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ABSTRACT: One strategy to improve the performance of electric double-layer capacitors (EDLCs) is changing the current
collector material. In this study, a three-dimensional porous current collector comprising stainless-steel fibers is fabricated using a
relatively simple method. Capacitor properties of the EDLC using this unique current collector are characterized by cyclic
voltammetry and charge−discharge tests. The voltammograms of the EDLC develop a more butterfly shape and an increased specific
capacity at higher electrolyte concentrations. It shows reversible charge−discharge potential profiles, little capacity degradation
(∼98% of the initial capacity at 1000th cycle), and a good rate performance at higher electrolyte concentrations (90% capacity
retention for 2.5 times increase in discharge current). Its capacitance values (95−99 F g−1) are roughly twice the specific capacitance
of an EDLC using the flat stainless-steel plate current collector (51 F g−1) without any performance degradation even at a higher
loading of electrode active materials. Based on the AC impedance analysis, these good properties are attributed to the reduction in
several resistances compared to the case of a flat stainless-steel plate: (i) the contact resistance between the electrode active material
and the current collector, (ii) the resistance of the electrolyte in the finely branched space formed by the fibers and the active
material, and (iii) the resistance in the diffusion layer. Increasing the electrolyte concentration further reduces the latter two
resistances and the bulk electrolyte resistance, resulting in higher performance of the EDLC using the stainless-steel fiber sheet
current collector.

1. INTRODUCTION

With the growing popularity of electronic devices such as smart
phones and the development of electric vehicles, there is
sustained research interest in energy storage devices. Electro-
chemical capacitors, which are typical of electric double-layer
capacitors (EDLCs),1,2 have been applied in various industrial
products, including emergency power supplies, auxiliary power
supplies, and high-power compact power supplies.3,4 During
charging and discharging, EDLCs do not experience chemical
reactions but rather undergo electrostatic charge separation in
the electric double layer formed between the electrode and the
electrolyte. Therefore, they are theoretically capable of rapid,
high-current charging/discharging and have a long life. This
potential has motivated researchers to keep improving the
performance of EDLCs.
The structure of an EDLC can be roughly divided into three

parts: the electrode, the electrolyte, and the separator. The

electrode is composed of (i) active materials that form the
electric double layer, (ii) conductive assistants to create a
conductive network, and (iii) binders to hold everything
together. The electrode layer is supported by the current
collector, which is the path for current flow between the
electrode layer and the tab lead. For the electrode layer, studies
have been conducted on the pore size of activated carbon as
active materials5,6 and using graphene7−9 and carbon nano-
tubes9−13 as conductive assistants. Some reported super-
capacitors used conductive assistants as the active materials
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and achieved better performance than conventional
EDLCs.14−16 The electrolyte has also been actively inves-
tigated because of its major role in controlling the operating
voltage and solution resistance of EDLCs. For example,
organic17 or gel electrolytes18−23 could be used to extend the
working voltage range.
Compared to the active materials and electrolyte, fewer

studies have focused on the current collector.24 While
aluminum or stainless-steel (SUS) foils are commonly used
as current collectors,25 certain metal foams fabricated using a
specialized metal plating process were reported to improve the
charge−discharge characteristics. For example, nickel foams
have been used as current collectors in nickel−metal hydride
batteries for portable devices and potassium-ion batteries.26−29

The three-dimensional (3D) structure of the nickel foam
improves the interaction between the diffused electrolyte ion
and the substrate because the foam has a larger effective
surface area than a flat substrate. The nickel foam also provides
a network for efficient electron collection and excellent
channels for ion diffusion. In addition, this material is
chemically stable in many liquid electrolytes and therefore is
considered an excellent current collector.27,28 Nickel−
chromium alloy foam current collectors were also reported
to improve the high-rate discharging capability of EDLCs.30

Furthermore, porous aluminum31 or aluminum foam32,33

current collectors have been developed in recent years because
aluminum has high electrical conductivity, low mass density,
good stability under high voltage, and abundant resource
reserves. When used in capacitors and batteries, these
aluminum-based materials were found to exhibit good rate
characteristics and charge−discharge cycle characteristics. In
addition, interesting examples include the use of picosecond
laser-treated Al foil with hierarchical micro−nanostructures
and porous carbon sheets prepared by electrospinning for the
current collectors of EDLCs, which showed good capacitor
performances.24,34

In this study, we used a novel, facile method to fabricate a
porous metal current collector without metal plating. In
particular, SUS, which is used as one of the current collector
materials as described above, was selected and its fiber sheet
was prepared by bonding the contacts within a nonwoven
fabric of SUS fibers. EDLCs using this SUS fiber sheet as the
current collector showed superior capacitor performances
compared to those using a flat SUS plate.

2. EXPERIMENTAL SECTION
2.1. Fabrication of the SUS Fiber Sheet. SUS fibers

(SUS316L) were produced by Bekaert Co. using the
converging wire drawing method. These fibers have an average
diameter of 8.0 μm, an average length of 3.0 mm, and
irregularly shaped cross sections. The SUS fibers and polyvinyl
alcohol fibers35,36 (Fibribond VPB105, Kuraray Co., Ltd.) were
codispersed at a weight ratio of 98:2 in water to produce the
slurry. After removing the layer containing a higher
concentration of SUS fibers at the bottom of the agitator,
the rest of the slurry was filtered through a papermaking
screen, and the solid layer was dehydrated on the screen to
form sheets. These sheets were dried at 140 °C in a dryer to
obtain a nonwoven fabric comprising of SUS and polyvinyl
alcohol fibers. After the fabric has been compressed at room
temperature and at a linear pressure of 80 kg cm−1, it was later
sintered at 1120 °C for 60 min in an atmosphere of 75% H2
and 25% N2 gases in order to remove polyvinyl alcohol and as

well bond the contacts between the SUS fibers. The sintered
SUS sheet was cooled to room temperature and pressed at a
linear pressure of 240 kg cm−1 to obtain the SUS fiber sheet.
The SUS fiber sheet had a basis weight of 300 g m−2, a
thickness of 111 μm, and an average occupancy of 33.7% (or a
porosity of 66.3%). Morphological observations and sheet
resistance measurement of the SUS fiber sheet were carried out
using a scanning electron microscope (SEM, JSM-6510A,
JEOL) and a resistivity meter (Loresta-GP MCP-T600 with an
MCP-TP06P probe, Mitsubishi Chemical Analytech), respec-
tively.

2.2. Materials. To fabricate the electrode, YP-50F activated
carbon (Kuraray Co., Ltd.), Ketjenblack (Lion Specialty
Chemicals Co., Ltd.), and polyvinylidene fluoride (PVDF)
(Sigma-Aldrich, Japan) were used as the active material, the
conductive assistant, and the binder, respectively. Tetraethy-
lammonium tetrafluoroborate (TEABF4, >98%, Tokyo Chem-
ical) and propylene carbonate (PC, >99.0%, Kanto Chemical)
were used as the supporting electrolyte and solvent for
electrochemical measurements, respectively.

2.3. Preparation of Capacitor Electrodes. PVDF
(0.0360 g) was added to N-methylpyrrolidone (1.80 g) and
dissolved by stirring for 24 h. The activated carbon (0.289 g)
and the conductive assistant (0.0182 g) were then added in
such a way that the weight ratio of activated carbon:conductive
assistant:PVDF was 80:5:10. The mixture was stirred for
another 3 h to obtain a paste, which was applied to both sides
of the SUS fiber sheet (10 mm × 20 mm × 0.1 mmt) or SUS
plate (10 mm × 20 mm × 0.8 mmt, SUS316L, Engineering
Test Service Co.) using a spatula coated with polytetrafluoro-
ethylene. The area of one coated side was 1 cm2. The wet
coatings were dried using a warm air dryer at 200 °C for 3 h to
obtain the capacitor electrodes. The SUS plate was used as a
comparison for the SUS fiber sheet. Hereafter, the capacitor
electrodes of the SUS fiber sheet and the SUS plate loaded
with activated carbon are denoted as capacitor electrodes F
and P, respectively. The amount of loaded activated carbon on
the capacitor electrode (m) was measured gravimetrically and
recorded as the total weight coated on both sides of the 1 cm ×
1 cm-sized electrode.

2.4. Electrochemical Measurements. Electrochemical
measurements were carried out under a nitrogen atmosphere
in a PC solution containing 0.1, 0.5, and 1.0 M TEABF4 using
a three-electrode one-compartment type cell (Figure S1 in the
Supporting Information). The freshly prepared capacitor
electrode and a Pt plate were used as the working and counter
electrodes, respectively. All potentials were referenced to an
Ag/Ag+ electrode (RE-7, BAS Inc.).
Cyclic voltammetry was conducted using an electrochemical

analyzer (ALS 750A, BAS Inc.) at a sweep rate of 20 mV s−1

and a potential range of −0.3 to 1.0 V versus the Ag/Ag+

reference electrode. The charge−discharge tests employed a
charge/discharge unit (HJ1010mSM8A, Hokuto Denko Co.)
to galvanostatically charge the capacitor electrodes to 1.0 V
and then galvanostatically discharge them to −0.3 V at a
current density of 2.0 or 5.0 mA/cm2.
Electrochemical impedance spectra of the capacitor electro-

des were measured with an impedance spectrum analyzer (SP-
150, BioLogic) at the discharged state (0 V vs Ag/Ag+) in a
frequency range from 10 mHz to 10 kHz with a potential
perturbation of 5 mV.
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3. RESULTS AND DISCUSSION

3.1. Morphology of the SUS Fiber Sheet. Figure 1
shows the photograph and SEM images of the as-fabricated
SUS fiber sheet. The SEM images reveal a 3D structure formed
by entangled fibers. Using the average diameter (8.0 μm),
average length (3.0 mm), density (7.98 g cm−3),37 and basis
weight (3.0 × 10−2 g cm−2) of SUS fibers, the actual surface
area of an SUS fiber sheet with a geometric area of 1 cm2 was
calculated to be 19 cm2. A low sheet resistance of 1.5 × 10−1 Ω
sq−1 was obtained for the fiber sheets because the fibers were
bonded to each other by sintering, as shown in Figure 1d.
3.2. Cyclic Voltammetry. Figure 2a shows repeated cyclic

voltammograms of the capacitor electrode F and the SUS fiber
sheet (solid red and green curves, respectively). The
concentration of the supporting electrolyte was 0.1 M, and
the amount of loaded carbon was m = 1.3 × 10−3 g/cm2

geometric area. The SUS fiber sheet showed very little current
flow within the measured potential range, indicating its
suitability as a current collector. In contrast, the capacitor
electrode F showed a large current flow based on the double-
layer capacitance. However, the waveform did not have an
ideal rectangular shape possibly because the ions cannot easily
access the electrode for charging and discharging due to the
rate-limiting ion diffusion rate under the given supporting
electrolyte concentration and the sweep rate conditions. Figure
2b shows repeated cyclic voltammograms of capacitor
electrodes P (solid red and black curves) and the SUS plate
(solid green curve), which were also measured in a 0.1 M
supporting electrolyte. For the capacitor electrode P, electro-
des P1 (m = 1.3 × 10−3 g) and P2 (m = 7.4 × 10−4 g) with
different amounts of loaded activated carbon were fabricated.
The voltammogram of the capacitor electrode P1 has a smaller
response current and a slanted spindle shape compared to that
of the capacitor electrode F, which has the same loading of
activated carbon. This indicates that ion diffusion has
significant effects on the charge/discharge current. In addition,
the current gradually decreased with each successive sweep,
albeit slightly, suggesting dropouts and exfoliation caused by

volume changes in the activated carbon layer during charging
and discharging. Information from the voltammograms
indicates that it is difficult to form a tight contact between
the current collector and the activated carbon layer and that a
good conduction path (including ion diffusion pathways) is

Figure 1. (a) Photograph, (b) low-magnification SEM image, and (c) high-magnification SEM image of the SUS fiber sheet. (d) Enlarged view of a
fiber junction.

Figure 2. Repeated cyclic voltammograms of (a) capacitor electrode F
and the SUS fiber sheet and (b) capacitor electrodes P1 and P2 and
the SUS plate. Electrolyte: 0.1 M TEABF4 in PC, sweep rate: 20 mV
s−1, and number of potential sweeps: 5.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c00435
ACS Omega 2022, 7, 19216−19224

19218

https://pubs.acs.org/doi/10.1021/acsomega.2c00435?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c00435?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c00435?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c00435?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c00435?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c00435?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c00435?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c00435?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c00435?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


not formed when applying a relatively thick activated carbon
layer to the SUS plate. On the other hand, the activated carbon
mixture was held tightly in the 3D fiber sheet current collector
by filling into the pores, leading to a higher amount of
activated carbon mixture per unit area. This 3D structure also
provides a good conduction path.31 These factors mentioned
above may be responsible for the good current response of the
SUS fiber sheet current collector shown in Figure 2a. In
support of this interpretation, the voltammogram of the
capacitor electrode P2 is closer to a square waveform and
displays a slightly higher response current (solid black curve in
Figure 2b) compared to the capacitor electrode P1 (solid red
curve in Figure 2b). Thus, a reduced amount of activated
carbon actually improves the properties of the capacitor
electrode P because the activated carbon layer is more firmly
retained on the current collector and the ion diffusion is
facilitated at a lower active material loading. However, the low
loading of activated carbon also led to inferior capacitor
properties compared to those of the capacitor electrode F.
The single-electrode specific capacitance (Cm) of the

capacitor electrode was estimated using eq 1:38

C
mv E E

I E E
1

( )
( )d

E

E

m
a c

c

a∫=
−

(1)

where I(E) is the cathodic current as a function of the potential
E, Ea is the anodic potential limit, Ec is the cathodic potential
limit, v is the sweep rate, and m is the mass of activated carbon.
Assuming Ec = −0.3 V and Ea = 1.0 V, the Cm values estimated
for the voltammograms in Figure 2 were 74, 22, and 50 F g−1

for capacitor electrodes F, P1, and P2, respectively.
Figure 3 shows the repeated cyclic voltammograms of the

capacitor electrode F at different supporting electrolyte

concentrations (0.1, 0.5, and 1.0 M; the data at 0.1 M were
reproduced from Figure 2). These voltammograms develop a
more rectangular shape at higher electrolyte concentrations,
indicating easier access of ions to the electrode. In addition to
the waveform change, the voltammogram profiles develop a
butterfly shape: the current increases in both the negative and
positive sides from a potential of ∼0.3 V versus Ag/Ag+ (where
the current is at local minimum). Two models could explain
the butterfly-shaped EDLC voltammograms.14,39,40 One
explanation is that the potential corresponding to the

minimum current is the point of zero charge (pzc), and
charging and discharging proceed by adsorption of anions and
cations at potentials more positive and negative than pzc,
respectively. When different ion species are involved in
charging and discharging, the structure of the Helmholtz
layer changes, which affects the capacitance. Thus, the
voltammogram changes shape at potentials above and below
the pzc. Another explanation is that the space charge layer on
the electrode side changes depending on the potential.
However, such a semiconducting behavior does not apply to
this study because the density of charge carriers in activated
carbon is sufficiently high compared to the density of ion
carriers on the electrolyte side. Therefore, we believe that the
butterfly-shaped voltammograms in Figure 3 are better
explained by the former model. This also indicates that the
pore structure in the material is capable of transporting both
anions and cations.41

The same approach was used to estimate Cm for the
capacitor electrode F at the supporting electrolyte concen-
trations of 0.5 and 1.0 M. The obtained Cm values (83 and 90
F g−1, respectively) suggest that ion diffusion is improved when
using a more concentrated supporting electrolyte.

3.3. Constant Current Density Charge/Discharge
Tests and Cycle-Life Performance. To highlight the
capacitance characteristics of the different capacitor electrodes,
constant current density charge/discharge tests were carried
out. Figure 4a,b show the charge and discharge curves (i.e.,
potential(E)−time(t) response) for capacitor electrodes F and
P2, respectively, using a 0.1 M supporting electrolyte and a
current density of 2.0 mA cm−2. The number of charge/
discharge cycles was set to 1000. For the reasons discussed in
Section 3.2, the capacitor electrode P2 was employed here as a
comparison instead of the capacitor electrode P1 that carries
the same amount of activated carbon as the capacitor electrode
F. Both E−t responses showed the typical capacitance behavior
with a triangular wave shape, indicating that reversible
charging−discharging took place. When switching from
charging to discharging, an IR drop was observed in both
capacitor electrodes, especially in capacitor electrode P2. As
will be described in detail later in Section 3.4, the charging of
the electric double layer in the capacitor electrode P2 is not
dominated by the capacitive component but rather limited by
ion diffusion, which leads to a larger IR drop. The value of Cm
was calculated according to eq 2 from the E−t responses in
Figure 4a,b.42−44

C
I t
V mm = × Δ

Δ × (2)

where I is the discharge current, Δt is the discharge time, and
ΔV is the potential drop during the discharge process. In
particular, Cm was calculated from the slope of the discharge
lines excluding the IR drop. The initial Cm values for capacitor
electrodes F and P2 were 95 and 51 F g−1, respectively. For the
capacitor electrode F, its cyclic voltammogram did not have an
ideal rectangle shape (as shown in Figure 2a). Accordingly, the
capacitance value calculated from Figure 4 was slightly
different from that calculated from Figure 2a. Figure 4c,d
show the E−t responses recorded in 0.5 and 1.0 M TEABF4
supporting electrolyte, respectively. As the supporting electro-
lyte concentration was increased, the IR drop decreased,
indicating that one of the causes is a lower bulk resistance in
the electrolyte. The initial Cm values of the capacitor electrode
F in 0.5 and 1.0 M TEABF4 were 97 and 99 F g−1, respectively.

Figure 3. Repeated cyclic voltammograms of the capacitor electrode F
measured in 0.1, 0.5, and 1.0 M TEABF4 in PC. Sweep rate: 20 mV
s−1 and number of potential sweeps: 5.
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Figure 5a shows the results of the cycle-life test for the
capacitor electrodes. All electrodes displayed good capacity

retention characteristics. After 1000 cycles, the capacitance
decay ratio for the capacitor electrode P2 was 6.4%, while
those for the capacitor electrode F in 0.1, 0.5, and 1.0 M
TEABF4 were 5.5, 1.8, and 2.3%, respectively, indicating that
the fiber sheet-type current collector has extremely high
durability. Figure 5b shows the dependence of Cm on the
discharge current rate for the capacitor electrode F in 0.5 M
TEABF4. At a current density of 5.0 mA cm−2, the electrode
retained 90% of its capacity at 2.0 mA cm−2. In addition, the
capacitance decay ratio was only 2.2% after 1000 cycles at 5.0
mA cm−2. These results demonstrate the superior ability of the
fiber sheet substrate for collecting current.

3.4. Electrochemical Impedance Measurement. To
investigate the performance of the capacitor electrodes in
detail, electrochemical impedance measurements were per-
formed to distinguish the resistance and capacitance of each
electrode. Figure 6 shows the Nyquist plot for capacitor
electrodes F and P2, namely, the imaginary part of the complex
impedance (−Zim) versus the real part (Zre). The plot for the
capacitor electrode F consists of a semicircle at high
frequencies between points A and B, a nonvertical line at
intermediate frequencies between points B and C, and a nearly
vertical line at low frequencies beyond point C. In contrast, the

Figure 4. Constant current density charge/discharge test (potential−
time (E−t) curves) for the capacitor electrode F measured in PC
containing (a) 0.1, (c) 0.5, and (d) 1.0 M TEABF4. For comparison,
panel (b) shows the E−t curves of the capacitor electrode P2
measured in PC containing 0.1 M TEABF4. Charge and discharge
current density: 2.0 mA cm−2.

Figure 5. (a) Dependence of Cm on the charge/discharge cycle
number for the capacitor electrode F measured in PC containing 0.1,
0.5, and 1.0 M TEABF4. The current density was 2.0 mA cm−2. For
comparison, the Cm values of the capacitor electrode P2 measured in
PC containing 0.1 M TEABF4 is also shown. (b) Dependence of Cm
on the cycle number for the capacitor electrode F measured in PC
containing 0.5 M TEABF4. The current densities were 2.0 and 5.0 mA
cm−2.
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capacitor electrode P2 did not display the vertical line at low
frequencies. The vertical line indicates that the capacitive
component dominates the charging process of the electric
double layer at the electrode/electrolyte interface. Therefore,
its absence (due to the extension of the region between points
B and C) means that the charging process is limited by ion
diffusion.45 According to Mei et al., the resistance RBC in this
region corresponds to the diffuse layer resistance.45

Several models have been proposed to assign the semicircle
diameter (resistance RAB in Figure 6b). Some studies attributed
it to the resistance of the electrolyte in the porous electrode
structure.46−48 The capacitor electrode F has a smaller RAB
than the capacitor electrode P2 due to the following possible
reasons. The capacitor electrode F contains finely branched
spaces created by the metal fibers and the active material inside
the electrode. Therefore, it is expected to provide fast ion
transport channels with short diffusion pathways, which would
lower the diffusion resistance of ions in that space. To confirm
this, the cross section of the capacitor electrode F was observed
by SEM. In the image shown in Figure 7, the white structures
are the SUS fibers, and the nearby particulate structures in a
slightly darker shade are the electrode active materials. There
are also cone-shaped pointy structures extending downward
from the periphery of the SUS fibers, which were regarded as
uneven artifacts created during sample processing. After the
sample was embedded in resin, the surface was etched by argon
gas prior to observation. The different etching rates of SUS and
resin probably caused the uneven shapes to form during this
step. The SEM image confirmed that the electrode active
materials penetrated the fiber sheet and clung to the fibers.

Therefore, many contact points were formed between the
metal fibers and the active material particles, and finely
branched spaces near these contact points could enable fast ion
transport. Figure 8a shows the Nyquist plots of the capacitor
electrode F at different supporting electrolyte concentrations.
Upon increasing the supporting electrolyte concentration, the
effect of fast ion transport described above probably became
more pronounced, resulting in a significant decrease in the ion
diffusion resistance (RAB) and a markedly smaller diameter of
the semicircle.
In Figure 6b, the resistance RA of the capacitor electrode F

(indicated by the distance from the origin to point A) is
slightly larger than that of the capacitor electrode P2.
According to Figure 8a, RA should include the bulk electrolyte
resistance because it decreased significantly in a more
concentrated supporting electrolyte. However, the fact that
RA is larger for the capacitor electrode F than for P2 at the
same bulk electrolyte resistance indicates that factors other
than the bulk electrolyte resistance also contribute to RA. Most
likely, RA is the sum of the bulk electrolyte resistance, the
resistance of the electrode active materials, and the contact
resistance between the active materials and the current
collector.47−51 As shown in Figure 7, the electrode active
materials in the capacitor electrode F contact the current
collector at many points, while there are fewer contacts in the
capacitor electrode P2 employing a flat plate as the current
collector. Therefore, the contact resistance would be lower in
the former case. On the other hand, because the capacitor
electrode F has a higher loading of electrode active materials
than the capacitor electrode P2, the corresponding resistance
component should be larger. Considering the factors
mentioned above, we conclude that the RA value of the
capacitor electrode F is somewhat larger than that of the
capacitor electrode P2 because the higher active material
loading in the former more than canceled the reduction in
contact resistance.
To examine the diffusion process of ions in the electrolyte,

we replotted the data in Figure 8a as −Zim versus Zre − RA in
Figure 8b. It has been mentioned that increasing the
supporting electrolyte concentration decreased the values of
RA and RAB. In addition, when the supporting electrolyte
concentration was 0.5 and 1.0 M, points B and C overlapped
and there was almost no region showing the diffusion
resistance RBC. The reason is that a highly concentrated
electrolyte reduces the thickness of the diffusion layer.45 Figure
8c shows the enlarged semicircle region of Figure 8b. As the
concentration of the supporting electrolyte was increased, the
diameter of the semicircle (or RAB) decreased. This implies

Figure 6. (a) Nyquist plots of capacitor electrodes F and P2. (b) A
magnified view of panel (a). The measurements were performed in
PC containing 0.1 M TEABF4.

Figure 7. Cross-sectional SEM image of the capacitor electrode F.
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that the ion diffusion path became shorter in the finely
branched space formed inside the electrode upon increasing
the supporting electrolyte concentration.
Table 1 summarizes the values of RA, RAB, and RBC

calculated from the AC impedance responses (Figures 6 and
8) of capacitor electrodes F and P2. The internal resistance R
and the specific capacitance Cm calculated from Figure 4 are
also listed in the table. The capacitor electrode F displayed
significantly smaller RA, RAB, RBC, and R and relatively larger
Cm values at [TEABF4] = 0.5 and 1.0 M due to the reasons
mentioned above. Note that R ≠ RA + RAB + RBC. According to
previous studies,22,52,53 this difference is due to the diffusion
resistance of ions in the micropores of activated carbon, and it
makes a larger contribution to the IR drop than RA, RAB, and
RBC.

These results suggest that the superior performance of the
capacitor electrode F over the capacitor electrode P2 is due to
two reasons: (1) the shorter ion diffusion length caused by the
finely branched space formed by the fibrous current collector
and the electrode active material and (2) the lower contact
resistance due to more contact points formed between the
current collector and the active material.

4. CONCLUSIONS
SUS fiber sheets with a 3D porous structure were fabricated
using a relatively facile method for use as a current collector in
an EDLC. The EDLC electrode using this current collector
was found to hold a larger amount of active material than the
electrode using a flat SUS plat as the current collector and has
a larger capacitance value. Furthermore, the EDLC electrode
showed excellent charge−discharge characteristics, including
cycle performance and rate capability. Based on the results of
electrochemical impedance measurements, these advantages of
the EDLC electrode using the SUS fiber sheet current collector
can be attributed to a larger number of contact points formed
between the fibers and the active material as well as the shorter
diffusion length of ions in the finely branched space created by
the fibers and the active material. Compared to the previously
reported current collectors with 3D structures, our SUS fiber
sheet was fabricated with less effort and at a lower cost. In the
future, we plan to extend this structure to other metals. We are
also applying the SUS fiber sheet current collector to redox
capacitors in which the active material itself exhibits redox
responses.
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Table 1. Capacitor Performances of Capacitor Electrodes F
and P2

electrode
[TEABF4]

(M)
RA
(Ω)

RAB
(Ω)

RBC
(Ω)

R
(Ω) Cm (F g−1)

capacitor
electrode F

0.1 73.6 15.2 14.4 156 95

capacitor
electrode F

0.5 12.6 5.3 ∼0 70 97

capacitor
electrode F

1.0 11.8 4.3 ∼0 38 99

capacitor
electrode P2

0.1 66.7 26.4 >150 215 51
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