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high purity, expected crystallographic phases, and crucial electronic interactions
between the carbon coating and the metal oxides. Most significantly, the electrode
demonstrates outstanding long-term durability, maintaining its structural and
crystallographic integrity with minimal degradation after 8000 charge—-discharge
cycles. This exceptional stability is attributed to the synergistic design, where the
Al,O3 scaffold provides mechanical support and the carbon coating enhances
conductivity while preventing the pulverization of the active ZnO material, vali-
dating its potential for high-performance energy storage applications.

1 Introduction

The escalating global energy demand and the urgent
need to transition toward renewable energy sources
have critically highlighted the importance of advanced
electrochemical energy storage (EES) systems [1-3].
These systems are pivotal for bridging the gap between
intermittent energy generation and consistent power
supply. Among various EES technologies, supercapaci-
tors (SCs), also known as ultracapacitors, have emerged
as highly promising devices. They distinguish them-
selves with an exceptionally high power density, ena-
bling rapid charge and discharge capabilities far exceed-
ing those of conventional batteries [4-6]. Furthermore,
their remarkable longevity, often enduring hundreds
of thousands of cycles with minimal degradation, and
their wide operational temperature range make them
ideal for applications requiring quick energy bursts and
robust performance, such as in electric vehicles, con-
sumer electronics, and grid stabilization [7-9].
Despite their advantages, the widespread applica-
tion of SCs is often hampered by their relatively low
energy density, which limits the amount of energy
they can store per unit mass or volume [10-12]. To
overcome this, current research is intensely focused
on developing advanced electrode materials. While
carbon-based materials excel in electric double-layer
capacitance (EDLC), their energy storage is funda-
mentally limited [13-15]. Porous metal oxides, on
the other hand, offer the potential for much higher
energy density through fast surface redox reac-
tions, a mechanism known as pseudocapacitance.
However, they typically suffer from poor electrical
conductivity and significant volume changes during
cycling, leading to poor rate capability and instabil-
ity [16-19]. A promising strategy to mitigate these
issues is the development of nanocomposites, where
metal oxides are supported on or coated with a con-
ductive carbon layer, creating a synergistic material
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with enhanced conductivity, structural stability, and
electrochemical performance.

Recent literature provides compelling evidence for the
success of designing composite electrodes to overcome
the individual limitations of metal oxides. For instance,
Sanni et al. [20] demonstrated that doping ZnO with a
small amount of y-Al,O; transformed ZnO nanoflakes
into elongated nanorods, which, when combined with
a redox-active electrolyte, achieved a specific capacity
of 267 C/g and excellent stability over 9000 cycles. Simi-
larly, Asangi et al. [21] fabricated a binary nanocomposite
of Al,O3 and CuO, revealing a remarkable synergistic
effect that resulted in a high specific capacitance of 864
F/g and a capacitance retention of 85% after 5000 cycles,
far exceeding the performance of the individual oxides.
Further showcasing the benefits of multi-component
systems, Gao et al. [22] engineered free-standing ZnO/
carbon nanofiber electrodes and augmented them with
multivalent vanadium. This approach yielded a high
areal capacitance of 780.5 mF/cm? and 97% capacitance
retention after 10,000 cycles, highlighting the advantages
of integrating transition metals with ZIF-derived ZnO in
a conductive carbon matrix. These studies collectively
underscore a clear trend: creating hierarchical, multi-
component nanostructures is a highly effective strategy
for boosting the electrochemical performance and dura-
bility of SC electrodes.

This work introduces a novel three-dimensional,
binder-free electrode material by strategically inte-
grating zinc oxide (ZnO), aluminum oxide (Al,O3),
and a porous carbon coating. ZnO is an attractive
pseudocapacitive material due to its high theoretical
capacitance, low cost, and environmental benignity
[23-25]. Al,O3, while not electrochemically active, is
exceptionally stable chemically and thermally, mak-
ing it an ideal candidate for a robust, high-surface-
area structural scaffold [26-29]. The final component,
a porous carbon coating, is crucial as it encases the
active material, creating a highly conductive pathway
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for rapid electron transport and acting as a flexible
buffer to accommodate any strain during ion inter-
calation. The proposed Carbon-coated Zinc Oxide
Nanorod@Aluminum Oxide Nanofiber (ZnO-NR@C/
Al,O;-NF) architecture is designed to harness a pow-
erful synergistic effect: the Al,O; nanofibers provide
a stable backbone, the ZnO nanorods grown upon it
offer high charge storage capacity, and the conformal
carbon layer electrically wires the system together
while ensuring mechanical stability. This unique
hierarchical design is expected to yield superior SC
performance with high specific capacitance, excellent
rate capability, and outstanding long-term cycling
stability.

To address the critical challenge of balancing energy
density and long-term stability in supercapacitors, this
study presents the rational design and synthesis of a
novel, binder-free ZnO-NR@C/Al,Os-NF hierarchical
composite. The primary contribution of this work is
the creation of a multi-component architecture where
each component serves a specific, synergistic function
to overcome the individual limitations of metal oxides.
The fabrication process involves a facile, multi-step
approach beginning with the electrospinning of a free-
standing Al,O3 nanofiber (Al,Os-NF) mat, which acts
as a robust mechanical scaffold. High-density, pseu-
docapacitive ZnO nanorods (ZnO-NR) are then grown
directly onto this scaffold via a hydrothermal method.
Finally, a uniform, porous carbon coating is applied
through hydrothermal carbonization and subsequent
annealing to ensure high electrical conductivity and
buffer the active material against mechanical stress.
Through a suite of systematic physicochemical char-
acterization techniques, including FESEM, XRD, and
XPS analysis, we thoroughly investigate the unique
morphology, crystal structure, and surface chemistry
of the composite. This detailed investigation, cou-
pled with a comprehensive electrochemical evalua-
tion, validates our design strategy and establishes the
ZnO-NR@C/Al,O3-NF composite as a highly prom-
ising and durable electrode for next-generation SCs.

2 Experimental section
2.1 Materials

Aluminum nitrate nonahydrate (Al(NOj3)3-9H,0),
polyvinylpyrrolidone (PVP, Mw =360,000 g/mol),
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N,N-dimethylformamide (DMF), ethanol (C.HsOH),
zinc nitrate hexahydrate (Zn(NOs3)2:6H,0O), hexam-
ethylenetetramine (HMTA, CsH1.N,), D-( +)-glucose
(C6H1206), hydrochloric acid (HCI), and potassium
hydroxide (KOH) were purchased from Sigma-Aldrich
and used as received without further purification.
Deionized (DI) water was used in all experiments.

2.2 Synthesis of alumina nanofiber (Al:O3-NF)
scaffold

The alumina nanofiber scaffold was fabricated via an
electrospinning technique followed by calcination.
First, a precursor solution was prepared by dissolv-
ing 1.5 g of AI(NOj3);3-9H,0 and 1.0 g of PVP in a sol-
vent mixture of 5 mL of DMF and 5 mL of ethanol.
The solution was stirred vigorously for 12 h at room
temperature to ensure homogeneity.

The resulting viscous solution was loaded into a
10 mL plastic syringe fitted with a 22-gauge stainless
steel needle. Electrospinning was performed at an
applied voltage of 20 kV, with a tip-to-collector dis-
tance of 15 cm and a constant feed rate of 0.5 mL/h.
The as-spun nanofibers were collected on a piece of
aluminum foil. Finally, the collected mat of as-spun
nanofibers was carefully peeled from the foil and cal-
cined in a muffle furnace at 800 °C for 3 h in an air
atmosphere with a heating rate of 5 °C/min to remove
the PVP and convert the aluminum nitrate to crystal-
line Aleg.

2.3 Growth of ZnO nanorods on Al.O3;-NF
scaffold (ZnO-NR/A1:O;-NF)

ZnO nanorods were grown on the surface of the
calcined Al,Os-NF scaffold using a hydrothermal
method. In a typical synthesis, an aqueous growth
solution was prepared by dissolving 0.025 M zinc
nitrate hexahydrate and 0.025 M hexamethylene-
tetramine in 100 mL of DI water. The solution was
stirred for 30 min.

The previously prepared Al,Os-NF scaffold (a
piece of approximately 2 cm x 4 cm) was immersed
into the growth solution in a Teflon-lined stain-
less steel autoclave. The autoclave was sealed and
maintained at 95 °C for 6 h. After the reaction, the
autoclave was allowed to cool down to room tem-
perature naturally. The resulting ZnO-NR/Al,O;-NF
composite was removed from the solution, rinsed

@ Springer



150 Page 4 of 16

thoroughly with DI water and ethanol to remove any
residual salts, and dried in an oven at 60 °C for 12 h.

2.4 Carbon Coating of ZnO-NR/ALO;-NF
(ZnO-NR@C/Al:O3-NF)

A porous carbon layer was coated onto the ZnO
nanorods via hydrothermal carbonization of glucose.
The dried ZnO-NR/AL:O3-NF composite was placed
in a Teflon-lined autoclave containing a 0.5 M aque-
ous solution of D—( +)-glucose. The autoclave was
heated to 180 °C and held for 8 h. After cooling, the
composite turned a brownish color, indicating the
formation of a glucose-derived polymer layer.

The composite was then washed with DI water
and ethanol and dried. To convert the polymer layer
into amorphous carbon, the sample was annealed at
500 °C for 2 h under an argon (Ar) atmosphere with
a heating rate of 5 °C/min. The final product was a
black, free-standing mat of the ZnO-NR@C/Al,Os-NF
composite.

2.5 Material characterization

The morphology and microstructure of the synthe-
sized materials were examined using Field Emission
Scanning Electron Microscopy (FESEM, Zeiss SEM)
equipped with an Energy-Dispersive X-ray Spec-
troscopy (EDS) detector for elemental analysis. The
crystal structure and phase purity of the composites
were determined by X-ray Diffraction (XRD) on a
Bruker D8 Advance diffractometer with Cu Ka radia-
tion (A =1.5406 A). X-ray photoelectron spectroscopy
(XPS) conducted on a Thermo Scientific K-Alpha
instrument provided insights into the surface chemi-
cal states and elemental valences of the samples.

2.6 Electrochemical measurements

Electrochemical investigations were carried out on the
assembled SCs using a Galvanostat/Potentiostat sys-
tem (Vertex One, Ivium Technologies, Netherlands) in
a two-electrode configuration. The devices were con-
structed from ZnO-NR/Al,0O3-NF and ZnO-NR@C/
AL;Os3-NF electrodes, with a filter paper soaked in
6 M KOH functioning as the ion-conducting separator.
The electrochemical response of the SCs was exam-
ined through cyclic voltammetry (CV), galvanostatic
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charge—discharge (GCD), and electrochemical imped-
ance spectroscopy (EIS). For the EIS experiments, an
AC perturbation of 5 mV was applied at the open-
circuit potential to evaluate resistance and capacitive
behavior.

3 Results and discussion
3.1 Characterization results

The step-by-step morphological evolution of the com-
posite electrode was investigated using Field Emission
Scanning Electron Microscopy (FESEM). Figure 1a
visually confirms the material’s large-scale morphol-
ogy as a white, free-standing, paper-like scaffold,
while Fig. 1a, b reveal the microstructure of the initial
Al,O5;-NF scaffold after calcination. The images show
a highly porous, three-dimensional network com-
posed of interconnected, smooth-surfaced alumina
nanofibers. This structure serves as a robust backbone
for the electrode, providing mechanical integrity and a
high surface area that acts as an excellent platform for
the subsequent uniform deposition of the active mate-
rial. While chemically stable, the electrically insulating
nature of this alumina scaffold necessitates the addi-
tion of conductive phases in later steps.

Following the hydrothermal growth process, the
morphology of the composite changes dramatically, as
seen in the FESEM images of the ZnO-NR/AI,Os-NF
sample in Fig. 1c, d. The original alumina nanofib-
ers are now completely and uniformly covered by a
dense array of ZnO nanorods. These nanorods grow
vertically outwards from the scaffold, creating a hier-
archical structure with a significantly increased sur-
face area. This specific nanorod morphology is highly
advantageous for SC performance; it provides a high
density of electrochemically active sites for charge
storage and creates direct, unobstructed pathways
for efficient electrolyte ion diffusion, ensuring rapid
charge—discharge kinetics.

The final morphology of the ZnO-NR@C/
Al,O3-NF catalyst is presented in Fig. le, g. After
carbon coating, the well-defined nanorod array
structure is perfectly preserved. However, the sur-
face of the nanorods now appears rougher and
slightly thicker, indicating the successful deposi-
tion of a porous carbon layer. This final modifica-
tion is critical and serves multiple functions to boost
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Fig. 1 FESEM images of Al,Os-NF (a-b), (inside: photograph
of ALO;-NF scaffold), ZnO-NR/AL,Os-NF composite (c-d),
ZnO-NR@C/Al,05-NF composite (e-g), FESEM of ZnO-

electrochemical performance. Firstly, the carbon
coating creates a continuous conductive network
throughout the electrode, effectively overcoming
the poor conductivity of both the ZnO semiconduc-
tor and the underlying Al;Oj; insulator. Secondly,
it acts as a protective shell, physically binding the
ZnO nanorods to the scaffold and preventing their
agglomeration or detachment during strenuous
charge—discharge cycles, which greatly enhances
long-term stability. Finally, the inherent porosity of
the carbon layer itself introduces additional channels
for electrolyte transport, maximizing the accessible
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NR@C/AL,Os-NF sample after stability test (h), EDS spectrum
and EDS elemental mapping images of prepared ZnO-NR@C/
Al,Os-NF composite (i)

surface area and ensuring that ions can efficiently
reach the entire ZnO core for Faradaic reactions. The
long-term operational stability of the ZnO-NR@C/
AlL,O3;-NF electrode, a critical parameter for prac-
tical applications, was evaluated through extended
galvanostatic charge—discharge cycling. To assess its
structural resilience, the electrode’s morphology was
examined after being subjected to 5000 consecutive
cycles. Remarkably, as shown in the post-cycling
analysis in Fig. 1h, the hierarchical nanorod archi-
tecture remains exceptionally well-preserved. The
integrity of the nanorods is maintained without any

@ Springer



150 Page 6 of 16

signs of significant pulverization, detachment, or
structural collapse. This outstanding durability is
a direct result of the composite’s intelligent, multi-
component design. The robust Al,O3 nanofiber scaf-
fold provides a stable mechanical backbone, while
the conformal carbon coating acts as a crucial protec-
tive shell. This carbon layer effectively absorbs the
mechanical stress induced by repeated ion insertion/
extraction, preventing the degradation of the active
ZnO material. This synergistic interplay between the
stable scaffold and the protective coating ensures the
electrode’s structural integrity, validating its poten-
tial for highly stable and dependable long-term elec-
trochemical energy storage.

Energy-dispersive X-ray spectroscopy (EDS) was
conducted to verify the elemental composition and
spatial distribution within the final ZnO-NR@C/
Al,O3-NF composite. The resulting EDS spectrum,
presented in Fig. 1h, unambiguously confirms the
presence of all expected elements. Distinct peaks cor-
responding to Zinc (Zn), Aluminum (Al), Oxygen
(O), and Carbon (C) dominate the spectrum, validat-
ing the successful synthesis and accurate formation
of the multi-component material. The detection of Zn,
Al, and O corroborates the retention of the respective
metal oxide phases, while the prominent C signal
originates from the crucial conductive coating. Nota-
bly, the absence of any extraneous elemental peaks
underscores the high purity of the composite, which
is essential for minimizing parasitic side reactions and
ensuring stable electrochemical performance.

Even more critical than composition is the elemental
distribution, which was visualized through EDS map-
ping, as shown in Fig. 1i. The maps reveal a remark-
able spatial correlation between the constituent ele-
ments across the nanostructured morphology. This
uniform distribution is a critical factor for ensuring
consistent electrochemical activity across the entire
porous nanorod surface. It ensures that every electro-
chemically active site on the vast surface area of the
nanorods has an efficient, direct pathway for electron
transport.

The crystallographic structure and phase composi-
tion of the final ZnO-NR@C/Al,O3-NF composite were
investigated using X-ray diffraction (XRD), with the
resulting pattern displayed in Fig. 2a. The analysis
provides definitive evidence for the successful syn-
thesis of the multi-component material, revealing a
combination of sharp, crystalline peaks and a broad
amorphous signature.
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The diffractogram exhibits a series of well-defined,
intense peaks that can be precisely indexed to two
distinct crystalline phases. The peaks at 20 values of
31.7°, 34.4°, and 36.2° correspond to the (100), (002),
and (101) planes of the hexagonal wurtzite ZnO
phase, respectively, which is in excellent agreement
with JCPDS card No. 36-1451 [30, 31]. Concurrently,
another set of diffraction peaks, including those at
25.6°, 35.1°, and 43.4°, are clearly attributable to the
(012), (104), and (113) planes of a-Al,O; (corundum),
matching JCPDS card No. 10-0173 [32, 33]. The sharp-
ness of these peaks indicates the high crystallinity of
both the ZnO nanorods and the alumina nanofiber
scaffold.

Underlying these sharp crystalline peaks, a broad,
low-intensity hump is discernible in the 20 range of
20-30°. This feature is the characteristic signature of
amorphous carbon, confirming the presence of the
non-crystalline carbon coating [34]. The superposi-
tion of all three distinct signatures, wurtzite ZnO,
corundum AlL;O3, and amorphous carbon, in a single
pattern validates the successful fabrication of the ZnO-
NR@C/Al,Os-NF hierarchical composite and confirms
the integrity of each component after the multi-step
synthesis. To further investigate the material’s struc-
tural integrity, X-ray diffraction (XRD) analysis was
performed on the ZnO-NR@C/Al,O;-NF electrode
after the extended 5,000-cycle durability test. The
post-cycling XRD pattern, presented in Fig. 2b, is
nearly identical to that of the pristine, uncycled elec-
trode. The characteristic diffraction peaks for both the
wurtzite ZnO and a—Al,Oj3 phases are fully retained
with no significant changes in intensity or position.
Crucially, the absence of any new or extraneous peaks
confirms that the material did not undergo any phase
transformation or chemical degradation during the
prolonged electrochemical cycling. This remarkable
crystallographic stability demonstrates the electro-
chemical robustness of the composite. It indicates that
the amorphous carbon coating effectively shields the
crystalline ZnO nanorods, preserving their structure
under strenuous operational conditions. This enduring
structural integrity is fundamental to the material’s
excellent long-term performance, validating its design
as a durable and reliable electrode for advanced SCs.

X-ray photoelectron spectroscopy (XPS) was uti-
lized to analyze the surface elemental composition and
chemical bonding states of the synthesized materials.
The deconvoluted XPS spectra (Fig. 2c—f) for the indi-
vidual elements in both the ZnO-NR/AL:O3-NF and
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Fig.2 XRD patterns of synthesized ZnO-NR@C/Al,Os-NF
composite before (a), and After stability measurement (b). The
high-resolution XPS spectra of prepared composites ¢ Zn 2p; d

the final ZnO-NR@C/Al,O3-NF composites clearly
confirm the presence of zinc (Zn), aluminum (Al), oxy-
gen (O), and carbon (C). These results provide defini-
tive evidence for the successful synthesis of the ZnO-
NR@C/Al,O3-NF composite. Moreover, the absence
of any extraneous peaks or contamination within the
instrument’s detection limits attests to the high purity
of the fabricated materials. The deconvoluted Zn 2p
spectra for both ZnO-NR/ALO;-NF and ZnO-NR@C/
ALOs-NF, presented in Fig. 2¢, display well-defined
peaks appearing around 1018.1 and 1019.2 eV for Zn
2ps/2, and 1042.2 and 1043.2 eV for Zn 2pi/,. These
peak positions confirm that zinc predominantly exists
in the + 2 oxidation state within the samples [35]. The
chemical state of aluminum within the nanofiber
scaffold was investigated via the high-resolution Al
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2p XPS spectrum, presented in Fig. 2d. For the final
ZnO-NR@C/Al,O3-NF composite, the spectrum is
dominated by a strong peak centered at a binding
energy of approximately 74.7 eV. This position is the
characteristic signature of aluminum in the Al3* oxi-
dation state, bonded to oxygen within an aluminum
oxide (Al,Os) lattice. This finding confirms that the
chemical integrity of the alumina scaffold was success-
fully preserved throughout the multi-step synthesis.
A deconvolution of this peak may reveal a primary
component related to the Al-O bonds of the corundum
lattice and a smaller, lower-energy shoulder (around
74.2 eV) which can be attributed to surface aluminol
(Al-OH) groups. The analysis confirms that aluminum
exists exclusively in its oxidized state, which is crucial
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Fig. 2 continued

for the chemical stability of the electrode’s backbone
[36].

The chemical environment of oxygen within
the composites was examined by deconvoluting
the high-resolution O 1s spectrum, as shown in
Fig. 2e. The spectrum can be resolved into three dis-
tinct components, revealing different types of oxy-
gen bonding on the material’s surface. The domi-
nant peak, located at the lowest binding energy
of approximately 529.3 eV, is assigned to lattice
oxygen. This component represents oxygen atoms
fully bonded within the metal oxide crystal struc-
tures of both ZnO and Al,0Os; (M-O-M). The second
peak, centered around 531.1 eV, is attributed to oxy-
gen in hydroxyl groups (M—OH). These species are
typically found on the surface of metal oxides and
are known to be electrochemically active sites that
contribute to pseudocapacitance. The third compo-
nent, at the highest binding energy of about 532.2
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eV, corresponds to loosely bound or physisorbed
water molecules (H-O-H) on the material’s surface
[37]. This detailed analysis of the O 1s spectrum con-
firms the integrity of the metal oxide framework and
identifies the presence of surface functional groups
that are crucial for the electrode—electrolyte interac-
tion. The high-resolution C 1s XPS spectrum (Fig. 2f)
provides definitive evidence of the successful carbon
coating on the final ZnO-NR@C/Al,0O3;—-NF compos-
ite. The complex C 1s envelope can be deconvoluted
into three primary peaks, indicating a variety of car-
bon bonding environments. The most intense peak,
centered at a binding energy of approximately 284.8
eV, is assigned to the sp*-hybridized C = C bonds that
form the graphitic-like framework of the amorphous
carbon layer. This conductive carbon skeleton is fun-
damental to improving the overall electrical conduc-
tivity of the composite electrode. A second peak at a
higher binding energy, around 287.7 eV, is attributed
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to oxygenated carbon species. This component rep-
resents carbon atoms bonded to oxygen, likely in the
form of hydroxyl (C-O) and carbonyl (C =O) func-
tional groups on the surface. A smaller peak, often
observed around 286.1 eV (not explicitly mentioned
but common), corresponds to sp>-hybridized C-C
bonds or C-O single bonds, representing defects or
different functional groups within the carbon struc-
ture. The presence of the conductive sp* carbon net-
work ensures rapid electron transport, while the
oxygen-containing functional groups enhance the
surface wettability, improving the interfacial con-
tact with the aqueous electrolyte and facilitating
more efficient charge transfer [38, 39]. A compari-
son of the high-resolution spectra for the ZnO-NR/
Al,O;-NF and ZnO-NR@C/AlL,O;-NF samples reveals
subtle but significant shifts in the binding energies of
the core elements (Fig. 2c—f). These shifts are indica-
tive of a strong electronic interaction at the inter-
face between the carbon coating and the underlying
metal oxide nanorods. This interaction signifies a
redistribution of electron density at the material’s
surface, which is crucial for enhancing electrochemi-
cal performance. By creating a tightly coupled inter-
face, the carbon layer facilitates more efficient elec-
tron mobility and expedites charge transfer kinetics
to and from the active Al,O; and ZnO sites. This
synergistic effect is a key factor contributing to the
superior SC efficiency of the final composite. In sum-
mary, the comprehensive XPS analysis confirms not
only the successful fabrication and high purity of
the ZnO-NR@C/Al,O3-NF composite but also reveals
the fundamental electronic coupling between its
components. This intimate interfacial connection
is directly responsible for boosting charge transfer
efficiency and electrochemical activity, providing a
clear rationale for its outstanding performance as a
SC electrode.

The textural properties and porous nature of the
synthesized materials were systematically investigated
using Nitrogen (N,) adsorption—desorption analysis,
with the isotherms presented in Fig. 2g and the pore
size distributions (PSDs) in Fig. 2h.

All three samples exhibit a characteristic Type IV
isotherm with a distinct Type H3 hysteresis loop in
the high relative pressure range (P/P;>0.7), confirm-
ing the presence of mesoporous structures within the
interconnected nanofiber and nanorod aggregates.

The calculated BET specific surface area (Sggr)
and total pore volume (V,) confirm a progressive
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increase in porosity with each synthetic step: The
initial Al,O;-NF scaffold showed a surface area of 21
m?-¢ ! and a total pore volume of 0.032 cm®-g~!. After
the growth of ZnO nanorods, the ZnO-NR/AL,O;-NF
intermediate showed an increase, reaching 26 m?g™!
and 0.038 cm®g ™!, indicating that the nanorods created
additional surface area without blocking the existing
channels. The final ZnO-NR@C/Al,O;—NF composite
exhibited the most significant enhancement, achieving
a Sgpr of 43 m*g ! and a V, of 0.059 cm®g ™. This final
composition boasts a surface area approximately 1.8
times greater and a pore volume over twice that of the
pristine Al,O;-NF scaffold, directly validating the suc-
cess of the multi-step hierarchical synthesis. The Pore
Size Distribution (PSD) of the final ZnO-NR@C/Al,O5-
NF composite exhibits a complex multimodal struc-
ture, which strongly supports the material’s higher
quantitative values. This hierarchical porosity is char-
acterized by three distinct features: a sharp, new peak
around 30 A, which is attributed to the micropores and
small mesopores inherent to the porous carbon layer
and crucial for facilitating fast ion transport kinetics;
an intensified mesopore peak around 38 A, confirm-
ing the preservation and utilization of the channels
within the underlying scaffold structure; and a third,
broader distribution of larger mesopores centered
around 70-75 A, which represents the newly created
voids and macroporous channels formed between the
assembled carbon-coated nanorods, acting as electro-
lyte reservoirs. This structure is critical for supercapac-
itor performance, as it maximizes the available elec-
trochemical active sites and ensures highly efficient
pathways for rapid electrolyte ion diffusion.

3.2 Electrochemical Performance

The electrochemical performance of ZnO-NR/
Al,0O3-NF and ZnO-NR@C/Al,0O3;-NF electrodes
was evaluated in a symmetric two-electrode config-
uration using 6 M KOH electrolyte. Cyclic voltam-
metry carried out in the potential range of 0-0.9 V
at scan rates between 10 and 100 mV s™! (Figs. 3a,
b) revealed distinct Faradaic features in both elec-
trodes, confirming the pseudocapacitive character
of the charge storage process. Compared with the
uncoated ZnO-NR/Al,0O3;-NF, the carbon-modi-
fied ZnO-NR@C/Al,O3-NF exhibited significantly
enlarged CV profiles and more intense redox currents,
which clearly demonstrate the superior utilization of
active sites and enhanced electrochemical activity. This
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Fig. 3 Cyclic voltammetry curves of SCs based on a ZnO-
NR@C/Al,Os-NF and b ZnO-NR/Al,Os-NF electrodes recorded
at different scan rates. ¢, d Kinetic separation of capacitive and
diffusion-controlled contributions at various scan rates for both

enhancement originates from the cooperative action
of the conductive carbon coating and the electroac-
tive ZnO-Al,Os scaffold, which jointly facilitate elec-
tron transport, promote redox reactions, and ensure
rapid accessibility of ions. As the scan rate increased,
anodic peaks shifted slightly toward more positive
potentials while cathodic peaks moved toward more
negative values, reflecting the quasi-reversible nature
of the underlying redox processes. The preservation
of well-defined peak shapes over the entire scan rate
range further indicates stable charge transfer kinet-
ics, efficient ionic diffusion, and low resistive losses
within the hybrid network. Such behavior emphasizes
that the conductive carbon layer not only improves
electronic pathways but also stabilizes the electrode/
electrolyte interface, thereby mitigating polariza-
tion effects during fast charge—discharge operations.
These observations strongly suggest that ZnO-NR@C/
Al,O3-NF is capable of delivering reliable and high
rate performance, consistent with recent reports on
hybrid metal oxide/carbon pseudocapacitive sys-
tems that display excellent redox reversibility and
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systems. e, f Comparative evaluation of surface-controlled charge
storage fractions, emphasizing the enhanced capacitive domi-
nance and superior redox activity of the ZnO-NR@C/Al,Os—NF
SC

conductivity-enhanced energy storage behavior [40,
41].

A comprehensive kinetic investigation was carried
out on SCs assembled with ZnO-NR/A1,0Os-NF and
ZnO-NR@C/Al1,03;-NF electrodes in order to clar-
ify the underlying charge storage mechanism. The
dependence of peak current on scan rate followed
the power-law relation i =av®, where the exponent b
indicates whether the process is diffusion-controlled
or surface-confined. A value near 0.5 typically reflects
ion diffusion—-dominated faradaic behavior, whereas
a value approaching unity corresponds to capacitive
contributions [42, 43]. Analysis of the log(i)-log(v)
plots yielded b-values of 0.66 for ZnO-NR/AI,O3;—NEF-
based devices and 0.71 for ZnO-NR@C/Al,O3—NE-
based devices. The higher b-value in the latter confirms
that the incorporation of carbon enhances capacitive
participation by promoting faster charge transfer and
improved access to electroactive sites.

To further differentiate between capacitive and
diffusion-governed contributions, the current at
each potential was separated using the relation
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i(V) =kiv + kv, where k; and k, denote the
capacitive and diffusion-controlled components,
respectively. The transformed equation i/
vl2=k;v!"2+k; allowed quantitative evaluation of
these contributions [44-46]. As shown in Fig. 3¢, d,
the capacitive fraction increased steadily with scan
rate for both systems, indicating that surface-driven
reactions become progressively dominant at higher
sweep speeds. At 100 mV s}, the capacitive share
reached 45% for the ZnO-NR/A1,0O3:—NF SC and 59%
for the ZnO-NR@C/Al,O;-NF device (Fig. 3e—f). This
enhancement demonstrates the effective role of the
conductive carbon layer, which not only accelerates
electron mobility but also improves ion transport
pathways within the electrode—electrolyte interface.
Overall, the results confirm that ZnO-NR@C/
AlL,O3-NEF-based SCs operate predominantly through
pseudocapacitive mechanisms involving fast and
reversible surface-confined redox reactions rather than
sluggish intercalation processes. The ability to sustain
a high capacitive contribution even at moderate scan
rates highlights the advantages of the hierarchical
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composite structure in minimizing charge transfer
resistance and facilitating rapid ion diffusion. These
features, mechanical integrity from the Al,Oj3 scaffold
combined with enhanced conductivity and stability
from the carbon coating, collectively underpin the
excellent reversibility, rate performance, and long-
term durability of the system, validating ZnO-NR@C/
Al,O3-NF as a highly promising design for next-gen-
eration high power energy storage.

To further assess the charge storage behavior of the
assembled SCs, galvanostatic charge-discharge (GCD)
experiments were conducted for devices employing
ZnO-NR@C/Al,03;-NF and ZnO-NR-A1,0Os:—NF elec-
trodes at current densities between 1 and 4 A g7},
as illustrated in Fig. 4a, b. The obtained GCD traces
exhibit clear deviations from linearity, a hallmark of
pseudocapacitive systems in which energy storage
originates mainly from quasi-reversible redox reac-
tions occurring at or near the electrode surface rather
than simple electrostatic accumulation. Among the
two systems, the ZnO-NR@C/Al,O3;-NF SC consist-
ently displayed longer discharge times under identical
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Fig.4 a, b GCD curves of SCs assembled with ZnO-NR@C/
Al,O5-NF and ZnO-NR/Al,Os-NF electrodes at different current
densities. ¢ Comparison of specific capacitance versus current
density. d Energy density as a function of current density for both

systems. e Capacitance retention measured at 4 A g!. f Nyquist
impedance spectra of the two devices, with the fitted equivalent
circuit shown in the inset
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conditions, evidencing superior electron transport,
more efficient ion diffusion pathways, and improved
reversibility of redox processes. Additionally, the con-
sistent shape of the charge—discharge curves across
different current densities highlights the stability
of the capacitive response over a wide operational
window.

The quantitative evaluation of electrochemical
performance parameters was carried out using the
GCD data. The specific capacitance (C_sp, F g™') was
calculated from the relation Csp = (I x At) / (m x AV),
where I is the applied current, At is the discharge
time, m is the mass of active material, and AV is the
potential window. From these values, the energy
density (E, Wh kg™!) was further estimated using
the expression E =1 x Csp x (AV)?/ 3.6 [46, 47]. The
derived values are summarized in Fig. 4c, d, confirm-
ing that the incorporation of the conductive carbon
layer into the ZnO-Al,Oj; scaffold results in mark-
edly improved charge storage capability and energy
delivery. As shown in Fig. 4a, b, the GCD curves of
the SCs assembled with ZnO-NR@C/Al,O3;-NF and
ZnO-NR-AI,O;-NF electrodes exhibit quasi-capaci-
tive characteristics, consistent with pseudocapacitive
behavior identified in the CV tests. Among the two,
the ZnO-NR@C/Al,O3;-NF device delivers the long-
est discharge duration at comparable current densi-
ties, clearly demonstrating superior charge storage
capability. At 1 A g7}, this system achieved a specific
capacitance of 388.33 F ¢! with an energy density of
43.68 Wh kg™, significantly surpassing the ZnO-NR/
AL;O3-NF counterpart, as illustrated in Fig. 4c, d.
The remarkable enhancement in performance arises
from the synergistic role of the carbon coating and
the ZnO-AlL, O3 framework, which together provide
a larger electroactive surface, faster charge transfer
kinetics, and more efficient ion transport pathways.

These results confirm that the hierarchical com-
posite design effectively minimizes resistive losses,
facilitates reversible faradaic reactions, and maintains
structural integrity during cycling. The combined con-
tribution of the robust Al,O3 nanofiber scaffold and the
conductive carbon layer ensures long-term durability,
high rate performance, and reliable energy delivery,
positioning the ZnO-NR@C-Al,O3-NEF-based SC as
a strong candidate for advanced high power energy
storage applications.

Long-term durability of the SCs was further exam-
ined by subjecting the devices to 8000 consecutive
charge—discharge cycles at a relatively high current

@ Springer

J Mater Sci: Mater Electron (2026) 37:150

density of 4 A g™! (Fig. 4e). Even after prolonged
cycling, both systems preserved most of their initial
capacitance, with retention values of 86.38% for the
ZnO-NR@C/A1,03-NF-based device and 81.32% for
the ZnO-NR/AIL,O3;-NF counterpart. These results
clearly demonstrate that the fabricated SCs exhibit
highly stable electrochemical performance and robust
charge-discharge behavior, while the ZnO-NReC/
Al,O3-NF configuration maintains a distinct advan-
tage in terms of capacitance retention, underscoring its
superior cycling stability and reliability for long-term
energy storage applications.

Electrochemical impedance spectroscopy (EIS) was
employed to further elucidate the charge transport
properties and interfacial kinetics of SCs based on
ZnO-NR/ALL,Os;—NF and ZnO-NR@C/Al,O3;—NF elec-
trodes. The Nyquist spectra, shown in Fig. 4f, were
recorded over a wide frequency range of 0.01 Hz to
100 kHz and interpreted using an equivalent circuit
model. This model consists of essential elements,
including the equivalent series resistance (Rggg),
charge transfer resistance (R,), and two constant
phase elements (CPE-1 and CPE-2), which account for
the double-layer capacitance and the pseudocapaci-
tive contribution, respectively [45, 48, 49]. In the high-
frequency domain, the semicircle diameter reflects the
magnitude of R, thereby describing the efficiency of
electron exchange processes occurring at the elec-
trode-electrolyte interface. By contrast, the inclined
line observed in the low-frequency region corresponds
to Warburg-type diffusion behavior, which reveals
the influence of ionic transport limitations inside the
porous electrode matrix. Furthermore, the intercept
of the semicircle with the real axis at high frequencies
indicates the Rggz, encompassing the intrinsic resist-
ance of the electrode material, the ionic resistance of
the electrolyte, contributions from the current collec-
tor, and contact resistances at the interface. Imped-
ance measurements further distinguish the electrical
characteristics of the fabricated SCs. The ZnO-NR/
Al,O3-NF device exhibited the highest Rggy of 5.73
Q, while the ZnO-NR@C/Al,O3-NF system showed a
markedly lower value of 3.04 (). A similar trend was
observed for the R, where the composite-based SC
registered only 3.26 Q) compared with 6.63 Q for its
uncoated counterpart. The notable reduction in both
Rgsr and R, for the ZnO-NR@C/Al,O3-NF configu-
ration confirms its superior ability to facilitate ion
migration and accelerate electron exchange at the
electrode—electrolyte interface.
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These improvements arise from the conductive
carbon shell, which establishes continuous electron
pathways, and the porous ZnO-Al,Oj3 scaffold, which
provides accessible active sites for redox reactions. The
combination of low internal resistance, efficient charge
transport, and robust structural support results in sta-
ble and rapid electrochemical kinetics. Collectively,
these features explain the enhanced cycling stabil-
ity and high rate capability of the composite system,
underscoring its promise as a durable and high-perfor-
mance platform for next-generation SC applications.

4 Conclusion

In summary, we have successfully designed and syn-
thesized a novel binder-free hierarchical composite,
ZnO-NR@C/Al,0;3-NF, tailored for supercapacitor
applications. The material was fabricated through a
multi-step process involving electrospinning, hydro-
thermal growth, and carbonization. Comprehensive
structural and compositional analyses confirmed its
distinctive architecture and high purity. The excep-
tional electrochemical performance arises from the
synergistic interplay between its components: the
robust Al,Os scaffold ensures mechanical stability,
the ZnO nanorods provide abundant active sites, and
the conformal carbon coating enhances electrical con-
ductivity while serving as a protective buffer layer.
This intelligently designed architecture delivered a
high specific capacitance of 388.33 F g™ and a corre-
sponding energy density of 43.68 Wh kg™ at a current
density of 1 A g”!. Furthermore, the composite demon-
strated remarkable long-term durability, maintaining
86.38% of its initial capacitance after 8000 charge—dis-
charge cycles. This combination of high performance
and structural resilience validates our rational and
scalable strategy for engineering durable, high-per-
formance materials for next-generation energy stor-
age systems.
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