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The integration of micro/nanostructured metal/metal oxides with carbon-based materials has emerged as a promising approach
for developing electrochemical electrodes. However, the fabrication of such hybrids entails complex and multistep procedures
involving the grain boundaries and interfaces between the constituent materials, thus, degrading the overall performance.
Herein, we report a facile electrothermal process (ETP) for the scalable fabrication of hybrid carbon fiber (CF) sheets
integrated with tunable morphology of silver micro/nanoparticles. The application of an electric field across the layered film,
consisting of AgNO; and CF, enabled the rapid dissipation of thermochemical energy in an open-air environment via ETP.
The ETP facilitated ultrafast heat dissipation within a few milliseconds, leading to the rapid decomposition of AgNO,, which
resulted in the formation of liquefied Ag on the CF surface affording a reduced Ag-CF composite with adjustable structures
through input power. The capability of ETP driven by controlling duration and number of electrical pulses was demonstrated
by examining the corresponding physiochemical and electrochemical characteristics of the resulting composite. The Ag-CF
composite fabricated using three cycles of a screened ETP pulse (1500 W and 75ms for power and duration) acted as a
supercapacitor electrode demonstrating excellent area capacitance (13 F/cm?) and exceptional capacitance retention (98% after
10,000 cycles). Thus, the utilization of ETP can provide manufacturing strategies enabling scalable synthesis of functional
hybrids in vacuum-free ambient environments within milliseconds. These hybrids possess unique interfaces and particle
boundaries, exhibiting considerable potential for diverse electrochemical applications.

1. Introduction

Silver is a highly desirable material for electrochemical appli-
cations owing to its exceptional physiochemical properties.
The enhanced electrical conductivity of silver facilitates effi-
cient electron transfer, resulting in accelerated electrochemi-
cal reactions [1-4]. Moreover, silver exhibits remarkable
corrosion resistance [5, 6]. These favorable characteristics
have advanced the utilization of silver in various electrical
applications, including supercapacitors and catalysts [7-10].
However, the performance of silver-based systems varies
depending upon the specific method used for their synthesis
and their integration with support materials. The synthesis of
silver nanoparticles can be achieved using diverse strategies,

which include chemical reduction in solution, electrochemi-
cal techniques, ultrasonic organic chemistry, photocatalytic
reduction, microwave organic synthesis, radiation reduction,
and biomass reduction [11-17]. The synthesized nanoparti-
cles show various morphologies such as nanowires, nano-
plates, nanoflowers, and nanocubes, depending upon the
synthetic procedures utilized [18-21]. Among these mor-
phologies, silver spheres have been extensively used for appli-
cations in sensing, medical, and photocatalytic fields owing
to their structural stability and compatibility with support
materials [21-23]. However, the anisotropic and nonspheri-
cal growth of silver poses challenges to the synthesis of silver
spheres, requiring specialized equipment and incurring high
costs. Therefore, the advancement of cost-effective synthetic
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processes, capable of producing silver nanospheres and
controlling their morphology, holds the potential to foster
progress in the fabrication of electrochemical electrodes.

To meet the requirements of commercial applications,
electrochemical electrodes should possess high reactivity
and a stable integration between active and support materials
[24, 25]. Thus, it is crucial to investigate the physiochemical
properties of the active and support materials to enhance
the overall performance of the electrode system [26, 27].
Notably, highly porous supporting substrates facilitate the
diffusion of reaction substances to electrically active regions
within the electrodes [28-30]. Recently, carbon-based mate-
rials (e.g., carbon nanotube (CNT), graphene, carbon fiber
(CF), and carbon felt) have emerged as promising materials
for supporting electrochemical electrode materials owing to
their porous networks, high electronic conductivity, and
robust mechanical stability [31]. The integration of carbon
materials with the active material generates a network that
can reduce energy loss during electron transfer to the active
site of materials compared to those for other substrates
[32]. Simultaneously, this network promotes the charge
transport of the electrode from the electrolyte, further
enhancing the overall performance of the system [33-36].
Consequently, these materials have been extensively utilized
as electrode substrates for manufacturing electrochemical
devices [37, 38]. Additionally, the desired surface characteris-
tics of carbon-based materials could be achieved via heat
treatment [39-41]. This enables concurrent synthesis, modi-
fication, and optimization of the active material, support
substrate, and integrated compound. Consequently, carbon-
based substrates could significantly reduce the entire process
cost.

Electrothermal process (ETP), which has gained recent
attention, could induce rapid increase of the processing tem-
perature for target precursors, resulting in unique physico-
chemical characteristics of the metal/carbon composites
[42-44]. The facile synthesis induced by rapid temperature
changes effectively causes defects in metal crystals and
carbon-based materials which could not be obtained by con-
ventional slow heating-cooling processes and enables the
highly functional composites in terms of electrochemical
electrodes and catalysts [45-47]. So far, although the efficacy
of the ETP for synthesizing various hybrid composites has
been demonstrated, adjusting the processing parameters
for desired composites, such as operating temperatures and
heating-cooling durations, has not been explored enough
to precisely control the resulting products. Thus, in-depth
study for the ETP processing parameters and produced
composites of metal-carbon-based materials would be bene-
ficial to apply this rapid thermal processing technique to
various energy storage and conversion applications.

In this paper, we report a facile electrothermal process
(ETP) for the direct fabrication of binder-free silver sphere-
embedded CF sheets for generating high-performance elec-
trochemical electrodes (Figure 1). Silver spheres were synthe-
sized using a tunable ETP that optimized the dimensions of
the silver spheres and the defective CF structures. This pro-
cess synthesizes a hybrid structure incorporating various
materials using thermal energy induced by electrothermal
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heating. The hybrid structure comprises metal oxide precur-
sors and nanomaterials integrated with conductive carbon-
based materials (carbon nanotubes, graphene, graphite,
glassy carbon, etc.). When the temperature induced by the
electric field reaches the decomposition temperature of the
metal oxide precursor, it decomposes into a metal oxide.
Additionally, oxygen is removed via the supplied high-
temperature energy, resulting in the reduction of the metal
oxide, which shows a phase change into the liquid metal
form. Subsequently, the supply of thermal energy is stopped,
and spherical nanoparticles are generated during the cooling
process. The synthesized metal spheres penetrate the surface
of the carbon-based material at high temperatures and form
the composite structure of the sphere-embedded carbon
material. The particle size, shape, and degree of embedding
in the hybrid structure manufactured using the ETP process
can be fine-tuned by regulating the applied electrical energy.
In this study, changes in the surface, mechanical, chemical,
and electrical properties were analyzed with variations in
applied energy. Furthermore, the electrodes could be opti-
mized by adjusting the number of ETP pulses, guided by the
observed experimental trends. The process is exceptionally
rapid and allows the preparation of film-form composites in
a single step within milliseconds, making it economical and
advantageous for thin-film electrode applications. Addition-
ally, this work will provide insight into designing rapid ther-
mal synthesis of metal/carbon composites and electrodes
without the use of binders.

2. Materials and Methods

2.1. Synthesis of Metal Nitrate/Polymer-Coated CF Sheets. A
mixture of deionized water, ethanol, and acetic acid was
prepared with a volumetric ratio of 1:1:3, followed by the
addition of polyvinylpyrrolidone (PVP, Sigma-Aldrich) and
mixing using a Vortex Genie 2 Mixer. Subsequently, 0.1 M
AgNO; (Sigma-Aldrich) was dissolved in the solution, and
the resulting mixture was stirred at 60°C for 24 h using a mag-
netic stirrer to ensure complete dissolution. The prepared pre-
cursor solution was applied onto a 4 x 4cm® CF sheet and
coated as a thin film using a spin coater (1500 rpm, 60s).
The film was subsequently cut into a size of 1 x 4cm?, and a
titanium electrode was affixed to each side for facilitating the
Joule heating thermal process under an applied electric field.

2.2. ETP to Synthesize Silver Nanospheres. Each precursor/
CF sheet film was cut to 1x 4cm” size and then attached
to silver paste at both ends of a 1x 1cm? titanium foil,
which served as an electrode for ETP. The terminals of a
DC power supply (50 A, 30 V, and 1500 W) were connected
to both electrodes, and a voltage of 1500 W was applied.
Consequently, a high temperature was induced between
the CF sheets by the Joule heating at a current of approxi-
mately 50 A. The applied voltage was cut off when the tem-
perature reached its highest point and was cooled under
ambient air and room temperature conditions (approxi-
mately 25°C). During this process, the nitrate group present
in silver nitrate disappeared as NO, at the decomposition
temperature, whereas the hydrate evaporated as water vapor
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FIGURE 1: Schematic of the electrothermal process (ETP) for fabricating silver sphere-embedded CF (Ag-CF) sheets for high-performance

electrochemical electrodes.

at a melting temperature of 100°C. When silver particles are
melted, they merge with surrounding silver particles, thereby
transforming into a unified single metal particle. During the
process, sufficient heat to complete liquefaction of silver
could induce the formation of a spherical structure due to
surface tension. After the ETP process, the samples were
cut to a size of 1 x 2cm? (approximately 1) for the prepa-
ration of the electrodes to remove the regions, which were in
contact with the titanium foil.

2.3. Physicochemical Characterization. Physiochemical char-
acterization was carried out using scanning electron micros-
copy (SEM), field emission SEM (FEI, Model Quanta 250
FEG; Jeol, Model JSM-6701F), X-ray photoelectron spectros-
copy (XPS; ULVAC-PHI, X-tool), and X-ray diffraction
(XRD; Rigaku, SmartLab). The XRD patterns were acquired
in 20 mode with a scan speed of 2°/min.

2.4. Electrochemical Characterization of Supercapacitor
Electrodes Using Hybrid Composites. A three-electrode elec-
trochemical cell configuration was used to measure the
electrochemical characteristics and performances. Cyclic
voltammetry (CV) was conducted with scan rates of 5, 20,
and 100 mV/s for electrochemical characterization. Electro-
chemical impedance spectroscopy (EIS) was also conducted
with frequency range from 10" Hz to 10° Hz. Cyclic stabil-
ity test was conducted with up to 1000 cycles of charge-
discharge process based on CV method at scan rate of
100mV/s. The working electrodes were hybrid composites
of silver and CF sheets of 1 x 1cm?, and the reference and
counter electrodes were Hg/HgO and Pt wires, respectively.
A potassium hydroxide (KOH, Sigma-Aldrich) aqueous
solution (5M) was used as the electrolyte. All the electro-
chemical measurements were conducted using a potentio-
stat (Gamry Instruments Interface 1000E).

3. Results and Discussion

A binder-free silver sphere-embedded CF sheet was directly
fabricated using the ETP (Figure 1). Prolonged exposure to
high temperature during ETP can damage the CF and lower
the electronic conductivity and stability of electrodes [39].
However, the decomposition of the precursor to the intended
active material is required. Therefore, we attempted to reduce
the duration of ETP using 1500 W power, which thermally
decomposes the silver nitrate within a few milliseconds.
Figure 2 illustrates temperature changes during ETP using
1500 W power and the threshold of the chemical reaction.
The time required for the entire process was a few millisec-
onds, thereby confirming that it is an exceptionally fast yet
effective synthesis route for hybrid electrode materials. A
structural comparison of the micro-nanostructures of the
Ag-CF electrodes fabricated using ETP was carried out. The
morphological transitions, nanostructures, and chemical
crystal structures of the electrodes were analyzed using
SEM and XRD at five different durations of the single electri-
cal pulse process, i.e., 25, 50, 75, 100, and 125 ms pulses, as
shown in Figures 3(a)-3(f). Figure 3(a) shows the SEM image
of the Ag-CF produced by applying 1500 W power as a single
25ms pulse to a CF sheet coated with silver nitrate. 30-
300 nm-sized particles are formed on CFs with a thickness
of approximately 5-7 ym. Particles within the size range of
30-100nm exhibit a cube-shaped nanostructure, which is
one of the typical crystal shapes of silver nitrate [48], whereas
spherical and smooth-surfaced particles are observed for
sizes larger than 100nm. Moreover, the surface becomes
smooth during the transformation as the solid surface instan-
taneously changes to liquid upon nitrate decomposition, and
nanostructures form in a direction that minimizes the surface
tension during rapid cooling. Silver reacts chemically, melts,
and aggregates. The XRD pattern reveals the existence of



1000

800

600

400 4

Temperature (°C)

200

T T
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Time (s)

FIGURE 2: Real-time temperature profiles of precursor loaded CF sheet
with 1500 W of the electrical pulse for 0.1s duration. The light red
regime indicates decomposition temperature of bulk silver nitrate.
Blue dots represent the 25, 50, and 75ms points, respectively. The
temperature was measured by GL840 (GRAPHTEC) with k-type
thermocouple.

both silver and silver nitrate (Figure 3(f)), which implies that
the energy provided by a 25 ms pulse at 1500 W is insufficient
for the complete conversion of silver nitrate into silver.

When the single pulse duration is increased to 50 ms
(Figure 3(b)), the size of the particles obtained is 100-
500 nm, which is larger than that in the case of single pulse
with 25ms. Additionally, all the particles change to silver,
as given in Figure 3(f). Considering that silver is formed
by the decomposition of silver nitrate, the size of the parti-
cles increases because the silver exists in a liquid state during
the ETP process and longer duration increases the possibility
to fuse with the surrounding particles. Therefore, silver
nanostructures subjected to a 50 ms pulse aggregate ran-
domly and spread over the CFs, resulting in a smooth
surface.

Figure 3(c) shows the SEM image of the Ag-CF surface
formed after applying a 75ms pulse. Compared to the pre-
vious processes wherein energy was applied for a shorter
period, the nanostructures of the Ag particles show a sub-
stantial change with the 75ms pulse. Completely spherical
Ag particles are formed on the surface of the CFs and
embedded in the fibers rather than simply attaching to the
surface. Additionally, the XRD pattern shows a similar
intensity ratio to that of the JCPDS card (65-2871), which
implies that it is stable silver. This result indicates that
before the cooling process, the silver nitrate completely
decomposes to form silver during the ETP process and
combines with the surrounding particles in the liquid state,
forming a single silver crystal particle during the cooling
process. Furthermore, it has a spherical nanostructure that
minimizes its surface energy. Figure S1 shows the change in
grain size along the duration of the heating pulse. In contrast
to the previously synthesized silver particles with random
morphologies, these spherical particles offer the advantage of
reduced electron movement loss during electrochemical
reactions due to large grain size. Additionally, the spherical
nanostructures exhibit enhanced resistance to failure by
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volume changes that occur during redox reactions due to the
possibility of an isometric electrochemical reaction.

The surface morphology of the Ag/CF composite obtained
by applying a 100 ms pulse is similar to that of the composite
obtained by 75ms pulse, wherein the Ag spheres are embed-
ded in the CFs (Figure 3(d)). The size of the spheres is approx-
imately 1-5pum, and the diameter of the largest particle is
similar to that of a CF. However, for the sample subjected to
a 125ms pulse, Ag particles are not observed on the CFs
(Figure 3(e)) because the Ag particles decompose during the
high-temperature ETP process, resulting in aggregation and
separation from the fibers. Component analysis using the
SEM images (Figures 3(a)-3(e)) revealed that the electrode
manufactured by applying a power of 1500 W with 50, 75,
and 100 ms pulses had the originally intended Ag-CF struc-
ture. Consequently, our investigation confirmed that the
manipulation of crystal properties and the physical form of
active materials can be achieved via a single-step procedure.
Furthermore, we observed that the morphology of the support
material utilized as a current collector could be controlled,
enabling simultaneous control over the combined morphol-
ogy. However, to achieve the desired application objectives,
further optimization was required; therefore, the effect of the
number of pulses on the physicochemical properties was
investigated.

Figure 4 shows the morphological changes with different
durations and the number of pulses applied. A trend
between the morphological change of silver particles and
CFs and applied heat energy could be identified. After the
decomposition of silver nitrate, silver particles grow as
observed with a single pulse at different durations. Comparing
50 ms and 75 ms, the particle growth rate seems to be affected
by heat energy resulting in the melting and fusion of silver. If
heat energy is not enough to melt the entire particle, the
particle size exhibits a slow growth rate (Figures 4(a)-4(c)).
Despite low heat energy provided by 50 ms pulse, silver pene-
trates and damages the CFs (Figure 4(c)) because silver
promotes the complete oxidation of carbon [49]. Conse-
quently, penetration occurs before the complete morphology
change of silver particles. On the contrary, a fast growth rate
is observed when the heat energy is enough to melt the entire
particle (Figures 4(d) and 4(e)). Silver particles melt
completely and assume a spherical shape owing to the heat
provided by a 75 ms pulse. Thus, fusion takes place in a facile
manner and triggers growth. Additionally, CFs show more
damage by the larger silver particles. Finally, excessive heat
(100ms) damages both the silver particles and CFs. As
depicted in Figure 3(e), it is observed that the silver detach-
ment was initialized from the third pulse (Figure 4(h)). Conse-
quently, CFs are destroyed, and a marginal quantity of silver
particles was obtained after applying the pulse 5 times.

For investigating the electrochemical effects of morpho-
logical change, cyclic voltammetry was performed (Figure 5).
An electrochemical test was performed on the supercapacitor
by fabricating an electrode to compare the performance of
the various Ag-CF films obtained by applying the ETP at
various pulses. The experiment was conducted using a 3-
electrode measurement method and an Ag-CF film. Silver
was used as the active material for pseudo capacitance, and
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F1GuRrk 3: Physicochemical characterization of synthesized silver sphere-carbon sheets obtained with different duration of the ETP process.

SEM images with single pulse durations of (a) 25, (b) 50, (c) 75, (d) 100, and (e) 125 ms at 30 V and 50 A (1500 W). (f) XRD patterns for
each condition.
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F1GURE 4: Morphological changes of silver sphere/carbon sheet synthesized using different conditions of the ETP process. SEM images of
silver/carbon fiber synthesized using 1, 3, and 5 ETP pulses at (a-c) 50ms, (d-f) 75ms, and (g-i) 100ms durations. Fixed power at

1500 W was applied for all processes.
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Ficure 5: Comparison of areal capacitances of electrochemical
electrodes comprising Ag-CF hybrid composites, according to
changes in duration and number of ETP pulses.

CFs were used as the current collector for electrical double-
layer capacitance (EDLC). KOH (5 M) was used as the electro-
lyte, and Hg/HgO was used as the reference electrode. A Pt
wire was used as the counter electrode. Figure 5 illustrates
the comparison of areal capacitance for Ag-CF films produced
using various pulse durations in the ETP within a voltage win-
dow of -0.4-0.8 V at a scan rate of 5mV/s. The Ag-CF samples
produced with 1500 W power reveal an increase in areal
capacitance with 100 ms pulse compared to that with 25ms
pulse and decrease substantially to that with 125 ms pulse. In
the case of 25 ms pulse, the marginal contribution of silver to
the capacitance is observed. As shown in Figure 3(f), it influ-
ences the incomplete transformation of silver nitrate whereas
decreased capacitance of 125 ms pulse could be attributed to
the separation of Ag particles from the CFs during the high-
temperature process as evident by Figure 3(e).

In the case of the Ag-CF sample produced by applying
three pulses of 1500 W power, the capacitance significantly
increases for the electrodes obtained with 50 and 75ms
pulses (~13 F/cm®) compared to that with the 25ms pulse
as they have embedded silver particles in the CFs. We con-
firmed the existence of silver at the highest capacitance con-
dition using the XPS spectrum (Figure S2). As reported in
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FIGURE 6: Electrochemical comparison of synthesized Ag-CF electrodes having the highest areal capacitance. Cyclic voltammetry (CV)
curves of Ag-CF electrodes fabricated by 3 pulses of ETP with a duration of (a) 50 and (b) 75ms. Nyquist plots of Ag-CF electrodes

fabricated by 3 pulses of ETP with a duration of (c) 50 and (d) 75 ms.

our previous work [50], an increased contact area of active
materials and current collector could reduce the resistance
by the enlarged path of electrons. Furthermore, it could acti-
vate more silver particles to participate in the redox reaction.
This is confirmed by comparing the CV curves obtained
using 1 and 3 times of pulse applied (Figure S3), wherein 3
times of pulse show a more vigorous redox reaction despite
a similar shape to that obtained using a pulse for a single
time. In the case of the sample produced by applying a
100 ms pulse three times, the capacitance decreases signifi-
cantly, which is in contrast to that produced by using 50
and 75ms pulses because the Ag particles excessively pene-
trate the CFs destroying the fibers. Similarly, in the case of
Ag-CFs manufactured by applying five pulses, CFs show a
considerable number of defects in all the cases, and the
capacitance is highly degraded because the destroyed CFs
reduce conductivity [39].

Among all the ETP conditions, the highest areal capaci-
tance is observed for the electrodes when the pulse was

applied 3 times, with durations of 50 and 75ms. Figure 6
shows the cyclic voltammograms (CV) and Nyquist plots
of the electrode fabricated by applying 50 and 75 ms pulses
3 times. The scan rates for CV are selected to show the elec-
trochemical characteristics considering areal performances
[51-53]. The shape of the curves for supercapacitors with
silver particles as the active material differs from that of
EDLC because silver undergoes a redox reaction during the
charge-discharge process, and two pairs of redox peaks are
observed in the CV curves (Figures 6(a) and 6(b)). Each
redox peak pair has positive and negative sweeps, and the
phase change of silver and silver oxide during the redox
reaction is given by the following equations [54]:

2Ag+20H- < - > Ag(1),0 + H,0 + 2e - (1)

2Ag,0 +40H- < — > 4Ag(I)O + 2H,0 + 4e - (2)
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FiGure 7: Cyclic stability of Ag-CF electrodes fabricated by 3 pulses
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The areas of the CV curves are similar for the two types of
electrodes obtained with 50 and 75ms pulses, which implies
that the initial areal capacitance values of the two electrodes
are approximately the same. However, the Nyquist plots
before and after charging and discharging the electrode 50
times at a scan rate of 100mV/s exhibit different patterns.
For the electrode manufactured by applying a 50 ms pulse
three times, the slope of the graph decreases after 50 cycles,
indicating that the electrode performance decreases during
charging and discharging (Figure 6(c)), whereas for the Ag-
CF electrode manufactured by applying a 75ms pulse three
times, the slope of the graph does not change even after 50
cycles of charging and discharging (Figure 6(d)). This differ-
ence could be attributed to the distinct structure of the synthe-
sized Ag particles. The SEM images demonstrate that the Ag
particle has an unspecified shape in the case of the 50 ms pulse
(Figure 4(b)), whereas it is spherical in the case of 75 ms pulse
(Figure 4(e)). As described in the redox reactions, the active
material employing Ag undergoes oxidation and reduction
via direct bonding with oxygen. It stores and releases electrons,
resulting in repetitive volume changes. When a volume change
occurs on the surface, in the case of a perfect sphere, the con-
figuration is relatively stable owing to less change of surface
area and structural properties [55, 56]. However, for particles
with an unspecified shape, the direction of the volume increase
is inconsistent under repetitive volume changes, causing the
active material to escape, thereby decreasing the performance.

Figure 7 presents the cyclic retention graph, which
reveals the stability of the fabricated electrode over 1000
charging and discharging cycles. Electrodes obtained by
applying three different pulses show changes in the capaci-
tance during 1000 charging and discharging cycles. In the
case of 50ms pulse process, after 1000 cycles, the retention
is 60% because silver particles that did not have a completely
spherical shape separate from the CFs because of the volume
change occurring in the redox reaction. However, in the case
of 75 ms pulse process, silver particles form a fully developed

spherical shape, maintaining a capacitance during the charg-
ing and discharging processes. The presence of singular
spherical particles, which exhibit the same crystal plane in
the radial direction, minimizes the surface energy and con-
fers strong mechanical properties against volume changes
[57]. In the case of a 100 ms pulse, the capacitance decreases
to 18% of the initial value after 1000 cycles owing to CF
destruction by Ag particles. The comparative performances
of supercapacitors using Ag-carbon-based hybrid materials
as active materials are summarized in Table S1. The devel-
oped spherical Ag-CF electrode with 75ms pulse process
exhibits outstanding electrochemical performances in terms
of areal capacitances and retention, compared with the dif-
ferent morphologies and carbon hybrids.

4. Conclusion

This study demonstrated the efficacy of pulsed ETP as an
adjustable manufacturing process for Ag-CF in an open-air
environment (25°C approximately) by optimizing the heat-
ing time and number of applied electrical pulses. The devel-
oped Ag-CF showed excellent electrochemical performance
in terms of the capacitance ratio and cycle stability; hence,
it was directly used as a flexible supercapacitor electrode.
Silver nitrate and carbon sheet layered film, manufactured
via spin coating, were employed in the ETP under various
pulse conditions at 1500 W to produce Ag-CF. Complete
reduction of AgNO, to Ag occurred during the nitrate
decomposition in a high-temperature environment using
the ETP. Moreover, unique structural characteristics were
observed depending on the applied voltage and the number
of pulses. The Ag-CF supercapacitor electrode fabricated by
applying 75ms pulses three times at 1500 W showed excel-
lent areal capacitance (13 F/cm?®) and long-term capacitance
retention over 10,000 charge/discharge cycles (98%). The Ag
spheres embedded in the CF surface promoted charge trans-
port in the active material, enhanced the conductivity of the
electrode, and provided a stable interface for the redox reac-
tion. In contrast, when Ag particles were not adequately
embedded or were too large to damage the CFs, they showed
low areal capacitance over 10,000 charge/discharge cycles
and lower stability. The developed ETP can solve the scal-
ability issue of metal/metal oxide/carbon-based materials,
providing a facile and novel method for efficiently manipu-
lating structural transformations, chemical compositions,
and grain boundaries via the reduction process. The opti-
mized ETP, which entails a millisecond-scale processing
time, enables the structural synthesis of metals/metal oxides
and complete bonding with a network of carbon-based
materials via a one-step method. These versatile hybrids
show excellent potential as supercapacitor electrodes with
considerably enhanced performance and manufacturing
scalability. We believe that the outcomes of this study will
contribute to developing more scalable and versatile ETP
fabrication techniques for not only supercapacitors but also
a wide range of electrochemical electrodes for secondary bat-
teries and catalysts, as well as electromagnetic interference
shielding composites. Additionally, ETP could be performed
at a minimal cost and high speed because it does not require
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long processing times, voluminous installations, or special
environments, making it an efficient method for the large-
scale synthesis of micro/nanostructures.
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