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A B S T R A C T

The electrochemical performance of cobalt-based supercapacitor electrodes is often limited by the relatively 
smooth surface of pristine nickel foam substrates. To overcome this limitation, a microstructurally engineered 
nickel foam scaffold was fabricated by introducing a porous nickel microparticle interlayer via screen printing. 
Cobalt nanostructures were hydrothermally grown on the modified substrate, forming a hierarchical electrode 
(Co@NF-M), which was systematically compared with electrodes prepared on commercial nickel foam (Co@NF). 
Structural and spectroscopic analyses supported the formation of predominantly crystalline spinel Co3O4, 
characterized by mixed Co2 + /Co3+ oxidation states. Morphological analysis further demonstrated a porous 
cobalt nanostructure anchored onto a roughened nickel scaffold, providing abundant active sites and facilitating 
electrolyte penetration and ion diffusion. Electrochemical impedance spectroscopy indicated a reduced charge- 
transfer resistance and improved electron transport compared to the conventional Co@NF electrode. As a result, 
the Co@NF-M electrode exhibited superior electrochemical performance, delivering specific capacitances of 
1278, 1184, 1003, and 602 F g− 1 at 0.5, 1, 5, and 10 A g− 1, respectively. Furthermore, the symmetric Co@NF- 
M//Co@NF-M device retained 95% of its initial capacitance after 3000 cycles, demonstrating excellent cycling 
stability. The enhanced performance is attributed to the engineered nickel scaffold, which promotes more uni
form cobalt growth and improves interfacial contact while facilitating electron and ion transport.

1. Introduction

The increasing global energy demand and depletion of fossil fuels 
have intensified the search for efficient and sustainable energy storage 
technologies to complement renewable energy systems such as solar and 
wind. Although these sources are clean and abundant, their intermittent 
nature necessitates high-performance energy storage devices capable of 
delivering both high energy and power densities. In this context, elec
trochemical supercapacitors (SCs) have attracted significant attention 
owing to their fast charge-discharge performance, long cycle life, and 
high power density, effectively bridging the gap between conventional 
capacitors and batteries [1–3].

SCs are broadly classified into electric double-layer capacitors 
(EDLCs) and pseudocapacitors (PCs) based on their charge storage 

mechanisms. EDLCs rely on electrostatic charge accumulation at the 
electrode-electrolyte interface, typically employing carbon-based ma
terials such as activated carbon, graphene, and carbon nanotubes [1,3, 
4]. In contrast, pseudocapacitors store energy through rapid, reversible 
Faradaic redox reactions occurring at or near the electrode surface, often 
using transition metal oxides, hydroxides, or conductive polymers [5,6]. 
Among these, transition metal oxides are particularly promising because 
of their multiple oxidation states, tunable crystal structures, and high 
theoretical capacitance [5,7].

Cobalt oxide (Co3O4), a spinel-type transition metal oxide, has 
emerged as one of the most promising pseudocapacitive materials 
because of its mixed-valence Co2+/Co3+ redox system, chemical stabil
ity, and high theoretical capacitance [8,9]. These properties enable 
multiple Faradaic reactions that contribute to the high charge-storage 
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capability. However, the relatively low intrinsic electrical conductivity 
of Co3O4 and its limited ion diffusion kinetics can restrict its rate 
capability and cycling stability. To address these limitations, consider
able research efforts have focused on the direct growth of Co3O4 nano
structures on conductive substrates, thereby creating electrodes with 
improved electrical contact, enhanced mechanical stability, and effi
cient ion transport pathways [10,11].

Nickel foam (NF) is one of the most widely used conductive scaffolds 
for such electrodes because of its highly porous three-dimensional ar
chitecture, excellent electrical conductivity, and mechanical robustness 
[4,12]. The open porous network facilitates electrolyte penetration and 
short diffusion pathways while maintaining continuous electronic con
duction throughout the electrode structure [5]. Nevertheless, the surface 
of commercial NF is relatively smooth and partially covered by passive 
oxide layers, which can limit the nucleation density and uniform growth 
of electroactive materials, potentially weakening the interfacial contact 
between the active phase and metallic substrate.

To address these limitations, several NF modification strategies have 
been reported, including acid etching [13], electrodeposition [14,15], 
chemical plating [16], and plasma treatment [17,18]. These methods 
can improve surface roughness [17,19–21], surface activity [17,22], or 
coating adhesion [19,23]; however, they may also present disadvan
tages such as limited control over interlayer thickness [16] and unifor
mity [13,24], multistep processing [21,23], the requirement for 
specialized instrumentation [17,20,21], or reduced suitability for 
large-area fabrication [25]. Therefore, the development of a simple, 
scalable, and controllable NF pre-engineering strategy remains highly 
relevant for advanced Co3O4/NF-based electrodes.

Engineering the surface properties of metallic scaffolds has emerged 
as an effective strategy for improving the performance of electrodes. It is 
well established that the electrochemical performance of supercapacitor 
electrodes is strongly influenced by their structural architecture, with 
hierarchical porous structures significantly enhancing electrolyte 
accessibility, increasing active surface area, and facilitating rapid ion 
diffusion [26]. In particular, increasing the surface roughness and 
introducing micro/nanostructured features can significantly increase 
the number of active sites and promote more uniform nucleation of the 
deposited material [27]. In addition, improving the physical contact 
between the deposited oxide layer and the conductive scaffold can 
reduce the interfacial resistance and facilitate efficient electronic 
transport throughout the electrode framework [28]. Introducing a 
porous metallic interlayer can further increase the density of mechanical 
anchoring sites and improve the electrolyte accessibility within the 
porous structure [6]. Among the available modification approaches, 
screen printing offers several practical advantages for substrate engi
neering, including low processing cost, compatibility with scalable 
manufacturing, and the possibility of controlling the thickness and 
composition of the deposited interlayer [29,30]. In addition, the printed 
metallic layer can act as a mechanically robust transition region between 
the substrate and the subsequently grown active phase, thereby 
improving the interfacial adhesion and structural integrity during 
electrochemical cycling.

At the same time, the structural properties of cobalt oxide coatings 
strongly depend on synthesis parameters such as precursor concentra
tion, reaction temperature, and reaction time [31,32]. These parameters 
influence the crystallinity, phase composition, and microstructural 
characteristics of the resulting cobalt-based nanostructures, which, in 
turn, affect charge-transfer kinetics and pseudocapacitive behavior. In 
particular, the coexistence of metallic Co and spinel Co3O4 has been 
reported to enhance the electrochemical performance, as metallic Co 
improves the electrical conductivity, while the Co3O4 phase provides 
abundant redox-active sites [33].

In this study, a modified nickel foam substrate was developed prior 
to cobalt deposition to tailor the substrate microstructure and improve 
the integration of the active material with the conductive scaffold. A 
porous nickel-based intermediate layer was fabricated on commercial 

NF by screen-printing Ni-255 powder with a polymer-assisted binder 
system, yielding a modified substrate (NF-M) with increased surface 
roughness and a higher density of anchoring sites. This engineered 
substrate promotes the formation of a cobalt nanostructure network and 
enhances the physical contact between the cobalt-based coating and 
metallic framework. In contrast to conventional Co3O4@NF architec
tures, where nickel foam is typically used directly or modified by more 
conventional surface-treatment routes, the present approach employs a 
deliberately pre-engineered screen-printed Ni interlayer that enables 
better control of the substrate microstructure, nucleation behavior, and 
interface quality prior to hydrothermal cobalt growth.

The resulting Co@NF-M electrode exhibits enhanced electro
chemical performance, arising from the combined contributions of the 
crystalline Co3O4 nanostructures and the engineered nickel substrate, 
which facilitates efficient electron transport and improved interfacial 
contact. Electrochemical measurements reveal a high specific capaci
tance and excellent cycling stability of the Co@NF-M electrode. 
Furthermore, a symmetric Co@NF-M//Co@NF-M device demonstrates 
competitive energy and power densities with stable long-term perfor
mance, highlighting the effectiveness of the integrated electrode archi
tecture for advanced supercapacitor applications.

The novelty of this work lies in the synergistic two-step fabrication 
strategy used to construct the electrode, in which a commercial nickel 
foam is first pre-engineered by screen-printing a porous Ni microparticle 
interlayer and then used as a scaffold for the in situ hydrothermal 
growth of cobalt-based nanostructures. Compared with conventional 
Co3O4@NF architectures, this approach offers a more controllable route 
for substrate modification, combining low-cost and scalable processing 
with improved interlayer design, enhanced nucleation-site density, 
stronger interfacial adhesion, and more efficient electron/ion transport. 
To the best of our knowledge, the deliberate coupling of screen-printed 
NF pre-engineering with subsequent hydrothermal cobalt growth has 
remained largely unexplored for supercapacitor electrodes. This strategy 
not only improves the electrochemical performance but also provides a 
scalable, cost-effective pathway for the rational design of advanced NF- 
based electrodes for practical supercapacitor applications.

2. Experimental section

2.1. Materials

All the materials in this study were used as received without further 
purification: potassium hydroxide (KOH, technical grade, Sigma- 
Aldrich), ethanol (CH3CH2OH 99.8%, ACROS Organics), hydrochloric 
acid (HCl 98% Sigma Aldrich), cobalt(II) nitrate hexahydrate (Co 
(NO3)2⋅6H2O, 98% Sigma Aldrich), nickel foam (99.8%, Changzhou DLX 
Alloy Co, 90% porosity, 90 ppi), nickel powder (Vale Type 255, 99.9%, 
Fisher sub sieve size 2.2–2.6 µm), polyvinyl alcohol (PVA, Sigma 
Aldrich), polyacrylic acid (PAA, Sigma Aldrich), and Polyethylene glycol 
(PEG, Sigma Aldrich).

2.2. Fabrication of modified Ni foam substrate (NF-M)

To enhance the nucleation and adhesion of cobalt nanostructures, 
the nickel foam substrate was intentionally modified by introducing a 
porous nickel microparticle interlayer fabricated by screen printing. In 
particular, modified nickel-based electrodes (NF-M) were manufactured 
by screen printing with a water-soluble polymer binder and high-purity 
nickel powder was used. The objective was to obtain mechanically stable 
porous structures with controlled microstructures. The ink formulation 
process began by dissolving polyvinyl alcohol and polyacrylic acid in 
deionized water to form a binder-dispersant system. The solution was 
heated gently (ca. 70 ◦C) to ensure complete dissolution of the polymers, 
and then cooled to ambient temperature. Polyethylene glycol was added 
as a viscosity modifier and plasticizer to improve the printability and 
flexibility of the green layers. High-purity nickel powder was slowly 
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introduced into the prepared binder solution under mechanical stirring. 
The resulting slurry was mixed under vacuum at 250 rpm for 2 h to 
remove entrapped air and promote homogeneity, and then manually 
applied to a porous nickel foam via screen printing to form a thin Ni- 
255/polymer layer. The printed layers were then dried under ambient 
conditions (room temperature) for 24 h to obtain the fabricated sub
strate (NF-M) for subsequent Co deposition.

2.3. Hydrothermal fabrication of Co@NF

The hydrothermal fabrication of CoxOy electrodes over commercial 
NF and NF-M has been described in our previous work [14,34]. Briefly, 
16 mmol of Co(NO3)2⋅6 H2O was dissolved in 40 mL of absolute ethanol. 
The obtained solution and NF or NF-M substrates were then transferred 
into a Teflon-lined stainless-steel autoclave and heated at 120 ◦C for 
10 h. Subsequently, the electrodes Co@NF and Co@NF-M were washed 
several times with deionized water and ethanol, dried at 60 ◦C for 12 h, 
and calcined in air at 300 ◦C for 3 h (heating rate: 5 ◦C/min). The loading 
of the cobalt species was approximately 6 ± 0.2 mg cm− 2, calculated 
based on the geometric area of the electrode. The cobalt loading was 
determined gravimetrically by measuring the mass of the nickel foam 
substrate before and after hydrothermal growth using an analytical 
balance.

2.4. Symmetric supercapacitor fabrication

To fabricate the symmetric supercapacitor, two Co@NF-M electrodes 
were employed as both the positive and negative electrodes. A Millipore 
membrane (XDF-DL, China) served as the separator. A 2 M KOH aqueous 
electrolyte was employed owing to its high ionic conductivity and suf
ficient OH- availability, which facilitates rapid Faradaic redox reactions 
in cobalt-based electrodes. This concentration is widely used in alkaline 
supercapacitor systems [35,36]. The assembly was carried out in a 
custom-designed cell constructed with plexiglass gaskets and EPDM 
rubber to ensure effective sealing.

2.5. Materials characterization

X-ray diffraction (XRD) patterns were obtained using a Rigaku 
MiniFlex II diffractometer with Cu Kα radiation (λ = 1.5406 Å), operated 
at 30 kV and 15 mA, to elucidate the structural characteristics and 
chemical composition of the fabricated electrodes. In addition, field- 
emission scanning electron microscopy (FE-SEM, Zeiss Crossbeam 
350) at various magnifications was used to characterize the morphology 
of the fabricated electrodes, and X-ray spectroscopy (EDAX) was used to 
analyze the elemental composition. Additionally, a Quantachrome In
struments AutoSorbiQ analyzer was employed to conduct nitrogen 
adsorption-desorption measurements, with N2 adsorption at − 196 ◦C 
and data processed using ASQWIN software. X-ray photoelectron spec
troscopy (XPS) measurements were conducted using a SPECS FlexMod 
system equipped with a monochromatic Al Kα source (hν = 1486.6 eV). 
Survey and high-resolution core-level spectra were acquired at pass 
energies of 100 eV and 20 eV, respectively. All binding energies were 
calibrated with respect to the C 1 s peak at 284.8 eV.

2.6. Electrochemical measurements

A series of electrochemical tests, including cyclic voltammetry (CV) 
at varying scan rates, galvanostatic charge-discharge (GCD), electro
chemical impedance spectroscopy (EIS), and long-term cycling stability, 
were performed to evaluate the kinetic behavior, capacitive perfor
mance, and charge storage capability of the electrodes. The specific 
capacitance values were calculated from the obtained data. The elec
trochemical responses of NF-M were measured as a reference electrode 
to demonstrate the negligible capacitance contribution of the substrate 
compared with that of the cobalt-loaded electrodes. The measurements 

were performed using a VersaSTAT 4 electrochemical workstation 
configured with a standard three-electrode system in a 2 M KOH 
aqueous electrolyte. The setup employed a platinum foil as the counter 
electrode, a standard calomel electrode (SCE) as the reference electrode, 
and the prepared electrodes as the working electrodes. A two-electrode 
setup was employed in a symmetric capacitor configuration, and the 
tests described above were conducted. Additionally, to assess the 
reproducibility of the as-prepared electrodes, three samples of each 
electrode type were fabricated and tested.

3. Results and discussion

3.1. Morphological and structural characterization

The microstructural evolution before and after cobalt deposition was 
examined using FE-SEM (Fig. 1). The pristine NF-M substrate (Fig. 1a-c) 
exhibits a dense, compact morphology composed of irregularly shaped 
Ni particles, while the commercial NF (Fig. 1a inset) shows a relatively 
smooth surface. After the hydrothermal deposition of Co on the NF-M 
substrate, the surface morphology was notably modified (Fig. 1d-e). A 
dense layer of cobalt-based nanostructures was grown on a Ni frame
work, forming interconnected nanosheets that assembled into a porous, 
flower-like architecture. This hierarchical surface significantly increases 
the electrochemically active area (see below) and provides open chan
nels for electrolyte ion transport [37].

In contrast, cobalt deposition on commercial nickel foam (Co@NF, 
Fig. 1g-i) yielded a less homogeneous distribution of nanostructures, 
with locally aggregated cobalt domains and incomplete surface 
coverage.

ImageJ was used to quantify the SEM images (Table S1) and assess 
the interparticle void distribution across various electrodes. The NF-M 
substrate displayed an average diameter of approximately 410 nm 
(median ~240 nm). In contrast, the void size of the Co@NF-M electrode 
reduced to approximately 290 nm (median ~180 nm), while the 
Co@NF electrode exhibited even smaller voids, averaging approxi
mately 180 nm (median ~130 nm). Although pristine NF exhibits a 
larger macropore diameter of approximately 65 μm (median ~50 μm), 
facilitating electrolyte transport, it presents a less developed surface 
morphology, which is inferred to provide a lower density of effective 
nucleation sites. This interpretation is consistent with the electro
chemical results, where the NF-M-based electrodes exhibit reduced 
charge-transfer resistance (Rct) and improved capacitive performance, 
indicating enhanced interfacial contact and more uniform active mate
rial deposition.

To quantitatively evaluate the effect of substrate engineering on 
surface development, nitrogen adsorption-desorption measurements 
were carried out. The pristine nickel foam (NF) exhibited a very low 
specific surface area of 0.08 m2 g− 1, consistent with its relatively smooth 
ligament structure and predominantly macroporous architecture. In 
contrast, the modified NF-M substrate exhibited a significantly higher 
specific surface area of approximately 15.3 m2 g− 1, indicating a sub
stantial enhancement in surface development induced by the screen- 
printed Ni interlayer.

This pronounced increase in surface area is attributed to the forma
tion of a hierarchical microstructure composed of nickel microparticles 
and surface protrusions, as evidenced by SEM analysis. Such features 
dramatically increase the density of high-energy surface sites (edges, 
steps, and defects), which act as preferential nucleation centers for co
balt growth. The BET results are therefore fully consistent with the 
observed improvement in nucleation uniformity and interfacial inte
gration in the Co@NF-M electrode, confirming that the engineered 
substrate provides a significantly more favorable platform for hetero
geneous nucleation and subsequent electrochemical activity.

Overall, the formation of a hierarchical nanosheet architecture was 
strongly promoted by the previously engineered nickel microparticle 
layer, which provided a high density of nucleation sites and facilitated 
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cobalt growth across the conductive scaffold. The intimate integration of 
Co nanostructures with a metallic Ni backbone ensures improved 
interfacial cohesion and robust mechanical stability. The interconnected 
metallic network provides continuous electron-transport pathways and 
increases the electrochemically accessible surface area, which contrib
utes to the improved charge-transfer characteristics observed in the 
electrochemical measurements (see below).

Energy-dispersive X-ray spectroscopy (EDS) and elemental mapping 
were employed to investigate the surface composition and spatial dis
tribution of elements in the fabricated electrodes (Figs. S1, S2). The EDS 
spectra confirmed the presence of Ni, Co, and O, verifying the successful 
deposition of cobalt-based species on the nickel foam substrates. For the 
modified nickel scaffold (NF-M), the spectrum is dominated by Ni 
(94.5 at%) with a minor oxygen contribution (5.5 at%), which can be 
attributed to the oxide layer typically formed on air-exposed nickel 
surfaces. After hydrothermal growth, the Co@NF-M electrode exhibited 
approximately 34.8 at% Co, 50.22 O, and 15.0 at% Ni. The presence of a 
detectable Ni signal indicates that the cobalt-based layer remains suffi
ciently porous to allow the partial detection of the underlying metallic 
framework. In contrast, the Co@NF electrode displayed a higher cobalt 
coverage (42.9 at% Co and 55.6 O) with only a minor Ni contribution 
(1.6 at%), suggesting a more continuous cobalt-based coating on the NF 
substrate. Elemental mapping of the Co@NF-M electrode further 
revealed a homogeneous spatial distribution of Co and O across the 
electrode surface, whereas Ni signals remained uniformly distributed 
beneath the coating. The coexistence and spatial overlap of the Co and 
Ni signals indicate intimate interfacial contact between the deposited 
layer and metallic substrate, which is favorable for efficient charge 
transfer during electrochemical cycling [38].

The crystalline structures of the NF-M and Co-deposited electrodes 
were examined using XRD (Fig. 2). The NF-M substrate exhibits char
acteristic reflections at 2θ ≈ 44.5◦, 51.8◦, and 76.4◦, which can be 
indexed to the (111), (200), and (220) planes of face-centered cubic (fcc) 
metallic Ni (JCPDS 04–016–4761). No additional crystalline phases 
were detected by XRD. The sharp diffraction maxima indicate the good 
crystallinity of the metallic framework.

Following cobalt deposition, additional reflections appear at 2θ 
≈ 19.0◦, 31.3◦, 36.8◦, 44.8◦, 59.3◦, and 65.2◦, corresponding to the 
(111), (220), (311), (400), (511), and (440) planes of spinel Co3O4 
(JCPDS 98–000–0166). The observed reflection at approximately 44.8 
◦may include contributions from the Ni(111) substrate as well as the 
Co3O4 (400) plane. It is important to note that a minor contribution from 
metallic Co cannot be entirely excluded due to peak overlap in this re
gion. Weak reflections corresponding to metallic Co (JCPDS 
04–006–8067) were also observed, suggesting the partial coexistence of 
oxide and metallic cobalt phases. However, the identification of metallic 
Co remains tentative because of peak overlap and the limited sensitivity 
of XRD to minor or highly dispersed phases. Consequently, the XRD 
results primarily offer qualitative evidence for the formation of 

Fig. 1. FE-SEM images of the NF-M (a-c), inset NF (commercial nickel foam), Co@NF-M (d-f), and Co@NF (g-i) electrodes.

Fig. 2. XRD patterns of the Co@NF-M, Co@NF, and NF-M electrodes.
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crystalline Co3O4, while the presence of metallic Co, if any, is antici
pated to be minor and cannot be reliably quantified using this technique. 
If present, metallic Co may contribute to improved electrical conduc
tivity within the electrode, facilitating charge transport. In combination 
with the Co3O4 phase, which provides redox-active sites, this could lead 
to a synergistic enhancement of the electrochemical performance [39, 
40].

The diffraction peaks assigned to Co3O4 were relatively sharp, indi
cating the good crystallinity of the deposited phase. The crystallite size 
was estimated using the Scherrer equation from the full width at half- 
maximum (FWHM) of the fitted diffraction peaks (Table S2). Based on 
the most intense Co3O4 (311) reflection at ~36.8◦, the crystallite size of 
the Co@NF-M electrode was approximately 21.7 nm, indicating the 
formation of nanocrystalline cobalt oxide domains. Such nanoscale 
crystallites are beneficial for electrochemical energy storage because 
they shorten the ion-diffusion pathways and increase the density of 
electrochemically accessible active sites.

X-ray photoelectron spectroscopy (XPS) was also employed to 
investigate the surface chemical composition and oxidation states of the 
NF-M, Co@NF, and Co@NF-M electrodes (Fig. 3), with all binding en
ergies calibrated to the C 1 s peak at 284.8 eV. The survey spectrum 
confirmed the presence of Ni, Co, O, and C, verifying the successful 
deposition of cobalt species on the nickel substrates (Fig. 3a). In the 
high-resolution Ni 2p spectra (Fig. 3b), two main peaks located at 
~852.6 eV (Ni 2p3/2) and ~870.0 eV (Ni 2p1/2) were observed, together 
with shake-up satellite features at ~861.2 eV and ~879.6 eV. The 
detailed deconvolution of the Ni 2p spectra is presented in Fig. S3, 
confirming the coexistence of metallic Ni and surface oxidized nickel 
species. The spectra indicate the presence of the metallic Ni substrate 

together with surface oxidized nickel species, likely associated with a 
thin NiO/Ni(OH)2 layer formed upon air exposure of the Ni framework 
[41,42]. For the cobalt-containing electrodes, the Co 2p spectra (Fig. 3c) 
displayed two prominent peaks centered at ~780.1 eV (Co 2p3/2) and 
~795.3 eV (Co 2p1/2), together with satellite features at ~785.6 eV and 
~802.4 eV, which are characteristic of mixed Co2+/Co3+ states associ
ated with the spinel Co3O4 phase [43]. This mixed-valence configuration 
plays a key role in charge storage. Specifically, the coexistence of Co2+

and Co3+ enables reversible Faradaic redox transitions [44]. The lower 
Co2+/Co3+ ratio in Co@NF-M (1.4 vs 2.9 for Co@NF) indicates a more 
balanced mixed-valence surface, which is expected to facilitate revers
ible redox transitions and improved charge-transfer kinetics. This 
feature may facilitate enhanced charge transfer and is consistent with 
the larger CV area and lower charge transfer resistance (Rct) observed in 
the electrochemical measurements (Section 3.2).

The O 1 s spectrum consists of a broad asymmetric peak that can be 
deconvoluted into three components (Fig. 3d). The component at 
~529.6 eV corresponds to lattice oxygen (O2-) associated with metal- 
oxygen bonds (Co-O and Ni-O); the peak at ~531.1 eV is attributed to 
surface hydroxyl groups (M-OH); and the higher binding energy 
component at ~532.6 eV originates from adsorbed water or oxygen- 
containing surface species [42,45]. The detailed deconvolution of the 
O 1 s spectra is presented in Fig. S5. Notably, the Co@NF sample 
exhibited a slight shift in the O 1 s peak toward higher binding energy 
compared with the NF-M substrate, indicating the modification of the 
oxygen coordination environment following cobalt deposition. This 
change reflects the formation of Co-O bonds and surface hydroxyl spe
cies typical of cobalt oxide/hydroxide nanostructures [46]. For the 
Co@NF-M electrode, the O 1 s envelope became more intense and 

Fig. 3. XPS spectra of the NF-M, Co@NF, and Co@NF-M electrodes: survey spectra (a), and high-resolution spectra of Ni 2p (b), Co 2p (c), and O 1 s regions (d), 
confirming the presence of Ni, Co, and oxygen species associated with cobalt oxide formation on the nickel substrates.
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slightly broadened, suggesting a higher concentration of surface oxygen 
species and hydroxyl groups [47]. These surface functionalities are 
known to facilitate pseudocapacitive reactions in alkaline electrolytes 
and may contribute to the improved electrochemical performance 
observed for the Co@NF-M electrode.

3.2. Electrochemical characterization

Various electrochemical experiments were performed using a 2 M 
KOH electrolyte to investigate the electrochemical characteristics of the 
fabricated electrodes. Fig. 4a presents the cyclic voltammetry test at 
10 mV s− 1. The NF-M electrode exhibited a nearly rectangular CV pro
file with a low current response, indicating poor capacitive behavior and 
the absence of redox-active species. In contrast, the cobalt-modified 
electrodes displayed well-defined redox peaks corresponding to the 
reversible Co2+/Co3+ and Co3+/Co4+ transitions, confirming their 
pseudocapacitive nature [48]. The redox peaks confirm the Faradaic 
pseudocapacitive behavior associated with the reversible redox re
actions of transition metal species in an alkaline electrolyte [49]. The 
Co2+/Co3+ redox couple provides the dominant contribution to capac
itance, while the Co3+/Co4+ transition may contribute to higher po
tentials, enhancing the overall charge storage capability [50]. The 
substantially larger enclosed area of the Co@NF-M curve demonstrates 
its superior charge storage capacity and efficient redox kinetics 
compared with those of the Co@NF electrodes [51,52].

Kinetic analysis, based on the power-law relationship (i = aνᵇ), 
further supports the above interpretation. The extracted b-value (~0.66) 
(Fig. S6) suggests a mixed charge storage mechanism that involves both 
surface-controlled and diffusion-controlled processes [53]. The devia
tion from ideal capacitive behavior (b = 1) implies that, alongside the 
rapid surface redox reactions linked to the Co2+/Co3+ couple, a portion 
of the charge storage is derived from surface-controlled (pseudocapa
citive) and diffusion-controlled processes [54]. This hybrid mechanism 
aligns with the hierarchical porous architecture, which facilitates 

electrolyte penetration and rapid surface reactions, while still allowing 
diffusion-limited processes within thicker regions of the active material.

To further clarify the electrolyte penetration mechanism within the 
hierarchical architecture, the ion transport process can be described in 
sequential steps, similar to the literature [55]. Initially, electrolyte ions 
are rapidly transported through the macroporous nickel foam scaffold, 
which acts as an open conductive framework enabling low-resistance 
ion access. Subsequently, ions infiltrate the interconnected nanosheet 
network, where mesoporous channels facilitate lateral ion diffusion to
ward electrochemically active sites. Finally, charge storage occurs via 
fast surface Faradaic reactions (Co2+/Co3+/Co4+ redox transitions), 
while a fraction of ions penetrates deeper into the active material, giving 
rise to diffusion-controlled contributions.

This multi-scale transport process explains the intermediate b-value 
(~0.66), which reflects the coexistence of surface-controlled and 
diffusion-limited charge storage mechanisms within the hierarchical 
structure.

The Nyquist plot was obtained using electrochemical impedance 
spectroscopy (EIS) to further analyze the charge-transfer behavior and 
electrochemical kinetics of the as-prepared electrodes (Fig. 4b). The 
measurements were carried out over a frequency range of 10 mHz to 
10 kHz using an AC perturbation of 10 mV. The intercept on the real (Z′) 
axis represents the combined internal resistance of the electrolyte and 
electrode (Rs) [56]. The diameter of the semicircle corresponds to the 
charge-transfer resistance (Rct), which reflects the charge-transfer rate at 
the electrode-electrolyte interface [68]. The constant phase element 
(CPE) denotes the double-layer capacitance formed at the solid-liquid 
interface, while the Warburg element (ZW) accounts for ion diffusion 
within the porous electrode structure [14,57].

The Co@NF-M electrode exhibits a much smaller semicircular 
diameter in the high-frequency region, signifying a reduced charge- 
transfer resistance (Rct = 0.3 Ω cm2), as shown in Table 1, and 
enhanced electrical conductivity due to the well-anchored cobalt species 
on the Ni foam, with a possible additional contribution from minor 

Fig. 4. Electrochemical evaluation of the as-prepared electrodes (NF-M, Co@NF, and Co@NF-M) in 2 M KOH: Cyclic voltammograms at 10 mV s− 1 (a), Nyquist plot 
(b), GCD at 0.5 A g− 1 (c), electrode-level Ragone estimate plot (d), GCD at various current densities for the Co@NF-M electrode (e), cycling stability test at 20 A g− 1 

of Co@NF-M for 2000 cycles with the first and last 10 cycles indicated in the inset (f).
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metallic Co domains that can facilitate electron transport within the 
electrode. The impedance spectra were fitted using a conventional 
equivalent circuit comprising Rs, Rct, and a constant phase element 
(CPE). The nearly vertical line in the low-frequency region further in
dicates a quasi-capacitive behavior and efficient ion diffusion within the 
porous electrode network [58]. The Co@NF electrode exhibited an in
termediate semicircle compared with NF-M and Co@NF-M, indicating 
improved charge-transfer properties after cobalt deposition, but it still 
had a higher interfacial resistance than the modified Co@NF-M elec
trode. In contrast, the NF-M electrode exhibited a larger semicircle, 
indicating sluggish charge transport and a limited electroactive surface 
area.

The enhanced EIS values can be directly attributed to the unique 
morphology of the Co@NF-M electrode. The interconnected nanosheet 
architecture developed on three-dimensional nickel foam creates a 
highly open and porous network that facilitates efficient electrolyte 
infiltration and reduces the number of ion diffusion pathways, in 
agreement with previous studies on structure-transport relationships in 
electrochemical systems [59]. Concurrently, the direct growth of the 
active material on a conductive substrate ensures robust interfacial 
contact, enabling rapid electron transport. Consequently, the optimized 
morphology effectively minimizes both the electron transport resistance 
and ion diffusion limitations, resulting in superior electrochemical 
performance.

In the GCD experiment at a current density of 0.5 A g− 1 (Fig. 4c), 
Co@NF-M showed a much longer discharge time (1278 s) than the NF-M 
(138 s) and Co@NF (419 s) electrodes, directly indicating a far higher 
specific capacitance (Cs). The Co@NF-M curve is non-linear, with a 
broad plateau in the voltage range of ~0.42–0.18 V, a hallmark of 
pseudocapacitive Faradaic reactions (Co redox) rather than purely 
electric double-layer storage [60]. The slight nonlinearity of the GCD 
profiles suggests that charge storage is mainly governed by the revers
ible Faradaic redox reactions of the cobalt-based active phase [61]. 
Because the charge/discharge branches remained nearly symmetric and 
the operating voltage was limited to avoid significant gas-evolution 
processes, any contribution from side reactions was expected to be 
minor. Its initial IR drop at the start of discharge was relatively small, 
consistent with the low Rs observed in the Nyquist plot and with efficient 
electron/ion transport. The charge and discharge branches were nearly 
symmetric, indicating a high coulombic efficiency and good redox 
process reversibility [62]. In contrast, NF-M exhibited a short, nearly 
linear discharge with a pronounced slope, reflecting low capacitance 
and predominantly double-layer behavior on an essentially inert sur
face. Overall, Fig. 4c confirms that Co@NF-M delivers a higher capaci
tance, lower internal resistance, and more reversible kinetics than the 
bare substrate under identical conditions.

The specific capacitance (Cs) of each electrode was calculated using 
Eq. (1) [63] and the GCD curve shown in Fig. 4c: 

Cs =
I xΔt

m xΔV
(1) 

where I is the constant discharge current (A), Δt is the discharge time (s), 
m is the mass of the active material (g), and ΔV is the potential window 
(V). The Cs values at 0.5 Ag− 1 are 1278 Fg− 1, 419 Fg− 1 and 138 Fg− 1 for 

Co@NF-M, Co@NF, and NF-M, respectively. For comparison, a com
mercial NF electrode exhibits a specific capacitance of approximately 
35 F g− 1 at a current density of 0.5 A g− 1 [14,64]. This low value 
highlights the limited intrinsic capacitive contribution of the nickel 
foam substrate and indicates that the enhanced capacitance of the 
Co@NF-M electrode arises from the combined effect of cobalt deposition 
and the modified NF scaffold structure.

Fig. 4d presents the variations in the energy and power density es
timates derived from the three-electrode GCD data for the investigated 
electrodes. These values were used only to compare the rate-dependent 
charge-storage behavior of the individual electrodes. Co@NF-M main
tains higher estimated energy values over the examined power range 
than Co@NF and NF-M, consistent with its higher specific capacitance 
and lower internal resistance. However, these results represent 
electrode-level behavior in a three-electrode configuration and should 
not be directly compared with the full-device Ragone metrics reported 
for practical two-electrode supercapacitors. The values of energy density 
(E) and power density (P) were determined using Eqs. (2) and (3), 
respectively [14,65,66]: 

E =
Cs∗ΔV2

2
3.6

(2) 

P =
E ∗ 3600

Δt
(3) 

where Cs is the specific capacitance at each current density (F), ΔV is the 
potential range (V), and Δt is the discharge time (s).

Co@NF-M occupies the upper-right region of the map across the full 
range, indicating simultaneously higher energy and higher power than 
NF-M. As the power increased, the Co@NF-M energy decreased only 
gradually, which is a hallmark of low internal resistance and fast ion/ 
electron transport (consistent with its small Rs and Rct from EIS). The 
Co@NF electrode lies between NF-M and Co@NF-M in the Ragone plot, 
exhibiting significantly higher energy and power densities than the bare 
NF-M substrate but lower values than those of Co@NF-M. This inter
mediate behavior reflects the beneficial contribution of cobalt oxide to 
charge storage, while indicating that the untreated NF substrate pro
vides less effective nucleation and electrical coupling than the modified 
NF-M scaffold. The NF-M points cluster in the lower-left, reflecting the 
poor charge-storage capability of the substrate and its inability to sustain 
high-rate operation [67]. The near-linear decay of energy with 
increasing power for Co@NF-M suggests a robust rate capability, even at 
the highest tested power, whereas NF shows marginal values throughout 
[68].

The Co@NF-M electrode delivered a maximum energy density of 
~50 Wh kg− 1 at a power density of ≈ 180 W kg− 1. As the current den
sity increased, the power density rose to ~1500 W kg− 1 while main
taining an energy density of ~21 Wh kg− 1, demonstrating good rate 
capability and efficient ion/electron transport. The Co@NF electrode 
exhibited intermediate performance, delivering higher energy and 
power densities than the bare NF-M substrate but lower values than 
Co@NF-M, demonstrating that cobalt oxide deposition significantly 
enhanced the charge-storage capability of the electrode. However, the 
improved performance of Co@NF-M suggests that the modified NF-M 
scaffold provides more effective nucleation sites and stronger elec
trical coupling between the cobalt oxide active material and the 
conductive substrate. In contrast, the bare NF electrode exhibited very 
low energy densities (<3 Wh kg− 1) and limited power performance 
owing to its poor electrochemical activity.

In addition, Fig. 4e presents the GCD of the Co@NF-M at various 
current densities. The obtained specific capacitances were 1278, 1184, 
1003, and 602 Fg− 1 at 0.5, 1, 5, and 10 Ag− 1, respectively. Notably, the 
long-term stability test (Fig. 4f) of Co@NF-M shows that 97% of the 
capacitance is retained after 2000 cycles at a current density of 20 Ag− 1. 
Furthermore, the morphology remained intact, as evidenced by the SEM 

Table 1 
Equivalent circuit fitting parameters derived from electrochemical impedance 
spectroscopy (EIS) measurements for the NF-M, Co@NF, and Co@NF-M 
electrodes.

Electrode Rs 

(Ω cm2)
Rct 

(Ω cm2)
CPE-T 
(Ω¡1 sn)

CPE- 
P 
(n)

W- 
R

Chi-square 
χ2

NF-M 3.12 0.62 0.007 0.77 1.23 0.0002
Co@NF 0.51 0.65 0.03 0.82 0.75 0.0015
Co@NF- 

M
3.02 0.32 0.01 0.88 0.46 0.00001
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images taken after long-term stability testing (Fig. S7).
In the symmetric two-electrode configuration (Fig. S8), both elec

trodes consisted of Co@NF-M hydrothermally grown on NF-M sub
strates. This arrangement enabled an accurate evaluation of the overall 
electrochemical performance of the Co@NF-M material under realistic 
device conditions, as both electrodes contributed equally to charge 
storage. The electrodes were separated by a porous membrane, and an 
aqueous 2 M KOH solution was used as the electrolyte for the cell. This 
configuration reflects the practical operating mode of a complete 
supercapacitor cell, enabling the assessment of parameters such as en
ergy and power densities and long-term cycling stability.

Initially, cyclic voltammetry was performed at different scan rates 
(Fig. 5a) to evaluate the electrochemical stability window and deter
mine the maximum operating potential at which significant oxygen 
evolution did not occur. The results revealed that the potential window 
could be safely extended to 1.2 V, even without employing a carbon- 
based cathode. To ensure more reliable and safer experimental condi
tions, the test potential was set to 1.0 V.

Fig. 5b presents the cyclic voltammetry (CV) curves of the symmetric 
Co@NF-M//Co@NF-M device recorded at various scan rates ranging 
from 10 to 100 mV s− 1 within the potential window of 0–1.0 V. All 
curves exhibit quasi-rectangular CVs with symmetrical shapes, even at 
higher scan rates, indicating excellent capacitive behavior and fast 
charge-discharge kinetics. The preservation of the CV shape with 
increasing scan rate demonstrates good rate capability and low internal 
resistance, indicating that the electrolyte ions can efficiently diffuse and 
access the active sites of both electrodes [69]. The slight increase in the 
current response with the scan rate further confirms the high revers
ibility and stability of the electrochemical process in the symmetric 
configuration [70].

Fig. 5c shows the galvanostatic charge-discharge (GCD) profiles of 
the symmetric Co@NF-M//Co@NF-M device measured at different 

current densities ranging from 5 to 40 mA cm− 2 within a potential 
window of 1.0 V. All curves exhibited nearly triangular shapes with 
minimal iR drop, indicating ideal capacitive behavior and low internal 
resistance [71]. As the current density increased, the discharge time 
decreased, reflecting a good rate capability and fast ion transport within 
the electrode structure [72,73].

To calculate the areal capacitance, Eq. (4) was used: 

CA =
J ∗ Δt

ΔV
(4) 

Where, CA is the areal capacitance (F cm− 2), J is the current density (A 
cm− 2), Δt is the discharge time (s), and ΔV is the potential window 
excluding IR drop (V).

The areal capacitance values derived from the galvanostatic 
discharge profiles were approximately 4740, 2660, 920, and 160 mF 
cm− 2 at current densities of 5, 10, 20, and 40 mA cm− 2, respectively. 
The obtained values are competitive with or exceed those of several 
reported cobalt-containing systems (Table S3). Although the capaci
tance gradually decreases with increasing current density owing to 
enhanced polarization and diffusion constraints, the device retains a 
significant fraction of its charge-storage capability even at elevated 
rates. This behavior reflects efficient electrolyte-ion transport within the 
porous electrode network and rapid Faradaic kinetics at the Co-based 
active sites. The sustained capacitance under high-current operation 
highlights the favorable rate capability of the symmetric Co@NF- 
М//Co@NF-М configuration and underscores the structural and elec
trochemical robustness of the integrated electrode architecture.

Fig. 5d shows the long-term cycling stability of the symmetric 
Co@NF-M//Co@NF-M supercapacitor, evaluated through continuous 
charge-discharge cycling at a constant current density (30 mA cm− 2). 
The capacitance retention remained remarkably high throughout the 
3000-cycle test, maintaining approximately 95% of the initial 

Fig. 5. Electrochemical performance of the symmetric Co@NF-M//Co@NF-M supercapacitor in a two-electrode configuration (2 M KOH electrolyte). Cyclic vol
tammetry curves recorded at 20 mV s− 1 within various operating potential windows (a), CV profiles at various scan rates (10–100 mV s− 1), demonstrating the rate 
capability and charge-storage kinetics of the device (b), Galvanostatic charge-discharge curves measured at various current densities (c), Cycling stability evaluated 
at 30 mA cm− 2 over 3000 cycles, with the first and last 10 charge-discharge cycles shown in the insets (d), Areal Ragone plot (e), Gravimetric Ragone plot of the 
symmetric calculated based on the total active mass of both electrodes (f).
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capacitance after prolonged operation. This excellent stability demon
strates the strong structural integrity and adhesion of the Co-based 
active material to the NF-M substrate, preventing significant degrada
tion or detachment during repeated redox reactions. In addition, the 
coulombic efficiency (CE) was calculated as the ratio of discharge to 
charge time, stabilizing at approximately 96.5% after the initial acti
vation cycles and remaining nearly constant throughout prolonged 
cycling (Fig. S9). This indicates predominantly reversible charge storage 
with minor irreversible contributions, likely arising from Faradaic redox 
processes and limited side reactions. The high and stable coulombic 
efficiency, together with excellent capacitance retention, confirms the 
robust electrochemical reversibility and structural stability of the 
electrode.

To find the correlation between the energy density and power den
sity of the symmetric cell, Eqs. (5 and 6) were used: 

EA =
1
2
CA ∗ (ΔV)2 (5) 

PA =
EA ∗ 3600

Δt
(6) 

Where EA is the energy density (Wh cm− 2), CA is the areal capacitance (F 
cm− 2), ΔV is the device voltage window (V), PA is the power density (W 
cm− 2), and Δt is the discharge time (s).

The areal Ragone plot of the symmetric Co@NF-M//Co@NF-M de
vice (Fig. 5e), derived from galvanostatic charge-discharge measure
ments, demonstrates an energy density of ~0.66 mWh cm− 2 at a power 
density of ~2.5 mW cm− 2, maintaining ~0.02 mWh cm− 2 even at 
~20 mW cm− 2, indicating a good rate capability. The Co@NF-M// 
Co@NF-M device outperformed several previously reported super
capacitor systems, such as metal-free polymer electrodes (0.40 mWh 
cm− 2) [9,74] and rGO@CuCo2O4 electrodes (0.2 mWh/cm− 2) [75]. The 
corresponding gravimetric Ragone plot (Fig. 5f) further confirms the 
energy-power characteristics of the device. The Co@NF-M//Co@NF-M 
symmetric supercapacitor delivered a high energy density of 
~54.9 Wh kg− 1 at a power density of ~208 W kg− 1, while retaining 
~1.85 Wh kg− 1 at ~1667 W kg− 1. These results demonstrate that the 
device maintains an appreciable energy storage capability even at a high 
power output, highlighting its favorable rate performance.

4. Conclusion

In this work, cobalt nanostructures were directly grown on a 
microstructurally engineered nickel foam substrate via a two-step 
fabrication strategy comprising substrate modification and hydrother
mal deposition of cobalt. Structural and surface analyses confirmed the 
formation of crystalline Co3O4 uniformly distributed across the modi
fied Ni framework. Electrochemical impedance spectroscopy further 
demonstrated a reduced charge transfer resistance for the Co@NF-M 
electrode compared to the electrodes prepared on commercial nickel 
foam, indicating improved interfacial charge transport within the elec
trode structure.

Electrochemical evaluation showed that the Co@NF-M electrode 
delivered a specific capacitance of 1184 F g− 1 at 1 A g− 1 in a three- 
electrode configuration, significantly exceeding the performance of 
the corresponding Co@NF and NF-M electrodes. When assembled into a 
symmetric Co@NF-M//Co@NF-M device, the system operated stably 
within a 1.0 V potential window, achieving an areal capacitance of 4740 
mF cm− 2 at 5 mA cm⁻² and retaining 95% of its initial capacitance after 
3000 cycles, demonstrating excellent electrochemical stability and rate 
capability.

These results show that the combination of an engineered nickel 
scaffold and cobalt oxide nanostructures directly grown on it yields 
improved electrochemical performance compared with electrodes pre
pared using commercial nickel foam. The two-step fabrication strategy 
enables the formation of a hierarchical electrode architecture in which 

the modified metallic substrate and cobalt oxide active phase function 
together to support efficient charge storage.

This study highlights the importance of current-collector engineering 
as a complementary design parameter, demonstrating that the 
controlled modification of the metallic scaffold prior to active-material 
growth can provide an effective pathway to enhance the performance 
of transition-metal-oxide electrodes in electrochemical energy-storage 
devices. Designing hierarchical metallic scaffolds that simultaneously 
provide mechanical support and efficient transport pathways is a 
promising strategy for improving the performance of electrochemical 
electrodes.
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