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초록: 경량화 및 유연성이 요구되는 에너지 저장 시스템의 수요가 증가함에 따라, 본 연구에서는 집전체가 불필요              

한 슈퍼커패시터용(supercapacitor) 복합 전극을 개발하였다. 제안된 전극은 은 나노와이어(AgNWs)와 활성탄(AC)을         

결합하여 기존 금속 박막 집전체의 한계를 극복하고자 하였다. 전기화학적 성능은 AgNW:AC 비율을 조절하여 체             

계적으로 최적화하였으며, 그 결과 1:24 조성에서 최적의 성능을 확보하였다. 제작된 슈퍼커패시터는 0-0.8 V의 작동             

범위 내에서 체적 정전용량 16.3 mF cm-3, 에너지 밀도 1.46 Wh cm-3, 출력 밀도 0.13 mW cm-3를 나타내었다. 이                 

러한 복합 전극은 제작 공정을 단순화하고 소자의 무게를 줄이는 동시에 기계적 유연성 측면에서도 잠재적 가능성을              

제공한다. 본 연구는 대면적 확장이 가능한 집전체 없는 슈퍼커패시터 개발을 위한 개념 증명적 접근을 제시한다.

Abstract: With the growing demand for lightweight and flexible energy storage systems, we developed a              

composite electrode for a current collector-free supercapacitor. The design combines silver nanowires (AgNWs) and             

activated carbon (AC) to overcome the limitations of conventional metal film current collectors. Electrochemical             

performance was systematically optimized by tuning the AgNW:AC ratio, with optimal results obtained at 1:24.              

The resulting supercapacitor exhibited a volumetric capacitance of 16.3 mF cm-3, an energy density of 1.46 µWh cm-3,                 

and a power density of 0.13 mW cm-3 within a stable 0-0.8 V operating range. This composite electrode simplifies                 

fabrication, reduces device weight, and offers inherent potential for mechanical flexibility. Overall, this work             

provides a proof-of-concept approach for the development of scalable, current collector-free supercapacitors.

Keywords: composite electrodes, silver nanowires, activated carbon, current collector-free, supercapacitors.

Introduction

The rapid growth of portable and wearable electronics, includ-
ing Internet of Things (IoT) sensors and biomedical devices,1,2

has intensified the demand for lightweight, flexible, and high-

performance energy storage systems.3-5 Lithium-ion batteries,6-8

while offering high energy density, face few limitations such as 
safety concerns, relatively lower power density, and long charging 
times.9,10 In contrast, supercapacitors based on electric double-
layer capacitance (EDLCs) provide rapid charge–discharge capa-
bility, long cycle life, and high power density, making them a 
complementary candidate for next-generation energy storage,11

particularly where high power and durability are required.12-14

A practical limitation of conventional supercapacitors lies in 
their reliance on metallic current collectors, typically aluminum 
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or nickel foils.15 These rigid and heavy components increase device 
weight, reduce flexibility, and add complexity to fabrication.16-19

For applications requiring portability and mechanical compli-
ance, eliminating external current collectors or replacing them 
with alternatives such as conductive carbon-based materials (e.g., 
carbon cloth, graphite, carbon nanotube and so on) while retain-
ing high electrical conductivity remains a significant challenge.20-24

Composite electrodes offer a promising pathway by com-
bining conductive nanomaterials with porous carbon matrix.25-28

Activated carbon (AC) is widely used due to its large specific 
surface area and electrochemical stability,29-31 but its low intrinsic
conductivity restricts efficient charge transport. Silver nanow-
ires (AgNWs), with their outstanding electrical conductivity and 
ability to form interconnected networks, can act as built-in 
conductive pathways, thereby reducing or even replacing the 
need for external current collectors.32-34 Moreover, the one-dimen-
sional nanowire network can impart flexibility to the electrode, 
as the interwoven AgNWs maintain electrical contact under 
mechanical deformation, complementing the structural stability 
provided by AC.35-37

In this work, we present a simple and cost-effective approach 
to fabricating AgNW/AC composite electrodes for current col-
lector-free supercapacitors. By systematical tuning of the AgNW:AC 
ratio, we identify an optimal balance between electronic con-
ductivity and ion accessibility. The optimized configuration 
achieves stable electrochemical performance and is expected 
to provide advantages in lightweight and flexible energy stor-
age devices. This strategy highlights a practical pathway toward 
scalable and manufacturable supercapacitors that meet the 
requirements of emerging portable and wearable electronics.

Experimental

Materials. Activated carbon (AC, MSP-20, SBET = 2260 m2 g-1,         
Korea Institute of Ceramic Engineering and Technology, KICET) 
was used as the active material. Silver nanowires (AgNWs, 
purity = 99%, diameter = 100 nm, length = 100–150 μm) were 
employed as a 1 wt% aqueous solution. Super P (Alfa Aesar) 
was used as the conductive agent. Styrene–butadiene rubber 
(SBR) binder and polyethylene separator were obtained from 
MTI Korea. Sodium carboxymethyl cellulose (CMC), lithium 
hexafluorophosphate (LiPF6), ethylene carbonate (EC), and ethyl 
methyl carbonate (EMC) were purchased from Sigma-Aldrich.

Preparation of Composite Electrode Paste and Electrolyte.      

The composite paste was prepared by mixing AC, Super P, and 
CMC/SBR binders at a weight ratio of 8:1:0.5:0.5 using a planetary 

mixer (THINKY). To control the coffee-ring effect and ensure 
uniform film formation, the amount of distilled water was adjusted 
to 0.5–1.2 μL per 80 mg of AC. AgNWs were subsequently added 
according to the specified weight percentage. The mixture was 
uniformly processed to achieve compositional homogeneity. A 
1.0 M LiPF6 solution in ethylene carbonate/ethyl methyl car-
bonate (EC/EMC, 1:1 v/v) was used as the electrolyte for all 
electrochemical measurements.

Fabrication of Sandwich Structure Supercapacitors. A     
slide glass (37.5 mm × 25 mm) was used as the substrate. The 
prepared paste was coated using a doctor blade, dried at 80 °C 
for 12 h, and compressed with a roller. Two electrodes of the 
same size were assembled with a polyethylene separator and 
saturated with the electrolyte. AgNWs in the paste served as 
current collectors. For electrical connection to the electrochem-
ical analyzer, a platinum wire was attached to the electrodes. 
The effective electrode area was 4.375 cm2, as defined by the 
Kapton tape on the glass substrate. This area was maintained 
consistently across all devices to ensure reproducibility of the 
electrochemical measurements.

Electrochemical Evaluations. The electrochemical char-    
acteristics of the fabricated supercapacitors were evaluated using 
an electrochemical workstation (ZIVE MP1, ZIVELAB). A 
symmetric two-electrode configuration was employed for all tests. 
Cyclic voltammetry (CV) was carried out within a potential 
window of 0.0–0.8 V at scan rates of 20 mV s-1. Based on the CV 
data, we evaluated the key electrochemical performance metrics 
using the following equations:38-40

Ca = ∫I(V)dV/2νuV (1)
Ea = Ca∙(u)2/(2∙3600) (2)
Pa = 3600∙Ea/t (3)

where Ca is the volumetric capacitance [F cm-3], Ea is the vol-
umetric energy density [Wh cm-3], and Pa is the volumetric 
power density [W cm-3]. The term ∫I(V)dV represents the area 
of the discharge curve [mA V], while ν is the scan rate [mV s-1],
V is the volume of the electrode [cm3], u is the operational
potential window [V], and t is the discharge time (s).

Results and Discussion

In this study, AgNW/AC composite electrodes were fabri-
cated and assembled into current collector-free supercapacitors 
using a paste-based process. The overall procedure and device 
structure are summarized in Figure 1. As illustrated in Figure 
1(a), the AgNWs form an interconnected conductive scaffold 
폴리머, 제50권 제1호, 2026년
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within the porous AC matrix, thereby integrating the functions 
of a current collector and active electrode in a single compos-
ite. This dual functionality is particularly advantageous, as it 
not only provides continuous electron pathways but also elim-
inates the need for an additional metallic thin-film current col-
lector. The scanning electron microscopy (SEM) image confirms 
the uniform dispersion of AgNWs throughout the AC network, 
highlighting the intimate contact between the two components. 
The device fabrication process is illustrated in Figure 1(b), 
where the composite paste was coated onto the substrate using 
a doctor blade to ensure uniform thickness, followed by assem-
bly with a polyethylene separator and electrolyte. Figure 1(c) 

presents the final symmetric cell, confirming the successful 
integration of the coated electrodes into a complete device. 
Collectively, this design strategy demonstrates how AgNWs 
simultaneously enhance conductivity and simplify the overall 
device structure. Although the present study demonstrates the 
concept on glass substrates, this fabrication route represents 
one practical strategy to reduce substrate-related constraints. 
By avoiding the vacuum and high-temperature steps typically 
required for current collector deposition, the method proceeds 
under mild conditions and is thus more compatible with poly-
mer or flexible supports.

The morphology of the composites was investigated by SEM 

Figure 1. Fabrication and structure of the current collector-free AgNW/AC supercapacitor: (a) Schematic of the composite electrode materials 

and SEM image showing AgNW dispersion within the porous AC matrix; (b) Illustration of the electrode preparation and assembly process 

for the current collector-free configuration; (c) Photograph of the assembled symmetric supercapacitor; (d) Device dimensions (top view) and 

cross-sectional schematic illustrating the electrode–separator configuration.

Figure 2. SEM images of AgNW/AC composite electrodes at different AgNW:AC ratios: (a) 1:2; (b) 1:6; (c) 1:32.
 Polym. Korea, Vol. 50, No. 1, 2026
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to assess how the AgNW:AC ratio influences the electrode 
microstructure (Figure 2). At a high AgNW:AC ratio (1:2, Fig-
ure 2(a)), the nanowires densely cover the AC particles, form-
ing continuous bridges but partially blocking porous channels. 
Although the distribution is not perfectly homogeneous, this 
conductive matrix provides continuous electron pathways, thereby 
facilitating efficient charge transport to the electrochemically 
active AC domains. Some regions show denser nanowire bun-
dles, likely caused by partial aggregation. Such features could 
reduce the uniformity of conductivity but do not fully com-
promise the percolating network.

At an intermediate AgNW:AC ratio (1:6, Figure 2(b)), the 
nanowires remain sufficiently interconnected to establish con-
tinuous conductive paths, while the porous AC matrix is less 
obstructed compared to the 1:2 sample. This morphology sug-
gests an improved balance between electronic conductivity and 
ion accessibility, which is conducive to capacitive performance.

In contrast, at a low AgNW:AC ratio (1:32, Figure 2(c)), the 
nanowire density decreases markedly, leading to discontinuous 
conductive pathways. Many AC particles appear electronically 
isolated, which increases charge transfer resistance and limits 
the effective utilization of active sites. This structural deficiency 
is expected to deteriorate both conductivity and rate capability.

These observations indicate that the AgNW:AC ratio criti-
cally dictates electrode design. While excessive nanowire load-
ing may hinder ion transport, insufficient loading compromises 
electronic connectivity. An intermediate ratio thus yields the 
most optimal structure, supporting both efficient electron con-
duction and ion accessibility. This correlation will be further 
confirmed by the subsequent electrochemical analyses.

To examine the role of AgNWs as an internal current col-
lector, cyclic voltammetry (CV) was performed on electrodes 
with varying ratios at a constant scan rate of 20 mV s⁻¹ (Figure 
3). The CV curves (Figure 3(a)) demonstrate that the AC-only 

electrode exhibits negligible current response due to its limited 
electrical conductivity, whereas incorporation of AgNWs pro-
duces quasi-rectangular profiles characteristic of EDLC behav-
ior. The enclosed area of the CV curves increases progressively 
as the AgNW:AC ratio decreases from 1:4 to 1:24, indicating 
both improved ion accessibility and reduced internal resistance. 
However, further reduction of AgNW content below 1:24 leads 
to a decline in the CV area, consistent with insufficient per-
colation of the conductive network.

Figure 3(b) shows the galvanostatic charge–discharge (GCD) 
curves of the optimized 1:24 electrode, recorded at a volumet-
ric current density of 11.43 mA cm-3 over ~9 consecutive cycles. 
The profiles exhibit symmetric triangular shapes with a con-
sistent IR drop of ~0.21 V, confirming capacitive behavior with 
finite internal resistance. This IR drop is relatively large com-
pared with values typically reported in conventional superca-
pacitors,41 which can be attributed mainly to limited contact 
between AgNWs and AC particles within the composite struc-
ture.

Figure 3. Electrochemical performance of AgNW/AC composite electrodes at different AgNW:AC ratios: (a) CV curves at 20 mV s-1; (b) 

GCD curves of the 1:24 sample; (c) volumetric capacitance values extracted for all ratios.

Table 1. Electrochemical Parameters of AgNW/AC Composite 

Electrodes at Different AgNW:AC Ratios

Ratio
Volumetric
capacitance
[mF cm-3]

Energy
density

[μWh cm-3]

Power
density

[mW cm-3]

Pristine AC 0.2389 0.0214 0.0019

1:4 4.7594 0.4260 0.0376

1:6 6.7010 0.5990 0.0529

1:8 8.4477 0.7576 0.0673

1:12 8.8532 0.7916 0.0699

1:16 11.9294 1.0708 0.0952

1:24 16.2827 1.4557 0.1286

1:32 11.3916 1.0180 0.0899

1:40 3.9612 0.3538 0.0314
폴리머, 제50권 제1호, 2026년
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The reproducible curves indicate stable short-term operation 
with high coulombic efficiency, while extended cycling would 
be required to fully evaluate long-term durability. Figure 3(c) 
quantitatively summarizes the effect of the AgNW:AC ratio on 
electrochemical performance. The electrochemical parameters 
of all fabricated devices are listed in Table 1. The volumetric 
capacitance increases steadily as the AgNW content decreases 
from 1:4 to 1:24, reaching a maximum of 16.28 mF cm-3 at the 
1:24 composition. At this ratio, the device also delivers an energy 
density of 1.46 μWh cm-3 and a power density of 0.13 mW cm-3, 
representing the best performance among all tested electrodes. 
In comparison, the AC-only electrode shows a negligible capaci-
tance of only 0.24 mF cm-3, underscoring the essential role of 
AgNWs in establishing a conductive percolation network.

At ratios below 1:24, the capacitance drops sharply, indicat-
ing that the conductive network becomes discontinuous and 
internal resistance increases. This overall trend highlights a 
critical trade-off: while AgNWs are indispensable for charge 
transport, excessive loading reduces pore accessibility for elec-
trolyte ions, whereas insufficient loading leaves large fractions 
of the electrically isolated AC. The optimum at 1:24 thus reflects 
the most effective balance between electronic conductivity and 
ionic accessibility in the current collector-free electrode design.

Overall, the 1:24 composition provides the most effective 
integration of AgNWs and AC, enabling efficient charge trans-
port while maximizing the accessible surface area of the car-
bon matrix in a current collector-free design.

Conclusions

This work demonstrates the feasibility of constructing cur-
rent collector-free supercapacitor electrodes using AgNW/AC 
composites. The integrated AgNW network acts as an internal 
current collector while preserving the porous structure for effi-
cient ion transport.

The collector-free configuration simplifies the device design, 
reduces weight, and offers inherent potential for mechanical 
flexibility, which is particularly advantageous for next-gener-
ation wearable and portable electronics. The fabrication process 
can also be carried out under mild conditions, suggesting com-
patibility with polymer or flexible substrates. At the same time, 
challenges remain, including relatively high internal resistance, 
which likely arises from incomplete contact between AgNWs 
and AC particles. This limitation could potentially be mitigated 
by improving electrode densification and enhancing AgNW–
AC interfacial connectivity, which will be an important direction 

for future work. In addition, long-term cycling stability still requires 
validation, and comprehensive evaluations of electrical and 
mechanical stability will be important to advance this design 
toward practical applications.

Overall, this study demonstrates a proof-of-concept strategy 
for low-cost and flexible supercapacitors, suggesting that AgNW/
AC composites hold promise for further development into 
practical energy storage systems.
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