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Polyethylene-based separators are generally unsuitable for aqueous supercapacitors due to their poor wettability
with the electrolyte, which impedes ion transport. However, incorporating Triton X-100 (2-[4-(2,4,4-trime-
thylpentan-2-yl)phenoxy]ethanol) into the aqueous sulfuric acid (H2SO4) electrolyte improves the wettability of
polyethylene and facilitates ionic movement through its pores. In this study, Triton X-100 was added to 1.0 M
H,SO04 at various concentrations (0.122%-1.210% V/V) to evaluate its impact on supercapacitor performance.
Supercapacitors were assembled using activated carbon-filled carbon cloth electrodes, each of the above elec-
trolytes and polyethylene sheet separators. Scanning electron microscopy revealed that the carbon cloth
exhibited a uniform fiber distribution and high surface area for activated carbon integration. The polyethylene
separator displayed a porous structure with an average pore size of 165 + 35 nm. Triton X-100 significantly
reduced the water contact angle from 101.5° (without surfactant) to 30.2° (with 1.21% V/V Triton X-100),
enhancing polyethylene’s wettability. This change from hydrophobic to hydrophilic characteristics enabled the
formation of an electrical double layer at the separator/electrolyte interface, improving ionic transport. How-
ever, higher Triton X-100 concentrations increased the electrolyte’s viscosity, which impeded ion movement. The
highest specific capacitance of 55.3 F/g (at a scan rate of 0.005 V s~ ') was achieved with 0.488% V/V Triton X-
100. The specific capacitance varied with surfactant concentration in a complex manner, influenced by micelle
formation and precipitation. These findings were corroborated by cyclic voltammetry and AC impedance
spectroscopy.

1. Introduction

Supercapacitors are constituted of two porous carbon electrodes
impregnated with an electrolyte, sandwiching a separator [1]. The
separator is essential to the device’s operation as it insulates the two
electrodes while allowing the electrolyte to penetrate. Its primary
function is to prevent short-circuiting between the electrodes while
permitting ionic transport [2-4]. Consequently, the separator material
needs to be an electronic insulator that is permeable to ions. Most
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separators are made from polymeric materials such as polyethylene
(PE), polypropylene, poly(vinylidene fluoride) (PVDF), and polytetra-
fluoroethylene (PTFE) [5-8]. These polymer separators are valued for
their chemical stability, low interfacial resistance, thermal stability, and
good mechanical strength [9].

For effective ion transport, the separator material must exhibit good
wettability with water. The wettability of a separator mesh is influenced
by the material’s nature, pore size and shape, and the liquid’s surface
tension [10-12]. However, many commercial polymer separators suffer
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from low hydrophilicity on their surfaces in contact with aqueous
electrolytes, resulting in poor liquid retention and electrolyte absorption
[13]. This limitation hinders ionic transport and adversely affects spe-
cific capacitance and charge-discharge characteristics. To enhance
wettability, the surface energy of the polymer in contact with the elec-
trolyte should be reduced. This can be achieved through the use of
surface-active materials or surfactants. The high surface tension of water
is due to the strong cohesive forces between its molecules [14]. Sur-
factants lower the surface tension, thereby improving the compatibility
between hydrophilic aqueous electrolyte components and hydrophobic
polymers. Surfactants feature polar head groups that interact with the
polar substances in the electrolyte and non-polar hydrocarbon or fluo-
rocarbon chains that interact with the hydrophobic polymer parts. This
interaction facilitates the compatibility of the two materials, allowing
ions to pass more easily through the polymer sheet. Consequently, this
reduces the internal resistance of the separator membrane, thereby
enhancing the capacitance, energy density, and power density of the
supercapacitor [15].

Various methods have been employed to enhance the wettability of
separators, thereby increasing ion permeation. For instance, Szubzda
et al. improved the wettability and reduced the internal resistance of
polyamide and polyethylene (PE) polymer separators by using low-
energy plasma irradiation [11]. Similarly, Keppetipola et al. applied
ozone (O3) treatment to PE separators to enhance wettability and
improve the storage properties of supercapacitors [10]. These treat-
ments introduce surface-active sites by breaking chemical bonds, which
generates free radicals or ions. Once exposed to water, these species
react to form hydroxyl (OH) and hydrogen (H) groups [16,17].
Adequate introduction of -OH groups can significantly improve the
surface hydrophilicity. However, these treatment methods can be costly
and may require frequent application.

Therefore, exploring cost-effective surface treatment technologies
for polymer separators is crucial to enhance wettability and reduce
resistance, ultimately improving device performance. In this study, we
demonstrate that hydrophobic PE separators can be rendered wettable
and ion-permeable through the incorporation of the surfactant Triton X-
100 (2-[4-(2,4,4-trimethylpentan-2-yl)phenoxy]ethanol). Triton X-100
is a non-ionic surfactant featuring a polar group with neutral ether and
hydroxyl functionalities, and a non-polar chain composed of a 2-[4-
(2,4,4-trimethylpentan-2-yl)phenyl group. The large non-polar group
of Triton X-100 enhances hydrophobic interactions with the non-polar
PE polymer, facilitating its attachment to the polymer surface, while
the polar —O and -OH functionalities support cation hopping [18].

Unlike cationic surfactants, which could bind sulfate ions present in
the electrolyte, Triton X-100 does not interfere with these ions due to its
non-ionic nature. Anionic surfactants are also unsuitable as they may
form strongly bound -SOsH or —COOH groups. Hence, Triton X-100, a
widely used and readily available non-ionic surfactant, is chosen for this
research. This paper details the significant performance improvements
in supercapacitors comprising porous conducting carbon cloth pressed
onto titanium plate electrodes, an aqueous HySO4 electrolyte with Triton
X-100, and a PE separator.

Therefore, the best choice is the use of a non-ionic surfactant, and
Triton X-100 is a widely used and readily available non-ionic surfactant.
It has been chosen as the most appropriate surfactant for this research
due to its well-documented effectiveness in various applications. Triton
X-100 has been extensively studied for its role in enhancing wettability
and performance across different domains. For instance, in the field of
colloid and polymer science, its application has been explored for
improving dispersion stability and polymerization processes [19]. In
biological macromolecules, Triton X-100 is utilized for its ability to
solubilize proteins and other macromolecules [20]. Its utility extends to
chemical applications where it aids in modifying surface properties and
enhancing reaction efficiencies [21]. Additionally, in molecular physics,
Triton X-100 has been examined for its effects on molecular interactions
and material properties [22]. Recent studies in colloids and surfaces
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highlight its role in optimizing surfactant formulations for various in-
dustrial processes [23,24], while research in molecular liquids demon-
strates its influence on liquid structure and behavior [25]. These
applications underline the versatility and effectiveness of Triton X-100
in various arenas, making it an ideal choice for our research on
supercapacitors.

Recent advancements in supercapacitor separators have explored
various materials beyond traditional polymers, including graphene-
based and ceramic separators, which offer improved ionic conductiv-
ity and mechanical strength [23-25]. For instance, flexible and
high-performance supercapacitors with nanostructured separator ma-
terials have shown notable improvements [26-28]. Additionally, sur-
face modification techniques such as chemical etching, plasma
treatments, and grafting have been employed to enhance wettability,
with significant performance improvements reported [28-31].

The role of surfactants in energy storage devices has also been
investigated extensively. Surfactants like Triton X-100 have demon-
strated promise in enhancing the wettability and ionic conductivity of
separators, with broader studies examining their impact on batteries and
fuel cells [32-34]. Comparative studies underscore the effectiveness of
non-ionic surfactants in maintaining compatibility with aqueous elec-
trolytes while avoiding interference with ion transport [28-30].

Economic and practical considerations are crucial in developing of
cost-effective and sustainable technologies. Research has focused on
scalable and environmentally friendly practices for material selection
and surface treatments [34-36]. Furthermore, performance metrics such
as capacitance, energy density, and cycle life have been extensively
evaluated, showcasing the benefits of improved separator materials
across various applications [36,37]. Real-world applications of these
technologies continue to expand, highlighting their relevance in modern
energy storage systems [37,38].

2. Experimental

2.1. Preparation of the electrodes and the fabrication of the
supercapacitor

Supercapacitor electrodes were made by porous conducting carbon
cloth (3 mm thick) pressed onto titanium plates (2 cm x 4 cm). The pore
structure of the carbon cloth is compacted with powdered activated
coconut charcoal via the following procedure: charcoal powder (grain
size 2-3 pm, FE-SEM JSM6700F, Jeol 6700F) dispersed in isopropanol
was introduced dropwise into the carbon cloth (Ningbo Vet Energy
Technology Co., Ltd.) electrodes placed on a hot plate (70 °C) for 10 min
until the surface is leveled after intermittent pressing. A PE separator
(SETELA, Toray Industries Inc, thickness of 7 pm) was sandwiched be-
tween the electrodes impregnated with 1 M HySO4 (Sigma Aldrich, USA,
Assay 98.0%) containing various amounts of non-ionic surfactant Triton
X-100 (Sigma Aldrich, USA, Assay 97.7%). The concentrations of Triton-
X-100 used are in terms of V/V% 0.122, 0.244, 0.366, 0.488, 0.609,
0.730, 0.970 and 1.210, respectively.

2.2. Electrochemical analyzing

The values of the capacitance of the supercapacitors at different
scanning rates were determined by cyclic voltammetry (Metrohm
Autolab PGSTAT 128 N) in a two-electrode configuration. The specific
capacitance values in Farads per gram (F g~1) of the fabricated super-
capacitors were determined from the CV by integrating the charging-
discharging curves in the potential range 0-1 V. The electrochemical
impedance studies were performed with the same system but using the
FRA software. The Nyquist plots obtained were fitted to the equivalent
circuit using the built-in NOVA software.



S.M.B. Dissanayake et al.
2.3. Viscosity and contact angle measurements

The viscosity of the electrolyte at corresponding concentrations of
the surfactant of the same molarity of HoSO4 was measured using an
Ubbelohde (ASTM) viscometer at 29 C. Porosity was calculated from
apparent and true density values. The true density was obtained by
helium pycnometer using an AccuPyc 1340 pycnometer (Micro-
meritics). Apparent density was calculated from the weight and volume
measurements of the sample. Contact angle measurements were con-
ducted using the Kruss DSA100 goniometer with 3 pL droplets. Each
contact angle represents an average of 5 samples. Calibration ensured
precise planar alignment before each session. The Young-Laplace model
was applied for analysis, with repeated measurements confirming con-
sistency. Multiple locations were assessed to ensure uniform surface
flatness, ensuring measurement reliability and accuracy.

2.4. Morphological study

The scanning electron microscopic (SEM) images of the carbon cloth,
electrodes, and separator were analyzed using a field emission scanning
microscope (FE-SEM JSM6700F, Jeol 6700F).

3. Results and discussion

The SEM images of the electrodes, including carbon fibers, carbon
fibers filled with activated carbon, and the surface of the PE separator
used in this work, are shown in Fig. 1. Fig. 1(a) depicts the carbon cloth,
which consists of uniform carbon microfibers. This morphology provides
a high surface area for use as current collectors in supercapacitor elec-
trodes, offering advantages over traditional flat metal current collectors.
The porous structure of the carbon cloth facilitates the incorporation of
activated charcoal grains into its pores, as illustrated in Fig. 1(b).
Additionally, the PE separator, shown in Fig. 1(c), exhibits a porous
structure with an estimated pore size of 165 + 35 nm, indicating a
relatively uniform pore size distribution. This porosity is beneficial as it
allows stable ionic transport between electrodes, contributing to higher
efficiency and improved cycling lifetime of the supercapacitor.

The electrochemical characterization of the supercapacitors was
conducted using a two-electrode configuration as detailed in the
experimental section. The specific capacitance of the system was
calculated using Equation (1) [39].

o 1J1av P
2mAV Y
where m is the mass of the activated carbon layer on the electrode
surface, I is current, AV is the potential range used and dV/dt is the
potential scan rate used for the CV experiment.
The supercapacitor’s storage capability was evaluated using a device
configured with two carbon electrodes separated by a PE separator and
filled with an H2SO4 electrolyte. To investigate the effect of surfactant
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addition, varying amounts of Triton X-100 were mixed into the elec-
trolyte. Initially, with a PE separator and aqueous 1 M H2SOa electrolyte
without Triton X-100, the supercapacitor exhibited no measurable
capacitance. This lack of capacitance is attributed to the PE separator
not being wetted by the electrolyte, which inhibits the formation of the
electrical double layer at the separator/electrolyte interface. Without
the electrical double layer, ionic communication across the separator is
impeded, negatively affecting supercapacitor performance.

To address this issue, Triton X-100 was introduced as a surfactant to
enhance the formation of the electrical double layer at the electrode/
electrolyte interface. The effect of Triton X-100 was studied by evalu-
ating the specific capacitance of the supercapacitor with various con-
centrations of the surfactant at scan rates of 0.005, 0.010, and 0.020 V
s7L. The results, presented in Fig. 2, cover an intermediate range of scan
rates that provide a balanced view of the electrochemical behavior,
avoiding the extremes of very slow or very fast rates that could either
obscure kinetic processes or introduce significant capacitive currents.

As the surfactant concentration increases, the capacitance of the
supercapacitor initially rises, reaching a peak value of 55.3 F/g at a
Triton X-100 concentration of 0.488% (V/V) in the electrolyte. Beyond
this optimal concentration, however, the capacitance begins to decrease
as the surfactant concentration continues to rise, reaching up to 70% (V/
V) at each scan rate. Notably, the capacitance exhibits a more complex
variation pattern at higher concentrations, showing another maximum
at 0.970% (V/V).

The initial increase in specific capacitance with increasing Triton X-
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Fig. 2. The specific capacitance values of the Ti/C/HSO4(aq, 1 M)/poly-
ethylene separator/H,SO4(aq)/C/Ti supercapacitor with different amounts of
Triton X-100 in the electrolyte.

Fig. 1. The SEM images of the components of the supercapacitor; (a) porous carbon cloth, (b) activated carbon powder on the porous carbon cloth, and (c)

PE separator.
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100 concentration is attributed to the enhanced formation of the elec-
trical double layer at the separator/electrolyte interface, which facili-
tates ionic migration across the membrane. However, as the
concentration of Triton X-100 increases, the PE surface becomes satu-
rated with surfactant molecules. When the concentration surpasses the
critical micelle concentration, surfactant molecules aggregate into mi-
celles, as shown in Fig. 3. These micelles significantly increase the vis-
cosity of the electrolyte, which in turn reduces ion mobility. Since ion
mobility is directly related to ionic conductivity, the decreased ionic
conductivity results in a reduced specific capacitance.

Additionally, for non-ionic surfactants like Triton X-100, the cloud
point indicates the formation of cloudiness in the electrolyte due to
micelle aggregation. As the surfactant concentration rises further, these
cloudy micelles can aggregate and form precipitates. The variation in
contact angle with increasing surfactant concentration can be explained
by the surfactant’s role in reducing surface tension. Triton X-100 de-
creases the surface tension of water, enhancing the compatibility be-
tween the hydrophilic aqueous electrolyte and the hydrophobic polymer
surfaces. As the surfactant concentration increases, surface tension de-
creases, leading to a lower contact angle and indicating improved
wettability.

As the surfactant concentration increases, the formation of micelles
initially leads to a decrease in electrolyte viscosity, which in turn en-
hances ionic transport. This effect contributes to the observed second
increase in capacitance after reaching 0.733% (V/V) Triton X-100.
However, as the surfactant concentration continues to rise, micellization
resumes, leading to higher viscosity and reduced ionic transport, as
evidenced by the decrease in specific capacitance at each scan rate.

The points of micellization and precipitation are directly related to
the surfactant concentration and are consistent across all scan rates, as
supported by the trend shown in Fig. 4(a), which depicts the variation in
relative viscosity with Triton X-100 concentration. Initially, from 0 to
0.488% (V/V), the increase in relative viscosity due to surfactant addi-
tion could impede ion transport. Nonetheless, the enhanced hydrophi-
licity of the PE separator facilitates ion transport across the membrane,
improving overall device performance and increasing specific capaci-
tance up to this concentration.

Beyond 0.488% (V/V), the rapid increase in viscosity up to 0.733%
(V/V) due to the formation of stable micelles outweighs the benefits of
improved hydrophilicity, resulting in decreased specific capacitance.
After this point, up to 0.970% (V/V), the increase in viscosity slows as
micelles begin to precipitate gradually. This trend in viscosity closely
aligns with the variation in specific capacitance observed in the device.

The direct evidence of the change in wettability of the PE surface due
to Triton X-100 addition is illustrated in Fig. 4(b) and (c). These results
confirm that the PE separator’s surface transitions from hydrophobic to
hydrophilic with the presence of Triton X-100. Specifically, the contact
angle with water decreases from 101.5° to 30.2° when the electrolyte
contains 1.21% (V/V) Triton X-100. Adding just 25 pL of Triton X-100 to
the H2SO4 electrolyte reduces the contact angle from 99.1° to 37°, and
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further increases in Triton X-100 concentration result in only slight
changes, stabilizing around 30°.

The minimal variation in the contact angle between 0.244% and
0.488% (V/V) Triton X-100 can be attributed to the behavior of sur-
factants at the liquid-air interface. Once a certain concentration
threshold is reached, surfactant molecules saturate the surface, and
additional increases in concentration have little effect on the contact
angle, as the surface tension remains largely unchanged. Conversely, the
specific capacitance exhibits significant fluctuations within this con-
centration range due to micelle formation.

Micelles initially form as surfactant concentration increases. In these
aggregates, the hydrophilic heads of surfactant molecules face outward
while the hydrophobic tails are shielded within the micelle core. Mi-
celles, behaving somewhat like charged particles, can alter the electrical
characteristics of the solution and initially enhance capacitance. How-
ever, at higher concentrations, the formation of larger micelles may not
contribute positively to the system’s total capacitance. These larger
micelles can combine and aggregate, reducing overall capacitance,
which contrasts with the expected improvements from smaller micelles.
Additionally, changes in surfactant concentration can affect the solu-
tion’s viscosity, indirectly impacting capacitance by altering the
mobility and dispersion of charged species in the solution [40,41].

Based on these observations, an optimal Triton X-100 concentration
of 0.488% (V/V) is recommended to achieve effective wettability of the
PE separator with the electrolyte.

Fig. 5 shows the CV curves of the device with an optimum Triton X-
100 concentration of 0.488 (% V/V) at three different scan rates (0.005
\Y% s’l, 0.010 V s7%, and 0.020 V s™1). The device demonstrates perfect
capacitive behavior of constant current in a wide range of voltages when
the scan rate is low (0.005 V s 1). Although this trend of constant cur-
rent regime gradually decreases when the scan rate is decreased, at least
for the three scan rates used, there are not any redox peaks characteristic
of Faradaic processes taking place at any electrode/electrolyte interface.
Therefore, these currents can also be considered as capacitive currents.
The reason for not having any redox peaks is that the carbon electrodes
have very large overpotentials for both H' reduction and sulfate
oxidation. The Triton X-100 used, and water molecules are also electro-
inactive within this potential range on the electrode surface. As such,
any redox processes are happening in the device to decrease its perfor-
mance with time. In other words, the constructed supercapacitor be-
haves as a pure capacitor in the voltage range investigated. This
confirms that the device is only charging and discharging through the
physical migration of ions and the incorporation of surfactant does not
involve any side reactions or pseudocapacitive reactions.

The electrical behavior of the supercapacitor can be ascertained by
AC impedance spectroscopy [42]. The Nyquist plot, the equivalent cir-
cuit that has the best fit to the Nyquist plot, and the Bode plots obtained
for the supercapacitor with 0.488 (% V/V) and 0.366 (% V/V) Triton
X-100 in 1 M H3SOy4 electrolyte of the supercapacitor are shown in Fig. 6
(a and b), respectively. In each case, (i), (i), (iii), and (iv) represent the
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Fig. 3. Effect on the hydrophobic separator before and after the Triton X-100 treatment.
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Nyquist plot (real part of impedance, Z’, versus the negative value of the
imaginary part of the impedance, -Z’’), equivalent circuit, the total
impedance, Z, versus frequency, f, Bode plot and the phase versus fre-
quency Bode plot, respectively. It consists of the highest frequency x-axis
intercept representing the series resistance, R, of the device, a semi-
circle describing parallelly connected ion transport resistance in the
electrical double layer formed at the electrode/electrolyte interface, Rqj.
Double layer capacitance, Cqj, ~45° inclined straight line describing the
Warburg impedance, W, corresponding to the electrolyte conductance,
and a constant phase element, CPE, describing the ion conductance
through the membrane and finally, an almost vertical line at the lowest
frequency domain showing the overall capacitance, C, of the device. The
Bode plots also show the presence of these circuit elements including
constant phase elements in the device being studied. It is interesting to
note that the optimum Triton X-100 concentration of 0.488 (% V/V)

gave the highest specific capacitance in CV measurements and has the
highest capacitance of 9.53 F. Since the mass of carbon material in each
electrode is 0.162 g, the specific capacitance is 58.8 F/g, and is the same
value as that obtained from CV measurements. The corresponding spe-
cific capacitance of the supercapacitor with its electrolyte containing
0.366 (% V/V) Triton X-100 is 35.7 F/g and is also close to that obtained
in CV measurements. Interestingly, Ry at the optimum device is 340 mQ
but that in the other having a lower specific capacitance is 314 mQ. This
is possibly due to an increase in viscosity thus making the ion ingress and
egress at the carbon/solution interface somewhat difficult when Triton
X-100 concentration is increased though the change in magnitude is not
very significant. That is reflected by the higher value of the ion transport
resistance of the electrical double layer formed at the electro-
de/electrolyte interface, Rq;, where the corresponding values are 752
mQ and 321 mQ, respectively, for the optimum and the other device.
The double layer capacitance, Cqj, also follows the same trend (For the
supercapacitors having the optimum 0.488 (% V/V) Triton X-100, Rq; =
82.2 pF and that for the one with 0.366 (% V/V) Triton X-100 is 223 pF.
However, the Warburg impedance due to ion transport in the optimized
device is much higher but that of the other is not measurable. The ionic
mobility across the membrane is determined by the constant phase
element describing a conductance element. Its value for the optimized
device is 1.31 mho (S) and that for the other device tested is 689 mmho
(mS); a factor of 1.9 increase in the optimized device. This is clear evi-
dence for the effect of Triton X-100 in inducing the hydrophilicity to the
hydrophobic PE membrane enabling the ionic transport across the
membrane. The device containing 0.488 (% V/V) Triton X-100 in the
electrolyte has the highest specific capacitance and is due to its highest
ionic conductance of the separator. Therefore, these results match well
with those described by several other independent techniques described
above. Overall, all these experimental results, points to conclusion that
using a non-ionic surfactant such as Triton X-100 in the electrolyte,
hydrophobic PE can be made hydrophilic to allow for ion transport
through the pores of the membrane and therefore such a low-cost ma-
terial could be used as a separators in supercapacitors. However, the
effect of the concentration of the surfactant on the specific capacitance
follows a complicated pattern that depends on many factors such as
increased viscosity due to micelle formation at the critical micelle con-
centration, cloud point, and the precipitation of the micelles as



S.M.B. Dissanayake et al.

Journal of Science: Advanced Materials and Devices 9 (2024) 100801

j = Nyquist plot:

(a)-i [—Fitted o
20+ .
15+
g
g 104
05—+
0.0+

Y =1.10TMho

Y=131Mho C=953F

N=0.155

Z(Q)

- N
/

Phase (°)

w
)
—_—
Y
~—
1
-
—H

0 T T T
0.1 1 10 100

Frequency (Hz)

T T
1000 10000

(a)-iv

45 -
40
35
30
25

20

o
34
=]
=3

0 T T T
0.01 0.1 1 10 100 1000

Frequency (Hz)

(b)-i

[« Nyquist plot

——Fitted curve)|

0.5

0.0

0.0 05 1.0 15 20 25 30 35
Z(©)

(b)-ii

R=321mQ

3oo]l<

R=314mQ Y=689mMho  C=579F

N=0233

zZ(©@)

;

Phase (°)

>

3 (b)-iii

0 T T T T T
0.1 1 10 100 1000 10000
Frequency (Hz)
(b)-iv
50 4

40 4

304

20

T T T T
0.01 0.1 1 10 100 1000 10000

Frequency (Hz)

Fig. 6. (a) The (a-i) Nyquist plot (Real part of impedance, Z’, versus the negative value of the imaginary part of the impedance, -Z’"), (a-ii) equivalent circuit that has
the best fit to the Nyquist plot, (a-iii) total impedance, Z, versus frequency, f, Bode plot (a-iv) the phase versus frequency Bode plot for the supercapacitor with an
electrolyte containing 0.488 (% V/V) Triton X-100 non-ionic surfactant, (b) The (b-i) Nyquist plot (real part of impedance, Z’, versus negative value of the imaginary
part of the impedance, -Z"’), (b-ii) equivalent circuit that has best fit to the Nyquist plot, (b-iii) total impedance, Z, versus frequency, f, Bode plot (b-iv) the phase
versus frequency Bode plot for the supercapacitor with electrolyte containing 0.366 (% V/V) Triton X-100 non-ionic surfactant.
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surfactant concentration is increased.

In our study, we observed a peak specific capacitance of 55.3 F g‘l at
a Triton X-100 concentration of 0.488% (V/V), which is consistent with
recent findings on surfactant-enhanced supercapacitors. Similar en-
hancements in performance with surfactant addition have been reported
by Zhang et al. [35], who investigated the use of non-ionic surfactants to
improve the wettability of electrode materials, resulting in increased
capacitance and energy density. Our results also align with the obser-
vations of Liu et al. [28], who noted that the introduction of surfactants
like Triton X-100 led to significant improvements in the ionic conduc-
tivity and overall performance of supercapacitors by facilitating the
formation of an effective electrical double layer. Furthermore, the effect
of surfactant concentration on viscosity and capacitance observed in our
study parallels the findings of Huang et al. [7], who explored how
micelle formation and precipitation at high surfactant concentrations
can impede ion transport, thus decreasing capacitance. Our work ex-
tends these findings by providing a detailed examination of the interplay
between surfactant concentration, viscosity, and capacitance across a
range of concentrations. Additionally, our results contribute to the un-
derstanding of how a surfactant affects the wettability of polyethylene
separators, a topic that has been less explored in the literature but is
crucial for optimizing supercapacitor performance [21]. The observed
fluctuations in specific capacitance with increasing surfactant concen-
tration, including a secondary peak, offer new insights into the balance
between enhanced wettability and increased viscosity, complementing
and expanding upon existing studies in this area [22-25].

4. Conclusion

This work presents a significant advancement in utilizing electroni-
cally insulating and chemically resistant polyethylene separators in
supercapacitors, which are typically non-wetted by aqueous electro-
lytes. By incorporating a non-ionic surfactant, Triton X-100, into the
aqueous H2SOs electrolyte, we have successfully improved the wetta-
bility and performance of the separators. Our findings indicate that an
optimal surfactant concentration of 0.488% (V/V) Triton X-100 in the
aqueous H2S0a electrolyte yields the highest specific capacitance values
across all scan rates tested, achieving a peak capacitance of 55.3 F g! at
a scan rate of 0.005 V s~!. Beyond this optimal concentration, increased
surfactant levels result in higher electrolyte viscosity, which impedes ion
transport and leads to decreased capacitance due to ion crossover and
potential surfactant precipitation.

To further advance this research, exploring alternative non-ionic and
ionic surfactants could provide additional improvements in wettability
and performance. Additionally, a more detailed study on surfactant
concentration over a broader range could offer a deeper understanding
of the balance between enhanced wettability and increased viscosity.
Long-term stability studies are also recommended to assess the dura-
bility and effectiveness of surfactant-treated separators under various
operational conditions. Employing advanced characterization tech-
niques, such as spectroscopy and microscopy, might provide further
insights into the interactions between surfactants and separator mate-
rials at a molecular level.

From an industrial perspective, the findings suggest promising ap-
plications in developing high-performance supercapacitors with poly-
ethylene separators, potentially benefiting energy storage devices in
electronics, automotive, and renewable energy sectors. Furthermore,
exploring cost-effective manufacturing processes for incorporating
surfactant-treated separators into large-scale production could make
these advanced supercapacitor technologies more accessible and
economically viable. Overall, this research offers a foundation for
enhancing polyethylene-based separators and underscores the potential
for practical applications in advanced energy storage technologies.
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