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ABSTRACT

ypothesis: poly(vinyl chloride) (PVC)-based membranes have limited
thdrophilicity and so far, have not been used as the separator in supercapacitors.

Despite their favorable chemical stability and low cost, the inherent limitations
of these membranes (including hydrophobicity) could limit their application in
supercapacitor-based energy storage systems. This study investigates the utilization
of pure PVC membrane in this application and evaluates its performance.
Methods: Pure PVC membrane at 11% (by wt) was fabricated using the phase
inversion method and various tests including contact angle measurement, average
pore size, porosity and water flux were performed to determine its properties. Then,
the electrochemical tests electrochemical impedance spectroscopy (EIS), cyclic
voltammetry (CV) and galvanostatic charge-discharge (GCD) were performed to
determine the ion transport resistance of the membrane and its performance stability

as the separator in a supercapacitor.

Findings: The contact angle of 86.17° indicated moderate hydrophobicity of the
. membrane, while the average pore size (5.7 nm) and high porosity (91.8%) facilitated
supercapacitor, the ion transport in the membrane structure. In addition, the suitable pure water flux
poly(vinyl chloride), (87.5 L/m*.h) confirmed the proper permeability of the membrane. SEM images of
the membrane cross-section showed porosity with fingerlike pores, confirming the
proper permeability of the membrane. Electrochemical impedance spectroscopy (EIS)
hydrophilicity, showed low resistance for ionic conductivity of the membrane (0.17 Q), confirming
membrane separator the suitability of the membrane for application in supercapacitors. Furthermore,
the membrane was assembled in a supercapacitor consisting of two copper plates
coated with activated carbon and its performance was investigated using cyclic
voltammetry (CV) and galvanostatic charge-discharge (GCD) tests, which indicated
reversibility and stability in charging and discharging of the supercapacitor. These
results demonstrate the high potential of pure PVC membrane as an efficient and cost-

effective separator in supercapacitors.
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Table 1. The characterization test results of the membrane.

Contat angle Pure water | Porosity | Average hole
© flux (L/m?.h) A pore (nm)
86.17 =4.45 87.5 91.8 5.7
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Fig. 2. The Nyquist plot for PVC membranes.
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Fig. 4. The GCD test results for the supercapacitor with PVC

membrane as the separator.

Table 2. The EIS test results of the membrane.

Volume Membrane Ion
Electrolyte | resistance (2) | thickness | conductivity
[30] (pm) (mS/cm)
6 M KOH 0.1739 13.5 8.07
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Fig. 3. The CV test results for the supercapacitor with PVC

membrane as the separator.
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Table 3. The comparison of ionic conductivity of PVC membrane with similar studies.

Sample Temperature (°C) Electrolyte Thickness (mm) | Ionic conductivity (mS cm) Ref.
Pure PVC RT® 6 M KOH 0.0135 8.07 This work
PVDF 25 (TEABF,)* + (AN)* 0.03 18 [15]
PAES-Q-1.1 RT 6 M KOH - 2.02 [34]
PVDF/PVP 25 - 0.15 1.8 [35]
NWs-PVB RT 1 M Na,SO, 0.025 13.5 [36]
RF-PLA RT 1 M H,SO, 0.022 110 [21]
RF-PLA RT 1 M Na,SO, 0.022 6 [21]

(a) RT: room temperature, (b) TEABF,: tetracthylammonium tetrafluoroborate, (c) AN: acetonitrile.

Ll o2 ol wlie 3 PVC lis ) esland

& 5 Ao

L PVO) (4,8 L p) b Cosamino glis wdlas ool o
O3 5l 53 eSOl yeay 5 g 36 Sasls s 3l eslial
s sLid ol 0L plaasiie sl mls a8 L)
O (o st s3] 0dnsOlEs oS 03 APNVE uled wosly glls
5 55 VAL Sla, et 5 s i Jdss 5l e oo .l
ol Ll e s 6 Sl O/ nm ol gladie o3l Jav s
Celis Cole gl 3 s &S 55 AV/O L/mPh Lie ol
(SEM) (o 55 5 (o sSns S b Lid dhade o (o)
S Al ol el s sdsane Skl
Jales gl s 5 iliel 0531 b Lid Ss Sl
58 ol (emmen S (S eIl AV mS/em
e 5 05051 3 ealizad L stiSTus Ol poas Lid Llard s xS
A bl (GED) (Sl 5l I8 alsi=0d ;5 (CV) (slas
O mV/s s, slkie s VYV BV Lils o3 ;3 CV s ged
OLE 1) +/Y=+/% o3 gds 55 yileSl (S U Sibrad s,
S 3y (o8 2 5LB) 04/FF Flg sdelmsay oy bbb
L G (sl bl el oS oSl 51 5 b aglie 3 4 S
3y Al U3 JEPVC L 5l o
Jdsas (Rl PVC glis cdas o 0L Jashy cpl glaasl
o3l e w5 ol Jodss aler Sl bl sla S
S Ao oS Ol e Ll o Sl (ol S0 ol 5 Ladides
wlord s S LS J e 53 sl eslanal bapsls ol s

‘“Yr V&€ QLT a0 <€ 0 losds soulnd 9 o Jlw pouly (SI9I9SS 9 pale oale dlxo

QL PVC & sad 5 Cad (YO mS/em) (6 i Sg Sl
s S g Gs bl &S OF 31 Sk aslie opl ol
Sy B Sator H Kl il slaslle s o
IFF] asl adls sduSlas 3 Shee 3y 5 S

5l S 5 b bl Cn St Sl ks Jshoms LB
Lol 56 (Sasls ras b L o aulp s Lie ol
5ol SR sl 600018 ey Sos dens SR
S 35S oo Do FAS SRl o DL Dl el
(Jlie 53 258 min a8 IS5 LSS bl S5
e Al e e (G WV b)) S laclale
Losbalis lanl (rays cpl oo sl e S50 Jike |25 5 50
L gl ok a3l st 5 4 53 VO 50T ) slaclale
ORI SRS s el gl 5o e CBIE 0 ols
5oLy s W WV Glid cmman 355 e Lid Culbiss
Sl L el s s e Sl oS Calss
5 i ok b b O3l b ke saosasT s 5 # MKOH
35w UlS e onlaly ol Ol g S s sl
G 4 1 Lo Lt ooy 03 3dmn 53 oy CLale 2alS
bt S s Sas Culg 3 5 00 S bralr 2l lls
Lol 03,8 0al B O3l s (s e

53 o kS Ol 5ea PVC (gl 5 )8 o sllas il e 53
53 L PVC glae LI edol gla s 5o Ol5 oo sl il
Sl S lad shome il slabes i (63 Shos ¢ s Ll 2
el 5 s Al o Shes Lild sy wslis olS 5L
Tl iz 55 oy Sdakily SO ol sl 0305
Sl & Lo G Sy 5 gessol sp ol LS
Ol oS5 (gl ladllas ol S SaS skiSTA 5 Shas



a)w d&.ﬁ:}}.

S8

JLisls Sbocole= Sl 1 s Sl dlie o8 5

Seel Gk bR Glds e
A l3 ga kel BNUT/40040115026/1400

&y
Shao Y., El-Kady M.F., Sun J., Li Y., Zhang Q., Zhu M., Wang
H., Dunn B., and Kaner R.B., Design and Mechanisms of
Asymmetric Supercapacitors, Chem. Rev., 118, 9233-9280,
2018.
Wu H., Huang H., Xu Y., Xu F., and Zhang X., Ultrathin
Separator with Efficient Ion Transport and Superior Stability
Prepared from Cotton Cellulose for Advanced Supercapacitors,
Chem. Eng. J., 470,144089, 2023.
Banerjee S. and Kar K.K., Superior Water Retention,
Ionic Conductivity and Thermal Stability of Sulfonated
Polyether Ether Ketone/Polypyrrole/Aluminum Phosphate
Nanocomposite Based Polymer Electrolyte Membrane, J. Env.
Chem. Eng., 4,299-310, 2016.
Verma K.D., Sinha P., Banerjee S., Kar K.K., and Ghorai M.K.,
Characteristics of Separator Materials for Supercapacitors,
Handbook of Nanocomposite Supercapacitor Materials, 1
Characteristics, Springer, 315-326, 2020.
Banerjee S. and Kar K.K., Synergistic Effect of Aluminium
Phosphate and Tungstophosphoric Acid on the Physicochemical
Properties of Sulfonated Polyether Ether Ketone Nanocomposite
Membrane, J. Appl. Polym. Sci., 133, 2016.
Liivand K., Thomberg T., Janes A., and Lust E., Separator
Materials Influence on Supercapacitors Performance in Viscous
Electrolytes, ECS Transactions, 64, 41, 2015.
Kar K.K., Sharma S.D., Behera S.K., and Kumar P,
Development of Rubber Pressure Molding Technique Using
Silicone Rubber to Fabricate Fiber-Reinforced Plastic
Components Based on Glass Fiber and Epoxy Resin, J. Elast.
Plast., 39, 117-131, 2007.
Inagaki M., Konno H., and Tanaike O., Carbon Materials for
Electrochemical capacitors, J. Power Sources, 195, 7880-7903,
2010.
Soneda Y., Toyoda M., Tani Y., Yamashita J., Kodama M.,
Hatori H., and Inagaki M., Electrochemical Behavior of

Exfoliated Carbon Fibers in H,SO, Electrolyte with Different

e B OIB 3l S 0 IUSTIS Ylgicds (39 U5 Jaisg) s A3l 2 SLbsé S )8

sy o Ol b Jlad slge b S 5 s OF 35
S o3 S5 ol adllas nl sl AST le s Shes sl
L PVC d}w dbw.;‘ 9 oslus 6JA':L{. LSLAL&& )‘ oalaiul

‘)\Mw‘) Ju\).?‘_;a E) J.AJL;O 45\)‘ ngj‘ 6)Lwoﬁ>-b 6@3;})\5
AL Lol ol sl s s (8 (ol slaoiSTi anw 5

11.

12.

13.

14.

15.

16.

17.

18.

V&€ LT a0 <€ 0 losds qaiaiad 9w Jlw posly 533)9iS5 9 pgle (pole alxo

Concentrations, J. Phys. Chem. Solids, 65,219-222, 2004.
Noorden Z.B.A., Sugawara S., and Matsumoto S., Glass Wool
Material as Alternative Separator for Higher Rating Electric
Double Layer Capacitor, ECS Transactions, 53, 43, 2013.
Noorden Z.A., Sugawara S., and Matsumoto S., Noncorrosive
Separator Materials for Electric Double Layer Capacitor, /EEJ
Trans. Electr. Electron. Eng., 9, 235-240, 2014.

Xie Q., Huang X., Zhang Y., Wu Sh., and Zhao P., High
Performance Aqueous Symmetric Supercapacitors Based on
Advanced Carbon Electrodes and Hydrophilic Poly(vinylidene
fluoride) Porous Separator, Appl. Surf. Sci., 443, 412-420, 2018.
Fischle H., Busch D., Schmitz B., Herrmann H., and
Winternheimer S., New Separator Material for Supercapacitors,
In Proc. of 3™ European Symposium on Supercapacitors and
Applications, (ESSCAP), Rome, Italy, 6-7 November, 2008.
Szubzda B., Szmaja A., Ozimek M., and Mazurkiewicz S.,
Polymer Membranes as Separators for Supercapacitors, Appl.
Phys. 4, 117, 1801-1809, 2014.

Karabelli D., Leprétre J.C., Alloin F., and Sanchez J.Y.,
Poly(vinylidene fluoride)-Based Macroporous Separators for
SCS, Electrochimica Acta, 57, 98-103, 2011.

Yu H., Tang Q., Wu J., Lin Y., Fan L., Huang M., Lin J., Li
Y., and Yu F., Using Eggshell Membrane as a Separator in
Supercapacitor, J. Power Sources, 206, 463-468, 2012.
Salarizadeh P., Javanbakht M., Pourmahdian S., Hazer M.S.A.,
Hooshyari K., and Askari M.B., Novel Proton Exchange
Membranes Based on Proton Conductive Sulfonated PAMPS/
PSSA-TiO, Hybrid Nanoparticles and Sulfonated Poly(ether
ether ketone) for PEMFC, Int. J. Hydrogen Energy, 44, 3099-
3114, 2019.

Bakeri G., Rezaei-DashtArzhandi M., Ismail A.F., Matsuura
T., Abdullah M.S., and Cheer Ng Be., Porous Polyethersulfone
Hollow Fiber Membrane in CO, Separation Process via
Membrane Contactor-The Effect of Nonsolvent Additives,
Korean J. Chem. Eng., 34, 160-169, 2017.

Y're



19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

e OIB 33l )3 0 IWSTIS Ylgieds (3305 Jaizg) ks Asls 3 sbise S pa)l5"

Mohammadi R., Hezarjaribi M., Ramasamy D.L., Sillanpid M.,
and Pihlajaméki A., Application of a Novel Biochar Adsorbent
and Membrane to the Selective Separation of Phosphate from
Phosphate-Rich Wastewaters, Chem. Eng. J., 407, 126494, 2021.
Hashim M., Sa’adu L., Bin Baharuddin B., and Dasuki A K.,
Using PVA, Methacrylate and Lauroyl Chitosan as Separator in
Supercapacitors, J. Mater. Sci. Res., 3,25, 2014.

Vargun E., Ozaltin K., Fei H., Harea E., Vil¢akova J., Kazantseva
N., and Saha P., Biodegradable Porous Polylactic Acid Film as
a Separator for SCS, J. Appl. Polym. Sci., 137, 49270, 2020.
Yazdani S., Lashkenari M.S., and Mehri F., Design a Novel
Mixed-Ligand Ni-MOF/MWCNT Nanocomposite to Enhance
the Electrochemical Performance of Supercapacitors, Synth.
Met., 307,117702, 2024.

Islam M.A., Ong H.L., Villagracia A.R., Halim K.A.A.,
Ganganboina A.B., and Doong R., Biomass-Derived Cellulose
Nanofibrils Membrane from Rice Straw as Sustainable
Separator for High Performance Supercapacitor, Indust. Crops
Products, 170,113694, 2021.

Lin K., Chen X., and Liu W., Preparation of Supercapacitor
Separator and the Effect of Its Porosity on Electrochemical
Performance, China Pulp and Paper, 38, 14-19, 2019.

LiJ., Jia H, Ma S., Xie L., Wei X., Dai L., Wang H., Su F.,
and Chen C.M., Separator Design for High-Performance
Supercapacitors: Requirements, Challenges, Strategies, and
Prospects, ACS Energy Lett., 8, 56-78, 2022.

Sun X.Z., Zhang X., Huang B., and Ma Y.W., Effects of
Separator on the Electrochemical Performance of Electrical
Double-Layer Capacitor and Hybrid Battery-Supercapacitor,
Acta Physico-chimica Sinica, 30, 485-491, 2014.

Aerts P., Van Hoof E., Leysen R., Vankelecom I.F.J., and Jacobs
P.A., Polysulfone—Aerosil Composite Membranes: Part 1. The
Influence of the Addition of Aerosil on the Formation Process
and Membrane Morphology, J. Membr. Sci., 176, 3-73, 2000.
Mathur V., Bremananth R., and Arya P.K., Image Analysis

Y'Yd

V&€ QLT a0 <€ 0 losds soulnd 9 o Jlw pouly (SI9I9SS 9 pale oale dlxo

29.

30.

31.

32.

33.

34.

35.

36.

of PVC/TiO, Nanocomposites SEM Micrographs, Micron,
139,102952, 2020.

Sanchez-Romate X.F., Del Bosque A., Artigas-Arnaudas J.,
Muioz B.K., Sanchez M., and Urefa A., A Proof of Concept of
a Structural Supercapacitor Made of Graphene Coated Woven
Carbon Fibers: EIS Study and Mechanical Performance,
Electrochimica Acta, 370, 137746, 2021.

Verma K.D., Sinha P., Banerjee S., Kar K.K., and Ghorai M.K.,
Characteristics of Electrode Materials for Supercapacitors,
In Handbook of Nanocomposite Supercapacitor Materials I:
Characteristics, Springer, 269-285, 2020.

Chatterjee D.P. and Nandi A.K., A Review on the Recent
Advances in Hybrid Supercapacitors, J. Mater. Chem. A, 9,
15880-15918, 2021.

Hoseinzadeh E., Wei C., Farzadkia M., and Rezaee A., Effects
of Low Frequency-Low Voltage Alternating Electric Current on
Apoptosis Progression in Bioelectrical Reactor Biofilm, Front.
Bioeng. Biotechnol., 8, 2, 2020.

Shabeeba P., Thayyil M., Pillai M.P., Soufeena P.P., and
Niveditha C.V., Electrochemical Investigation of Activated
Carbon Electrode Supercapacitors, Russian J. Electrochem.,
54, 302-308, 2018.

Huo P., Zhang S., Zhang X., Geng Z., Luan J., and Wang G.,
Quaternary Ammonium Functionalized Poly(aryl ether sulfone)s
as Separators for Supercapacitors Based on Activated Carbon
Electrodes, J. Membr. Sci., 475, 562-570, 2015.

He T, Jia R., Lang X., Wu X., and Wang Y., Preparation and
Electrochemical Performance of PVDF Ultrafine Porous Fiber
Separator-Cum-Electrolyte for Supercapacitor, J. Electrochem.
Soc., 164, E379, 2017.

Liu M., Turcheniuk K., Fu W., Yang Y., Liu M., and Yushin G.,
Scalable, Safe, High-Rate Supercapacitor Separators Based on
the Al,0, Nanowire Polyvinyl Butyral Nonwoven Membranes,
Nano Energy, 71, 104627, 2020.



