V and 0.4-0.5 V ranges, which are attributed to fast and reversible Co?*/Co3* redox reactions.
Notably, the NaCoO,@GF composite demonstrates a larger enclosed CV area than NaCoO,,
indicating superior capacitive behavior. This increased area suggests improved conductivity and
ion diffusion properties attributed to the synergy between NaCoO, and the graphene form (GF)
framework. The GF forms a conductive network, facilitating faster electron transport and better
ion diffusion [34]. Additionally, the GF enhances electrolyte ion accessibility and penetration into
the active material, reducing interfacial resistance and promoting ion diffusion [35].
Consequently, the NaCoO,@GF composite demonstrates a significantly broader CV profile
compared to the bare NaCoO, material, indicating enhanced electrochemical performance. Fig.
4(c) compares the GCD profiles of NaCoO;and NaCoO,@GF measured at a specific current of 1 A
g and a potential range of 0 to 0.45 V vs. Ag/AgCl. The NaCoO,@GF composite displays longer
charge and discharge times compared to the bare NaCoO; material. The longer charge and
discharge times for the NaCoO,@GF composite suggest a higher specific capacity compared to
the bare NaCoO,.This behavior observed in the GCD profiles is consistent with the enhanced
capacity behavior indicated by the larger enclosed area in the CV profiles of NaCoO,@GF shown

in Fig. 4(b).

Fig. 4(d) illustrates the Nyquist plots along with the corresponding fitting curves obtained from
the EIS analysis of NaCoO, and NaCoO,@GF. These fitting curves were generated by minimizing
the root mean square error between the experimental total impedance and the simulated total
impedance produced by the proposed electrical circuit model depicted in Fig. 4(e). This model
operates on the principle that ions first navigate through the bulk electrolyte region, represented
by Rs, before proceeding through the porous structure to reach the active material. Within the
porous structure, ion movement can occur via two mechanisms: the formation of an
electrochemical double layer, indicated by CPEy, or through a resistive pathway, denoted as Ry.

Once the ions arrive at the active material, they can interact in two distinct ways: forming an



electrochemical double layer at the active material surface, represented as CPE., or encountering

charge transfer resistance, captured by Rt and CPE.:.

These interactions and mechanisms can be quantitatively analyzed, leading to a mathematical
representation of the impedance. Generally, the impedance of the constant phase element can

be expressed using the following equation [36]:

1
Zepe = G (5)
In equation (5), the parameter Q represents a constant associated with the constant phase
element, and the exponent n indicates its exponential factor. The possible values for n range
from 0.5 to 1. A higher Q value indicates a greater ability of the constant phase element to store
energy. The value of n describes the nature of this energy storage: values near 0.5 suggest a

diffusive mechanism, whereas values close to 1 indicate a capacitive mechanism.

Using equation (5) and the typical electrical circuit analysis, the total impedance of the electrical
circuit model illustrated in Fig. 4(e), which represents the entire mechanism within the electrode,

can be expressed as follows:

Z=R,+ (RthCPEC+ZCPEthCPEC) n ( RpZcpEy ) (6)

Ret+Zcpe +ZcPEC Rp+ZcpEy,

Numerically, the fitting was performed using the Solver function in Microsoft Excel, aiming to
minimize the root mean square error between the experimental total impedance and the
simulated total impedance. Notably, this fitting procedure achieved a maximum average error of
2.5%, demonstrating the reliability of both the proposed model and the fitting technique. The

parameters obtained from this fitting process are detailed in Table 1.

Table 1. Extracted parameters of the electrical circuit model fitting

Electrode Rs (Ohm) Rt (Ohm) R, (Ohm) Nct Nc np

NaCoO; 2.2 1.4 9.7 0.99 0.68 0.68
NaCoO,@GF 1.5 0.36 8.8 0.99 0.72 0.72




Interestingly, the NaCoO.@GF electrode demonstrates a lower resistance (Rp) compared to the
NaCoO; electrode, which suggests that the porous structure of NaCoO,@GF facilitates enhanced
ionic transport. In addition to the improvement in ionic conductivity within the porous structure
region, the reduced charge transfer resistance (R¢t) of the NaCoO,@GF electrode further signifies
its superior electrochemical performance relative to NaCoO,. These findings are supported by
the extracted exponential constant (n) for all constant phase elements in the electrical circuit
model, which provide valuable insights into the modified electrode's behavior. Remarkably, the
incorporation of graphene foam into the NaCoO, structure leads to an increase in these
exponential values, approaching 0.75. This change indicates a significant transition in the
electrochemical behavior of the electrode, shifting towards a combination of diffusive and
capacitive mechanisms, thereby enhancing overall electrochemical performance of the

electrode.

Fig. 4(f) shows the CV profiles of the NaCoO,@GF composite measured at various scan rates
ranging from 10 to 75 mV s, As the scan rate increases, the redox peaks in the CV profiles shift
slightly, indicating a combination of capacitive and diffusion-controlled charge storage
mechanisms in the NaCoO,@GF composite. The GCD profiles of the NaCoO.@GF composite were
obtained at different specific currents ranging from 0.5 to 5 A g%, as illustrated in Fig. 4(g). The
longer charge and discharge times observed at lower specific currents suggest a higher specific
capacitance for the NaCoO,@GF composite. The decreasing discharge time at higher specific
currents indicates better rate capability of the NaCoO,@GF composite. The storage mechanisms
observed in the CV and GCD analyses are in good agreement, confirming the combination of
capacitive and diffusion-controlled charge storage characteristics in the NaCoO,@GF composite.
Furthermore, the bar chart in Fig. 4(h) illustrates the specific capacitance values of NaCoO, and
NaCoO,@GF at specific currents of 0.5, 1, 2, 3, and 5 A g*. NaCoO, shows specific capacitance
values of 232, 216, 196, 111, and 65 F g, respectively, while NaCoO,@GF exhibits significantly
higher values of 437, 357, 325, 288, and 84 F g'* at the same specific currents. This higher specific
capacitance of NaCoO,@GF compared to the bare NaCoO, material confirms the enhanced

electrochemical performance of the composite.
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Fig. 4. Electrochemical characterization of bar nickel foam (Bare NF), NaCoO; and NaCoO,@GF
composite electrodes in 3-electrode setup: (a) CV profile of Bare NF and (b) CV profiles of Bare
NF, NaCoO, and NaCoO,@GF at 50 mV s, (c) GCD profiles of NaCoO; and NaCoO,@GF at a
specific current of 1 A g, (d) Experimental and model fitting EIS of NaCoO; and NaCoO,@GF, and
(e) Equivalent circuit used for fitting the EIS data in (d), (f) CV profiles of NaCoO,@GF at different
scan rates and (g) GCD profiles of NaCoO,@GF at different specific currents and (h) specific

capacity versus specific current calculated for NaCoO; and NaCoO,@GF

To reinforce the earlier findings regarding the energy storage mechanism of the NaCoO,@GF,
analyzing CV at different scan rates can provide valuable insights into the reversibility of the
device's energy storage process. The Power rule analysis and Dunn method are two typical

methods used to analyze CV at different scan rates.



Based on the power rule analysis, the peak current (i,) values derived from at various scan rates
can be represented as a function of the scan rate. This relationship is described in equation (7)

[37].

i, = av’ (7)

Equation (8) involves several variables: the peak current at the CV peak, denoted as iy, the scan
rate represented by v, a is a constant, and b pertains to the electrochemical mechanism.
Generally, a b value close to 1 indicates that the electrode exhibits predominantly capacitive
behavior, whereas a b value near to 0.5 suggests a more diffusive behavior. Notably, the anodic
peak (positive scan rate) and cathodic peak (negative scan rate) have b values of 0.7 and 0.62,
respectively, as shown in Fig. 5(a). These values are similar, implying that the energy storage
mechanisms during charging (anodic) and discharging (cathodic) are almost reversible. This

reversible characteristic is beneficial for the performance of electrochemical properties.

To further assess the proportions of capacitive and diffusive contributions to the energy storage
mechanism of the NaCoO,@GF electrode material, the CV data at various scan rates is analyzed
using the Dunn method. This approach allows the peak current derived from the CV data to be
represented as a combination of the capacitive component (kiv) and the diffusive component

(kov'/2), as detailed in the following equation [38].
ip - klv + kzvl/z (8)

Equation (8) shows that the peak current in the CV data is the sum of two components: a
capacitive contribution, represented by the constant ki multiplied by the scan rate v, and a
diffusive contribution, represented by the constant k. multiplied by the square root of the scan
rate v. Figure 5(b) presents the results from the Dunn method, revealing that NaCoO,@GF
exhibits a notable diffusive contribution, starting at 82% at a scan rate of 10 mV st and decreasing
to 62% at 75 mV s*. This trend, where the diffusive contribution decreases with increasing scan
rate, is typical as the capacitive contribution becomes more dominant at higher scan rates.
Additionally, Figure 5(c) illustrates the energy storage mechanism, showing that at a scan rate of

50 mV s, 66% of the area under the CV curve is attributed to the diffusive contribution.



Figure 5(d) presents a stability test of NaCoO.@GF, evaluated over 4000 cycles of continuous
GCD at 10 A g*. The double Y plot shows that the electrode material maintains a high coulombic
efficiency of approximately 99% after 4000 cycles, demonstrating its excellent charge-discharge
reversibility. Furthermore, the material retains 96% of its capacitance, indicating strong
electrochemical stability over extended cycling. This remarkable stability is attributed to the high
degree of crystallinity of NaCoO; and the addition of graphene foam (GF), which enhances the

mechanical strength of the composite and contributes to its durability during cycling.
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Fig. 5. (a) Power law analysis of NaCoO,@GF, (b) Proportional contributions of capacitive and
diffusive mechanismsin the CV at varying scan rates for NaCoO,@GF, (c) CV curve of NaCoO,@GF
at 50 mV s™, showing 66% of the area attributed to the diffusive mechanism, and (d) Stability test
of NaCoO,@GF conducted at 10 Ag™.

3.2.2. Full-cell configuration



NaCoO.,@GF operates best between 0 and 0.6 V vs. Ag/AgCl, while JC functions optimally
between -1.1 and 0 V vs Ag/AgCl. This suggests a total cell potential range of 0 to 1.7 V for the
supercapacitor asymmetric device, as seen in Fig. 6(a). Fig. 6(b, c) presents the voltage
optimization results for the NaCoO.@GF/PVA-KOH/JC supercapacitor. The device was tested at
varying voltages of 1.4, 1.55, 1.6, and 1.7 V at a scan rate of 50 mV s%. The data shows that the
supercapacitor operates most effectively at 1.7 V, as indicated by the appearance of a small
oxidation peak at this voltage. This peak suggests that the device begins to experience voltage-
induced degradation beyond 1.7 V, making it the optimal voltage for stable operation. The
galvanostatic charge-discharge (GCD) profiles in Fig. 6(b) further support this, confirming that the
device functions best within this voltage range. The CV profiles for the full-cell device, displayed
in Fig. 6(d), were recorded at scan rates ranging from 10 to 100 mV s™". The tests used a PVA/KOH
membrane soaked in 1 M KOH, serving as the electrolyte and separator. The device operated
efficiently across the potential range of 0 to 1.7 V, aligning with the optimal ranges identified for
the individual electrode materials. The full-cell CV profiles feature two broad redox peaks at
approximately 0.81 V and 1.28 V. These peaks indicate the diffusion-controlled reversible redox
reaction of Co?*¢> Co**, which suggests charge storage through surface redox reactions. Despite
the increase in scan rate from 10 to 100 mV s7', the shape of the CV profiles remained consistent
while the current response increased. This behavior indicates good reversibility of the electrode
materials. Fig. 6(e) shows the GCD profiles for the NaCoO,@GF/PVA-KOH/JC supercapacitor at
specific currents ranging from 0.5 to 10 A g™". The tests were conducted within the same 1.7 V
voltage range. Similar to the CV profiles, the GCD profiles exhibit two broad redox peaks at
approximately ~0.6 Vand ~1.2 V, reflecting the same redox processes observed in the CV analysis.
Fig. 6(f) shows the Nyquist plot for the NaCoO,@GF/PVA-KOH/JC supercapacitor device, along
with its fitting curve. As with the previous Nyquist plot, the same electrical circuit model in Fig.
6(g) was employed to analyze the full cell configuration. In this model, the porous structure
component represents the porous characteristics of both the positive and negative electrodes,
while the active material component corresponds to the active sites of both electrodes. Using

the same fitting procedure, the Nyquist plot for the NaCoO.@GF/PVA-KOH/IC supercapacitor



device was fitted with remarkable accuracy, achieving a maximum average error of just 2%. The

parameters obtained from the fitting procedure are presented in Table 2.

Table 2. Extracted parameters of the electrical circuit model fitting for the full cell configuration
of the supercapacitor device

Electrode Rs (Ohm) Rt (Ohm) R, (Ohm) Nct Nc np
Before Stability 2.2 1.3 13.2 1.00 0.70 0.64
After Stability 1.0 1.6 90.3 1.00 0.99 0.68

Interestingly, the resistance of the bulk electrolyte solution decreases after cycling performance,
likely due to an increase in the electrode's wettability following several charge-discharge cycles.
However, this better electrode’s wettability is accompanied by an increase in both charge
transfer resistance and the resistance of the porous structure after completing the cycles, which
correlates with a slight reduction in the capacity retention of the supercapacitor devices. In
addition to the increase of both charge transfer resistance and the resistance of the porous
structure, this decline in capacity can also be attributed to an increase in the exponential term of
CPEc (n¢), indicating that the charge storage mechanism of the active material has shifted to being
more capacitive than a combination of diffusive and capacitive mechanisms. This shift is
noteworthy because a combination of these mechanisms is generally desired; the diffusive
mechanism provides higher energy density, while the capacitive mechanism enhances power
density—goals that hybrid supercapacitors aim to achieve. Overall, the fitting results from the

Nyquist plot of the NaCoO,@GF/PVA-KOH/JC supercapacitor reinforce the findings from the
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Fig. 6. (a) CV profiles of JC and NaCoO.@GF composite with PVA-KOH polymer electrolyte in a
half cell configuration, (b, c) CV and GCD profiles of NaCoO,@GF/PVA-KOH/JC supercapacitor a
symmetric device at different voltages, (d, e) CV and GCD profiles of NaCoO,@GF/PVA-KOH/IC
supercapacitor symmetric device at different scan rates and different current densities, (f)
Experimental and model fitting EIS data of NaCoO.@GF/PVA-KOH/JC supercapacitor device

before and after stability and (g) Equivalent circuit used for fitting the EIS data in (f).

The specific capacitances were derived from the GCD profiles using equation 1. The specific
capacitances were calculated to be 32.4, 28, 25, 21 and 17 F g at 0.5, 1, 2, 5 and 10 A g},
respectively. These values are presented in the bar chart in Fig. 7(a). Thus, the CV and GCD

analyses of the NaCoO.@GF/PVA-KOH/JC full-cell supercapacitor demonstrate its robust



performance across a wide cell potential range of 0 to 1.7 V. The CV profiles reveal consistent
behavior at various scan rates, indicating good material reversibility and efficient charge storage
through surface redox reactions. The GCD profiles, which mirror the CV findings, further
corroborate the device's capability, showing notable specific capacitance at different specific
currents. The observed redox peaks in both analyses highlight the involvement of Co**¢> Co3*
redox reactions, essential for the device's energy storage mechanisms. The specific capacities
derived from the GCD data underscore the device's potential for high-performance applications.
Fig. 7(b) presents a double-Y plot displaying the Coulombic efficiency and retention of the
NaCoO,@GF/PVA-KOH/JC supercapacitor device. The Coulombic efficiency of the supercapacitor
device remains close to 100% throughout 10,000 cycles. This high efficiency indicates minimal
energy loss during the charge-discharge process, signifying excellent reversibility and low internal
resistance. Initially, the retention increases gradually, reaching approximately 87% after 2,000
cycles. This initial rise can be attributed to the activation stage, during which the active sites of
the electrode materials become fully accessible, enhancing the device's performance. The device
maintains a retention level of around 87% throughout 6,000 cycles. This stability indicates the
electrode materials' robustness and the electrolyte's effectiveness in maintaining performance
over time. After 6,000 cycles, the retention drops slightly to about 83%, remaining consistent up
to 10,000 cycles. This minor decrease suggests some degree of degradation of active material,
which is typical in long-term cycling but still reflects impressive stability. The remarkable stability
performance of the NaCoO,@GF/PVA-KOH/JC supercapacitor device is attributed to the
synergistic integration between the materials: On one side, the combination of GF (graphene
foam) and NaCoO; provides a stable and conductive framework that supports efficient electron
and ion transport. On the other side, the interaction between NaCoO, and JC (jute carbon)
ensures a strong electrochemical relationship, enhancing the overall stability and performance
of the device. Furthermore, the PVA-KOH gel polymer electrolyte provides a much higher ion
conductivity in water solution. As a result, the NaCoO.@GF/PVA-KOH/JC supercapacitor device
demonstrates exceptional stability, as evidenced by its high Coulombic efficiency and retention
over 10,000 cycles. The slight initial increase in retention during the activation stage and the

minor drop after 6,000 cycles highlight the device's capacity to maintain performance over



extended use. The synergistic integration between GF, NaCoO,, and JC is crucial in achieving this
stability, ensuring efficient charge storage and long-term durability. This makes the
NaCoO.,@GF/PVA-KOH/IC supercapacitor a promising candidate for practical energy storage

applications where long cycle life and high efficiency are essential.

The power rule analysis and Dunn method were employed to analyze the energy storage
mechanism of the NaCoO,@GF/PVA-KOH/JC supercapacitor device, using equations (7) and (8).
The anodic (positive scan rate) and cathodic (negative scan rate) peaks exhibit b-values of 0.88
and 0.91, respectively, as shown in Fig. 7(c). These similar values suggest that the energy storage
mechanisms for both charging (anodic) and discharging (cathodic) are nearly reversible, which is
beneficial for electrochemical devices. Fig. 7(d) presents the results from the Dunn method,
indicating that the NaCoO,@GF/PVA-KOH/JC device demonstrates a significant capacitive
contribution, starting at 63% at 10 mV/s and increasing to 84% at 100 mV s, This increase in
capacitive contribution with higher scan rates is typical, as the capacitive mechanism becomes
more dominant at faster rates. Additionally, Fig. (b) shows the energy storage mechanism, where,
at a scan rate of 50 mV s, 79% of the area under the CV curve is attributed to the capacitive

contribution.

Moreover, the NaCoO,@GF/PVA-KOH/JC supercapacitor delivers specific energy values of 36.2,
32.8,31.4,29.0, and 11.1 Wh kg™ at specific currents of 0.5, 1, 2, 5, and 10 A g7, respectively as
demonstrated in the Ragone plot in Fig. 7(f). Correspondingly, the specific power values are
627.5, 1325.4, 2766.9, 6314.6, and 7749.2 W kg at the same current densities. The
supercapacitor shows higher specific energy values at lower current densities (0.5 to 2 A g7),
which indicates good energy storage capability. The specific energy decreases as the specific
current increases, which is typical as higher current densities result in faster discharge rates and
thus reduce the energy stored. The specific power values are significantly higher at higher current
densities (5 to 10 A g™). This suggests that the supercapacitor can quickly deliver a large amount
of power, which is advantageous for applications requiring rapid discharge. The specific energy
and specific power values of the NaCoO,@GF/PVA-KOH/JC supercapacitor are reported to be
higher or in the same range as those found in the literature. This indicates that the device

performs competitively compared to other supercapacitors reported in previous studies. This



means the Ragone plot in Fig. 7(f) demonstrates that the NaCoO.@GF/PVA-KOH/IC
supercapacitor excels in both specific energy and specific power, showing high performance
across a range of current densities. Its specific energy is relatively high at lower current densities,
while its specific power is impressive at higher current densities, aligning well with or surpassing
other results in the literature. This suggests that the supercapacitor device offers a good balance
between energy storage and power delivery, making it a strong candidate for applications that

require both high and high-power densities.
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Fig. 7. (a) Specific capacitance of NaCoO.@GF//JC supercapacitor device calculated at different
specific currents, (b) Double-Y plot represents stability test of NaCoO.@GF/PVA-KOH/JC
supercapacitor device, (c) Power rule analysis of NaCoO,@GF/PVA-KOH/JC supercapacitor device
(d) The CV curve of NaCoO,@GF/PVA-KOH/IC supercapacitor device with 79% of the area
assigned to the capacitive mechanism contribution (e) The proportion of capacitive and diffusive
contributions in CV at different scan rates examined for NaCoO,@GF/PVA-KOH/IC
supercapacitor device (f) Ragone plot of NaCoO.@GF/PVA-KOH/JC supercapacitor device

compared to similar devices from the literature [39][40][41][42].



Fig. 8 provides an analysis of the practical application of NaCoO,@GF/PVA-KOH/IC
supercapacitor device. It demonstrates the supercapacitor's ability to power an LED under
different lighting conditions: in a lit room and a dark room. The analysis offers insights into the
device's performance and energy delivery efficiency. Before testing the LED activation, the
NaCoO,@GF/PVA-KOH/IC supercapacitor was charged to its maximum voltage. In the beginning
(Fig. 8(a)), the LED shows high intensity, indicating effective energy transfer from the fully
charged supercapacitor device. This initial brightness reflects the supercapacitor’s ability to
deliver power immediately upon activation. After one minute (Fig. 8(b)), the LED's intensity
remains strong but shows a slight reduction in brightness. This suggests that while the
supercapacitor continues to supply power efficiently, the stored energy is beginning to deplete.
By the five-minute mark, as shown in Fig. 8(c), the LED exhibits a noticeable decrease in
brightness compared to earlier observations. However, it remains adequately lit, demonstrating
that the NaCoO,@GF/PVA-KOH/JC supercapacitor can sustain energy delivery for a reasonable
duration. In the dark room, the initial intensity of the LED at O minutes is very high, showcasing
the supercapacitor's ability to provide significant illumination as revealed in Fig. 8(d). The LED
continues to shine brightly at 1 minute, although a slight decrease in intensity indicates ongoing
energy consumption from the supercapacitor. As time progresses to 2, 3, 4, and 5 minutes, the
intensity gradually decreases, yet the LED remains illuminated. This gradual decline indicates that
while the supercapacitor is depleting its stored energy, it can still provide a reasonable level of
brightness in a dark environment. Hence, this analysis demonstrates that the NaCoO,@GF/PVA-
KOH/JC supercapacitor can maintain adequate brightness over time, illustrating its potential for
practical applications in energy storage and delivery. The performance characteristics observed
in this work underscore the supercapacitor's efficiency, making it a promising candidate for

future energy solutions.
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Fig. 8. LED activation in a lit room at (a) 0 min, (b) 1 min, and (c) 3 min, and in a dark room at (d)

0 min, (e) 1 min, (f) 2 min, (g) 3 min, (h) 4 min, and (i) 5 min.
4. CONCLUSION

In summary, this study successfully produced NaCoO,@GF using a simple hydrothermal method.
The successful integration of graphene foam (GF) into the NaCoO, matrix was further confirmed
through different analyses. The conductive GF network facilitated efficient electron transfer and
provided mechanical stability, while the NaCoO; redox-active material contributed to a high
specific capacitance. Subsequently, NaCoO,@GF/PVA-KOH/JC full asymmetric supercapacitor
device was able to operate at a voltage of 1.7 V More significantly, the supercapacitor device
demonstrated impressive electrochemical metrics, including specific energy values up to 36.2 Wh

kg™ at 0.5 A g%, and specific power values up to 7749.2 W kg™ at 10 A g*. These performance



values are comparable to or even superior to those reported for some cobalt/sodium oxide-

based materials in existing literature. Overall, the successful synthesis of the NaCoO.@GF

composite and its use in a high-performance supercapacitor device demonstrates the potential

of this material for advanced energy storage applications.
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