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Abstract—Polyolefin separators are inherently hydrophobic and thermally unstable, contributing to poor cycle perfor-
mance and high thermal shrinkage, respectively, which can shorten cycle life. Herein, a high-performance supercapaci-
tor based on a composite separator made from nano-ALO,;/PVDF-coated on polyethylene (PE) polyolefin substrate
was prepared using a low-cost casting (stir-dip-coat-dry) technique and an electrolyte containing 1 M EMI-BF, salt in
EC:EMC:DMC (1:1:2vol%) is reported. The results show that integration of nano-Al,O; in the PVDF matrix con-
tributes to a large interactive surface area that attenuates interfacial energy at the separator-electrolyte boundary and
improves porosity as well as the overall performance. The filler also enhances high mechanical anchoring onto the PE
substrate, contributing to the overall physical and electrochemical properties of the separator. These modified PE sepa-
rators with porous microstructure demonstrate superior electrolyte wettability (88%), stable electrochemical perfor-
mance, and high cycle stability superior to analogous cells with commercial separators. The pair of coated modified
separators with the 1 M EMI-BF, modified electrolyte registered a high ionic conductivity value of 2.23 mS/cm. This
facile technique is scalable for separator-electrolyte design and is attractive for low-cost supercapacitor manufacturing
which is safe and fast charging.
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INTRODUCTION

Over the past few decades, key players in the energy community
have unequivocally raised concerns about the fast depletion of fos-
sil fuels and the need to find a suitable replacement that wields the
requisite potential for high-energy and ultra-high power density sys-
tems comparable to fossil fuels [1-3]. Among the suitable energy
storage systems available, the electrochemical supercapacitor stands
out, owing to its high energy per unit volume, rapid charge/dis-
charge, and ultra-high number of cycles [4]. Supercapacitors have
found widespread application in a host of electrical and electronic
systems, including electric vehicles, buses, trains, cranes, and eleva-
tors [5]. However, the theoretical expectations of supercapacitors
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are far ahead of the achieved specific capacitance in real-life appli-
cations owing to many factors, including issues relating to the elec-
trode material properties [6,7], electrolyte composition [8,9], and
the characteristics of the membrane separator [10]. Amongst these
three major components of the supercapacitor mentioned, the mem-
brane separator is the least investigated because it is an inactive com-
ponent in a typical supercapacitor setup. Meanwhile, the membrane
separator plays a critical role in ensuring the safety and smooth run-
ning of the supercapacitor. It electrically isolates the anode from
the cathode, ensuring the efficient shuttling of ions, blocking of
active solid materials, and serving as an electrolyte reservoir, which
ensures effective supply of ions during the charge/discharge pro-
cess [11-13]. Achieving these benchmarks in a typical membrane
separator is key to ensuring the smooth and efficient cycling of
supercapacitors.

Polyolefin separators used in the lithium-ion battery (LIB) pos-
sess excellent chemical stability, superior mechanical properties and
are relatively inexpensive. It remains the most used commercial LIB
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Table 1. Physical constants of organic carbonate solvents used in this study [36]

Solvent Molar volume Dipole moment Dielectric constant Melting temperature
(25°C) dm’ mol ™ (/D) (25°C) (°C)
Ethylene carbonate (EC) 62 49 89 37
Ethylene methyl carbonate (EMC) 104 - 2.9 -55
Dimethyl carbonate (DC) 84 0.88 3.12 3

separator despite intense research which has focused on the use of
cellulose composite membranes, polyvinylidene fluoride, and other
materials in the fabrication of LIB in recent years. Its demerits lie
in the aged problem of poor electrolyte wettability, uptake and reten-
tion of the same, leading to its poor ionic conductivity. Separator
engineering through surface modifications, multi-layering designs,
and particulate doping has helped to incorporate essential proper-
ties into the separator to enhance its performance with each tech-
nique introducing its own challenges and merits [14-21]. Some
surface modification techniques have found commercial usage [22-
24]. The existing modification approaches reported in literature
for polyolefin separators involve a complex combination of time,
sophisticated equipment, and chemical processes before arriving at
the desired material texture and monodispersity, making it ineffec-
tive for industrial application [25-32]. Furthermore, most of the
modified separators have gained more applications in lithium-ion
batteries with very little to do with supercapacitors. The applica-
tion and study of polyolefin separators in supercapacitors is very
important in finding alternative improved separators that will offer
excellent supercapacitor properties.

This study reports the dual process of achieving better capaci-
tance and cycle life stability using a combination of membrane sep-
arator surface modification and electrolyte engineering through a
facile, cost-effective, and scalable separator surface modification
approach that could be utilized at an industrial level with ease in
supercapacitors. The surface modification approach is realized by
directly submerging the commercial separator into ALO,/PVDF
(both commercially sourced) solution and simply drying it in an
oven. The introduction of aluminum oxide particles into the PVDF
matrix imparts strong anchoring to the polymer chains and to the
membrane substrate, which mitigates delamination on the coated
separator. Moreover, the incorporation of the closely packed nano-
Al O, introduces unique coating characteristics comprising a well-
connected and homogeneous nanoporous structure that can be
filled with the liquid electrolyte, hence providing a facile pathway
for fast ion movement. The electrolyte engineering approach is also
achieved by simply dissolving 1 M 1-ethyl-3-methylimidazolium
tetrafluoroborate (EMI-BE,) salt in EC: EMC:DMC (1:1:2vol%).
The choice of EMI-BF,, ionic liquid is due to its wider electro-
chemical stability window and comparatively good ionic conduc-
tivity with other ionic liquids [33,34]. The electrochemical properties
of supercapacitors employing the modified separators were investi-
gated using a ternary solvent system: EC: EMC:DMC (1:1:2
vol%) instead of the traditional solvent, acetonitrile, which cannot
be used in supercapacitors for consumer applications, such as toys,
electric backup systems, and electric vehicles [35]. The solvents have
different dielectric permittivity, melting temperatures, different vis-
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cosity values, and dipole moments (See Table 1). The solubility of
salts in these solvents is also different [36].

EXPERIMENTAL PROCEDURE

1. Materials and Chemicals

All the materials for this study were commercially sourced. 1-
ethyl-3-methylimidazolium tetrafluoroborate (EMIBE,), ethylene
carbonate (EC) ethyl methyl carbonate (EMC) dimethyl carbonate
(DMC), acetone, poly(vinylidene fluoride (PVDEF), and N-methyl
pyrrolidone (NMP) of the highest purity were obtained from Sigma
Aldrich and used without further treatment. The nano-ALO; par-
ticle with an average size of 13 nm (Aerosil-Alu C, surface area
(100+15 m’g ")). The vapor-grown carbon fiber (VGCF) and acti-
vated carbon (MSC-30) were obtained from Kansei Coke, Japan.
The activated carbon used has a BET surface area of 3,125 m’/g,
BJH surface of 1,787 mz/g, an average pore diameter of 2.312 nm,
and a total pore volume of 1.033 cm®/g. Poly(vinylidene fluoride-
co-hexafluoropropylene) (PVAF-HFP) powder was sourced from
Kynar Flex®2801, Arkema Inc,, and aluminum oxide (ALO;) pow-
der was purchased from AES-11, Sumitomo Chemical Co. A Com-
mercially available polyolefin separator (Monolayer PE, 20 um thick,
porosity 45%) was employed as substrate for the experiment. All
materials were used as received without further purification.
2. Activated Carbon Electrode Preparation

Typically, Al foil washed with distilled water and acetone for 30
min in a sonicator was dried in an oven at 70 °C for 6 hours. The
dried Al foil was then cut into 1 cmx4 cm size to be employed as
the current collector. Activated carbon and VGCF in 8: 1 ratio were
mixed in a mortar until a uniform mixture was obtained. Then
1 part of 10wt% PVDF/NMP binder solution was added to the
mixture and further mixed to form a homogeneous slurry. Some
of this slurry was pipetted and coated onto a 1cmx1cm area of
the current collector. The electrode was dried in a vacuum oven at
80 °C for 24 hours to ensure even drying. The final electrode com-
prising activated carbon, PVDF binder, and VGCF in the ratio of
8:1:1 was used as the conductive agent.
3. Preparation of Electrolyte Solution and Surface-modified
PE Separator

The electrolyte solution was prepared in a glove box, with 1 M
EMIBE, salt dissolved in EC: EMC:DMC 1:1:2 (by volume) and
stirred to obtain uniformity. The electrolyte solution was allowed
to stay undisturbed for 6 hours to ensure complete dissolution. The
as-synthesized solution was utilized in the fabrication of the cells.
A 0.1 g mass of PVDF-HFP was dissolved in 8.0 g of acetone at
45°C. A 0.1 g ALO; was added to the PVDF-HFP suspension and
stirred for 6 hours at room temperature to the dissolved PVDF-
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HEFP to obtain a uniform mixture. A predefined size of PE separa-
tor was dipped into the ALO,/PVDF-HFP blend to cover both
sides of the separator. The dip-coated separators were air-dried for
30 minutes and oven dried for 6 hours at 60 °C to obtain an AL,O,/
PVDEF-HFP-PE-ALO,/PVDF-HFP composite structure which was
used for cell assembly. The uncoated PE separator was employed
as a control.

4. Characterization of Modified Separator

The as-fabricated separator and the electrolyte properties were
characterized to evaluate their respective performance. The coated
separator surface was examined using field-emission scanning elec-
tron microscopy (FE-SEM, S4800, Hitachi, Japan) to examine the
topological morphology. The wettability of the separator was eval-
uated using contact angle analyzers (Surface Electro-Optics Co.,
Ltd., South Korea) recorded at t=2's to assess the separator-elec-
trolyte interfacial resistance.

Linear sweep voltammetry tests were run within the potential
range of 0-5.0 V at a scan rate of 10 mV/s employing nickel elec-
trodes separated by the PE coated separator and the electrolyte
using an Autolab PGstat 100, Eco Chemie potentiostat/galvanostat
instrument to evaluate electrochemical stability of both the modi-
fied separator and the as-synthesized electrolyte. Finally, the bulk
conductivities of the coated separators filled with the electrolyte were
determined against platinum electrodes using the Autolab PARSTAT
12/30 potentiostat/galvanostat. A frequency response analyzer within
a frequency range of 0.01 Hz to 1 MHz was used to evaluate the
ionic conductivity when the cell was assembled. The resistivity (o)
in Qcm™ of the separators in 1 M EMIBF, (EC: EMC : DMC) was
estimated according to Eq. (1):

p= (R:isj W

where R, is the solution resistance obtained from the Nyquist plot
real axis in the high-frequency region; d, the thickness of the sep-
arator between the two electrodes; S is the area of the electrodes.

The electrochemical stability window of the different separators
was determined using linear sweep voltammetry (LSV). The half-
cell consisted of stainless steel as the working electrode with lith-
ium metal as the counter and the reference electrode in a poten-
tial range of 0 V-5.0 V using a scan rate of 1.0 mV/s.
5. Supercapacitor Fabrication and Testing

Full cells were constructed by placing a 2x2 cm” coated separa-
tor between two AC electrodes, which were assembled and sealed
within an aluminum pouch. Complete cell assembly was done with
the modified and pristine separators and with the 1 M EMIBF,
(EC:EMC : DMC) electrolyte injection in an argon-filled glove box.
To conduct the cyclic voltammetry (CV) test, the oxidation cutoff
potentials for the cyclic voltammetry tests were fixed at 3.0 V and
3.5V, while the reduction cutoff potential stayed fixed at 0 V. Cyclic
voltammograms were measured at scan rates of 20 mV/s, 50 mV/s,
100 mV/s, 200 mV/s, 300 mV/s, and 500 mV/s. The specific capaci-
tance (C) was calculated as a function of scan rate using Eq. (2)
below:

_lgqa+qd
c= (2mAV) @

where qa, qc, m, and AV denote anodic, cathodic charges, the
mass of the active material, and the potential window of the cyclic
voltammetry scan, respectively. The resistive components of the
full cells were investigated directly after the CV test using the
electrochemical impedance spectroscopy technique. An Autolab
PARSTAT 12/30 potentiostat/galvanostat, frequency response ana-
lyzer was used for this analysis in a frequency range of 10 mHz-
1 MHz. Cycling tests were conducted at a 200 mV/s scan rate and
a potential range of 0 V-3.0V and 0 V-3.5V over 500 cycles. Gal-
vanostatic charge-discharge was also performed at a current den-
sity of 5 mA/cm’ over the potential ranges of 0-3.0 V and 0-3.5 V.

The functionality of the symmetric supercapacitors is better de-
fined by the power density (Pd) and the energy density (Ed) factors.
The energy density and the power density of the cells at the differ-
ent voltages were estimated from the charge-discharge data using
the equations below:

IAt

Cs= v ®)
CsV?

Ed= > (4)
Ed

Pd= x 5

where Cs, I, m, V; and At represent the specific discharge capaci-
tance, applied current, combined mass of loading, cell voltage, and
the discharge time after ohmic drop.

RESULTS AND DISCUSSION

1. Characterization of Modified Separator

The morphological characterization of the pristine PE and mod-
ified PE separators is depicted in Fig. 1. The topological evaluation
of the conventional PE separator reveals a microporous structure
typical of commercial separators [Fig. 1(a)]. On the other hand,
the modified separator topology shows nanoporous and pinhole
structures [Fig. 1(b)] interspersed with anchored nano-ALO; par-
ticles within the PVDF matrix. The nano-porous and pinhole struc-
tures of the modified separator create a high surface area, which is
vital for attenuating the solid-liquid interfacial energy. Moreso, the
presence of the widely dispersed and anchored nano-AlO; parti-
cles in the polymer matrix enhances the strong physical bonding
of the polymer chains [37], thus influencing the overall perfor-
mance of the separator during operation. The availability of the
filler material in the polymer matrix thus reduces the surface energy
that can influence wettability. To evaluate the wettability of the
separator, the contact angle test (Fig. 2) was performed at the early
electrolyte-separator contact (t=2s), which is done to assess the
solid-liquid interfacial energy of the various separators. The results
revealed that coating ALO,/PVDF layer on the PE significantly
attenuated the interfacial energy of the ALO,/PVDF/PE compos-
ite separator (~10.92°), making the surface more hydrophilic com-
pared to the pristine PE separator (43.14°). This translated into the
increase in wettability, uptake, and retention of electrolytes in the
composite separator, which are critical parameters for ensuring the
steady supply of ions needed to stabilize the running of the super-
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Fig. 1. Force emission scanning electron microscope images of (a) pristine separator, (b) ALLO,/PVDF/PE separator.

(a) Pristine
43.14°

(b) ALLOy/PVDF/PE
10.92°

Fig. 2. Contact angle pictures of (a) Pristine separator, (b) ALLO,/PVDF/PE separator.
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Fig. 3. (a) Ionic conductivity values of the ALO,/PVDF/PE and the pristine separator, (b) Linear sweep voltammogram of the coated separa-

tor and the uncoated separator.

capacitor.

A commercial PE separator was utilized as substrate due to its
inherently excellent mechanical properties and electrochemical sta-
bility, and therefore coating the PE separator with thermally sta-
ble, highly amorphous, and hydrophilic layer improves its thermal
stability, electrolyte wettability, uptake, and retention [38,39]. Thus,
coating the pristine PE with the ALO,/PVDF improves cell safety
while enhancing ionic transport and stable cycle performance. Fig.
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3(a) shows the ionic conductivity of the ALO,/PVDF/PE separators
and pristine separators in the 1 M EMIBF, (EC:EMC:DMC)
electrolyte. The ALO,/PVDF/PE separator has a slightly higher
ionic conductivity in the electrolyte compared to the pristine elec-
trolyte. This is ascribed to the presence of the hydrophilic layer on
the PE substrate with enhanced ionic pathways, thus increasing
the electrolyte uptake of the modified separator and improving
ionic conductivity. The performance of the as-modified separator
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Table 2. Summary of polyolefin separators modified ceramic particles
Thickness
Polyolefin Cermc Binding Technique (Pr15t}ne/ Ionic N Ox1dat.10n Electrolyte Contact
particles ~ Reagents . and modified Electrolyte  conductivity potential — uptake angle  Reference
substrate material . e o
(size) equipment separators (mS/cm) (Li/Li") (%) ©)
(um)
Ammonium Planetary M
ALO acrylate, ball milling, LiPE. in
PE 2 silicone Polyacrylate spreader 20/26 ¢ 0.75 4 144 116 19
(1.5 pm) . EC:DEC:
surfactant, coating DMC
CMC, Water process
Ammonium Planetary am
Boehmite  acrylate, ball milling, LiPE. i
PE (AIOOH- silicone Polyacrylate  spreader 20/26 EIC ] SE C: 1.0 5 187 5.7 19
14 pum) surfactant, coating DM' c :
CMC, Water process
. Grinding
Boehmite- . R
PE AIOOH  Water PVA machine, 705 LPRIn e Nearly
Roller coating EC:DEC 7ero
(350 nm) .
instrument
12M
o Ethanol, TAH, i
PP-PE- - Zirconium e 4 biOH, Dopamine 08 25012533 LPEIR g4 408 186 304 21
PP dioxide Zr(O-n-Pr)4 process EC/DMC/
DEC
Sio, MPTS, BTO, No UVO, 1M
PE (50 and AIBN, MeOH, binder Chemical 15/500 LiPF, in 0.82 84 22
100nm)  toluene grafting EC/EMC
ALO Polydopamine 1M
PE ( 430 ;m) DHC,MeOH CMC treatment 20/27 LiPFsin 079 1190 63 23
method EC/EMC
ALO; DMAG, and
(200- Propylene ) 1M
PP 300nm),  glycol E\;EF‘ f;’slggon 20/22 LiPE,in 078 125 24
Sio, monomethyl & EC/DEC
(50 nm) ether acetate
Nano- 1M
CeO P(MMA- Solution LiPF,
PE (5and DMF BA-AN-St) casting 18/75.3 EMC/EC/ 2.5 5 79 25
10 um) DEC
Plasma
ALO; treatment LiPF
PE (430 nm) DI water CMC and solution 20/26 EC/EMC 1.182 43 85 70 26
casting
1M
ALO, ) . EMIBE, This
PE (13nm) Acetone PVDF Dip-coating  20/25 (EC:EMC: 223 5 89 10.75 work
DMC)

was compared with most related findings in the literature and the
results are summarized in Table 2. The evidence shows that the
ALO,/PVDF-modified PE separator improves the most essential
properties of a separator required for electrochemical cell perfor-
mance and stability.

The electrochemical compatibility of the modified separator and
the electrolyte was also evaluated using linear sweep voltammetry
(LSV) characterization to assess the stability of the cells containing
the modified separator and electrolyte within the electrochemical
window. As shown in Fig. 3(b), the LSV curve of the cell sweeps

from 0.0V to 5.0V at a constant rate of 10 mV/s, which demon-
strates anodic electrochemical compatibility and stability within
the cell. Thus typifying the wide electrochemical window of the
modified electrolyte during cycling and for the oxidation of BF;
ions [40]. From the micrograph, the onset of oxidation for the modi-
fied separators starts slightly early compared to the pristine separator.
This may be attributed to traces of water on the modified separator.
2. Supercapacitor Performance

The electrochemical performance of the cells employing the pris-
tine PE and modified PE separators in the 1 M EMIBF, (EC: EMC:

Korean J. Chem. Eng.(Vol. 39, No. 11)
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DMC) electrolytes was evaluated at different potentials (0 V-3V
and 0V-35V and at different rates. As shown in Fig. 4, the CV
curves for the pristine PE and modified PE separators show a rect-
angular shape, which is typical of an electric double layer; and this
indicates that the charge storage occurs at the electrode/electrolyte
interphase [41,42]. A distortion in the rectangular shape is ob-
served at a higher potential for all the samples. Comparing the CVs
of the various cells at the different potentials, it can be observed
that the size of the voltammograms of the supercapacitors made of
the modified PE separators at both voltages is higher than those
employing the pristine PE at all scan rates. This can be ascribed to
the increased ionic conductivity (See Fig. 3(a)) and better electro-
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lyte uptake of the modified separator (See Fig. 2). At increasing
scan rate, the shape of the voltammograms of the supercapacitors
employing the different separators shifted from the normal rectan-
gular shape with lower current density response (see Fig. 4(c), (d),
(e), and (f)), which indicates that the electrochemical process
occurring at a higher scan rate is slightly restricted by the fast move-
ment of ions.

The measured specific capacitances as a function of scan rate of
the cells employing the pristine PE and modified PE at 0-3.0V
and 0-3.5V are shown in Fig. 5(a). The as-fabricated cells at the
different potential windows demonstrate decreasing specific capaci-
tance with increasing scan rate. The supercapacitors with the two
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Fig. 6. Nyquist plots of supercapacitors with ALO,/PVDF/PE and
pristine separators taken after cyclic voltammetry reading.

separators employing higher potential (0-3.5 V) demonstrate faster
decreasing specific capacitance with increasing scan rate com-
pared to the separators at lower potential (0-3.0 V). This behavior
can be attributed to the inherent low ionic conductivity of organic
electrolytes due to the high viscosity of the organic solvent and
their fast oxidation at higher potential [43,44]. The specific capaci-
tances obtained for the different separators at lower potentials are
very close over the entire scan rate range (See Fig. 5(a)).

Furthermore, the supercapacitor comprising the modified PE
separators maintained higher specific capacitance over the entire
scan rate range at both 0 V-3.0V and 0 V-3.5V compared to the
supercapacitor with the pristine PE separator (See Fig. 5(a)). These
interesting results can be ascribed to the excellent compatibility and
wettability between the 1 M EMIBF, (EC: EMC:DMC) and the
modified PE separators as demonstrated by the contact angle test
and electrolyte uptake test.

The separator-electrolyte interfacial resistance was assessed to
evaluate the ion shuttling impedance using the Nyquist analysis.
The Nyquist plot of the supercapacitors adopting both separators
in 1M EMIBE, (EC:EMC:DMC) is depicted in Fig. 6. Table 1
shows the data from Randle equivalent circuit in the inset in Fig.
6. A typical Randle model is made up of bulk resistance (R,) in the
high-frequency region, a charge transfer resistance (R, semi-circle),
and a block parallel, containing a double layer capacitance (C;) in
the medium frequency region. Included next to the R, is Warburg
impedance (W, showing a sloping straight line) in the low-fre-
quency region [45]. Comparing the two plots, the modified PE sepa-
rators demonstrate less resistance compared to the supercapacitor
with the pristine PE separator. According to Table 3, the superca-

pacitor with the modified PE separator involves higher R; (resis-
tance emanating from the electrolyte and the separator) but a lower
R, (the diameter of the semi-circle), whereas the supercapacitor
with the pristine PE separator demonstrates lower R,, but higher
R, This superior electrochemical observation is ascribed to supe-
rior wettability and compatibility between the highly hydrophilic
inorganic alumina nanoparticles on the surface of the PE separa-
tor and the 1 M EMIBEF, (EC: EMC : DMC) electrolyte. The supe-
rior wettability and compatibility contribute to the dual effects of
the closely packed nano-Al,O,/PVDF hydrophilic layer on the sep-
arator and the increased ionic activity in the electrolyte due to the
presence of EMI" and BF; ionic species.

A cycle test was conducted to evaluate the stability of the sepa-
rators in the 1 M EMIBF, (EC: EMC: DMC) electrolytes and within
the applied potential windows. The cyclic voltammograms were
investigated at 200 mV/s for 500 cycles at different potentials (0 V-
3V and 0 V-3.5V). The specific capacitance as a function of cycle
number is depicted in Fig. 5(b) for the different separators. All cells
show a decreasing specific capacitance with increasing cycle num-
ber. Notably, the cells with the modified PE separators separator
demonstrate superior stability with high specific capacitance com-
pared to the pristine separator at the different potential windows.
After 500 cycles, the supercapacitors with the pristine PE separators
retained 66.15% and 32.12% of their initial capacitance at 3.0 V
and 3.5V voltage ranges. Comparatively, the modified PE separa-
tor retained approximately 79.4% and 47.28% of initial capacitance,
respectively, at 3.0V and 3.5V voltage ranges. The superior per-
formance of the composite PE membrane can be ascribed to the
excellent electrochemical compatibility, adequate pore structure,
and better ionic conductivity due to the attenuated separator-elec-
trolyte interfacial energy between the as-fabricated surface of AL O,/
PVDEF/PE separator and the 1 M EMIBF, (EC: EMC: DMC) elec-
trolyte system [46]. Fig. 7 shows the galvanostatic charge-discharge
results at 5.0 mA/cm’ and the Ragone plot at 3.0V and 3.5V for
both separators. The linear shape demonstrated by the charge and
discharge of the cells reflects electric double layer capacitor behav-
ior (See Fig. 7(a)). All the cells with the different separators show
small ohmic drops at higher voltages. The ALO,/PVDF/PE separa-
tor system has a longer charge-discharge cycle time at the two dif-
ferent potential ranges of 0 V-3V and 0V-3.5V in the 1 M EMIBF,
(EC:EMC:DMC) electrolyte compared to the pristine separator.
Given that the measurements were recorded at a constant current
of 5mA/cm’, a longer time of cycle translates to a larger magni-
tude of energy stored [8]. The modified separator in combination
with the electrolyte improves charge storage properties of the super-
capacitor and therefore higher capacitance.

The Ragone plot in Fig. 7(b) summarizes the energy and power
density calculated for the supercapacitors prepared with the pris-

Table 3. Thickness, electrolyte uptake of ALO,/PVDF/PE separator, and the resistance properties of supercapacitor adapting the ALO;/PVDF/

PE separator
Thickness Electrolyte Solution Charge transfer
Separator . .
(um) uptake resistance (R,) resistance (R,)
Pristine separator 20 83 1.576 2.792
Al,O;/PVDF/PE separator 27 89 1.845 1.926
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Fig. 7. (a) Galvanostatic charge-discharge (b) the Ragone plots; of the supercapacitor with the AL,O,/PVDF/PE and pristine separators at dif-

ferent potential ranges and at a current density of 5 mA/cm’.

tine separator and the composite separator. At a higher voltage of
3.5V the energy density of both supercapacitors increased while
the power density decreased. This is consistent with the general
trend observed for EDLC supercapacitors. At both voltages the
supercapacitors made with the composite PE separator had higher
energy density (35 WH/kg and 48 WH/kg at 3V and 3.5V, respec-
tively) than the pristine PE separator (31 WH/kg and 42 WH/kg at
3V and 3.5V, respectively). The power density was the same at
each voltage, 455 W/kg at 3V and 390 W/kg at 3.5V for both sep-
arators. In the composite PE separator supercapacitor, the increase
in energy density is balanced by an increase in the rate of discharge of
the energy due to the high electrolyte retention ability and ion mobil-
ity of the electrolyte species through the separator. The improve-
ment in jonic conductivity of the PE composite separator super-
capacitor translated into a higher discharge time but comparable
power density with the pristine separator supercapacitors.

CONCLUSION

Supercapacitors were fabricated with nano-ALO;/PVDF modi-
fied PE separator and pristine PE separator and their electrochem-
ical properties were investigated in a 1 M EMIBF, (EC:EMC:
DMC) electrolyte system. The results reveal that supercapacitor
configuration comprised of nano-ALO,/PVDF modified separator
and 1 M EMIBEF, (EC: EMC:DMC) electrolyte achieves a highly
stable electrochemical and cycle performances. The observed sta-
bility of the composite PE separator system is attributed to the pres-
ence of hydrophilic structure on the separator that leads to attenuated
separator-electrolyte interfacial resistance and the increased ionic
activity in the electrolyte due to the presence of EMI" and BF;
ionic species. This engineered separator and electrolyte is a sim-
ple, scalable, and effective route to achieving electrochemical supe-
riority and industrial replicability.

ACKNOWLEDGEMENT
The research team would like to acknowledge the applied elec-
trochemistry laboratory at Hanbat National University, South Korea
for supporting this work.

November, 2022

LIST OF ABBREVIATION
DMF :N, N-dimethylformamide
PVDF : polyvinylidene fluoride
ALO; :aluminum oxide
CMC : sodium carboxymethyl cellulose
P(MMA-BA-AN-St) : PVDF-HFP-polyvinylidene fluoride-hexaflu-
oropropylene
PVA : polyvinyl alcohol
AIOOH  :boehmite
MeOH :methanol
DHC : dopamine hydrochloride
DMAC : dimethylacetamide
SiO, : silicon dioxide
EC : ethylene carbonate
DEC : diethylene carbonate
LiPF, : lithium hexafluorophosphate
DMC : dimethyl carbonate
DEC : diethyl carbonate

ZrO-n-Pr), :zirconium propoxide solution

EMIBE,  :1-ethyl-3-methylimidazolium tetrafluoroborate
TAH : tris(hydroxymethyl)aminomethane hydrochloride
AIBN : azobisisobutyronitrile

Uvo : ultraviolet ozone

MPTS : 3-methacryloxypropyltrimethoxysilane

BTO-1,8  :bis(triethoxysilyl)

PrOH : propanol

Nano-CeO, :nano cerium oxide
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