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ABSTRACT

electrolytes) have attracted great attention as a suitable substitute for liquid
electrolytes. On the other hand, ionic liquids could dramatically enhance the
ionic conductivity of electrolytes. In this work, gel polymer electrolytes based on
poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP)/poly(ethylene oxide)
(PEO) blends (for application in dye-sensitized solar cells (DSSCs)) and imidazolium-
based ionic liquids were prepared. It is supposed that blending these two polymers
could reduce the degree of crystallization and increase the porosity of the electrolyte
blend to yield a higher electrolyte uptake and ionic conductivity.
Methods: Polymer blend electrolytes were prepared in different blend ratios and in
the presence of either one of the ionic liquids including BMII or BMIMBE, through
phase inversion method and their properties were investigated by differential scanning
calorimetry (DSC), mercury porosimetry, electrolyte uptake, and morphology to
optimize the blend ratio.
gel polymer electrolyte, Findings: It was found that the blend ratio of 60/40 (w/w) PVDF-HFP/PEO has the
polymer blend, highest porosity and electrolyte uptake. Crystallization investigations by DSC showed
ionic liquids, that there is a direct relationship between the decrease of crystallinity of two polymers
and the increment of electrolyte ionic conductivity. Electrolyte uptake gradually
increased with increasing PEO component concentration up to 40 wt%, and reached
electrochemical properties a maximum of 98.49% and 89.48% for BMIMBF, and BMII, respectively. Beyond
this concentration, a decrease in electrolyte uptake was seen, which is an undesirable
feature for the produced samples. In this blend ratio ionic conductivity was measured
as 2.07 mS/cm and 1.78 mS/cm for PVDF-HFP/PEO/BMIMBF, and PVDF-HFP/
PEO/BMII electrolytes, respectively.

l lypothesis: In recent years, gel polymer electrolytes (quasi-solid state

ionic conductivity,
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Table 1. Experimental melting enthalpy, expected melting enthalpy, degree of crystallinity and the difference between melting
enthalpy for PVDF-HFP and PEO.

PVDE-HFP (A)/ PEO (B) _ A, 0 _AH,,; O) @) | oy (%)
Experimental Expected Experimental Expected

100/0 28.74 28.74 0 0 27.45 0

90/10 25.35 25.86 0 12.65 26.9 0

80/20 21.29 22.99 6.54 253 25.42 153
70/30 17.84 20.11 22.58 37.95 24.34 35.22
60/40 14.38 17.24 35.21 50.6 22.89 41.19
50/50 11.27 14.37 55.54 63.26 21.53 51.98
40/60 8.69 11.49 70.29 75.91 20.75 54.82
30/70 4.45 8.62 90.31 88.56 14.17 60.37
20/80 2.18 5.74 105.61 101.21 10.41 61.77
10/90 0 2.87 120.49 113.86 0 62.65
0/100 0 0 126.52 126.52 0 59.2
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Fig. 2. Polarized optical microscopy images of PVDF-HFP/PEO blends at room temperature for different blend ratios: (a) 30/70,

(b) 40/60, (c) 60/40, and (d) 70/30 (w/w).
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Table 2. Porosity variations in blend membranes of neat polymers and PVDF-HFP/PEO blends at different blend ratio

PVDF-HFP/PEO Average pore size (mm) Pore volume, Vp Caleulated porosity, Porosity (%)
(cm’/g) Eyyp (70)
100/00 0.95 0.71 39.30 40.11
90/10 1.52 0.82 47.70 45.26
80/20 1.85 0.86 49.20 47.32
70/30 1.98 1.20 51.24 50.14
60/40 2.14 1.47 58.65 57.16
50/50 2.06 1.35 56.52 55.37
40/60 1.81 1.21 48.94 46.28
30/70 1.86 1.13 46.40 45.31
20/80 1.66 1.12 39.54 39.02
10/90 1.61 0.80 32.11 30.87
00/100 1.43 0.74 28.99 27.46
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Fig. 4. The electrolyte uptake of microporous membranes of

PVDF-HFP/PEO/BMIMBF, and PVDF-HFP/PEO/BMII.
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Fig. 6. Cross-sectional SEM images of the PVDF-HFP/PEO membranes at different
blend ratios: (a) 80/20, (b) 70/30, (c) 60/40, (d) 40/60, (e) 30/70, (f) 20/80, and (g)
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Fig. 7. AFM images of neat polymers and PVDF-HFP/PEO electrolyte membranes at different blend ratios: (a) neat PEO, (b)
20/80, (c) 40/60, (d) 60/40, (e) 80/20, and (f) neat PVDF-HFP.

N i )l 230958 A 0)loub (ool g Jw sl (SI9)9)S5 9 pole (pole dlzo



PVDF-HFP/PEO dicseT dsly p3 Siile 6 poaly sy iUl aliouidig il olga 9 (puslisd JSiis

(V) 1l o Bl s a1 Jodize (g adly <5 S 55 O
Llodd 5 msle ol p 2SI L oS Laazey 58 Oloo ablianc 55 (slao i
oo mle Sl il sl 0 &S JSS s A8 e ()
Sy slazel 53 L gla Jel= JUasl (F) 5 (U5 56) Lleds
5L oo cnl by (s o 53 51 50S) Saddy J5S05
sl Lol s 55 (K8 15 ahew s odala! 505 o
50kl chl @ Ja Sailes ol 055l s 05
S Gl i e bl pl i wly s ol S
S5 oo b glael e JWl 6l ey Joame sk Ol
Lol oo sl mle Sl NG el oot Son Lo
e Rl e IS g adlae 5 s Rl le
s s Sdile by s el oy sl s Sl
Al 5 s 5L sl ol s S0 5518 50 [¥] 0L Ss 5 Cui
oy 3l eS8 b Lol s s e gosh s o
Sl Ll 1 Gl a e 5 el S5 glaane S
5l Sl ¥ wt B PEO hle (b8l L myda Sy
3 S Sldalis ol 053l ol wl als of 51 51
ol 4 (sladu ;> oS 5 55 (6 arky Slaasial S5k tals
L ol 5 s il ol St (Rl o se oS
e o s 1y G Sl 5 255 00

EIS  glag Soslkl 5l edalcawsas  glaosls bl 5
sbww 2l PVDF-HFP/PEO/BMIMBF, )5 slacds I
PVDF-HFP/PEO/ slacs Sl 4 ol 6 ldie 3 (g3
©Olg e ) wlsyg Sa Skile, cpl sl Olis BMII
BMII L 4ulis ;5 (YY$ g/mol) BMIMBEF, S J oS 055
S S sad Sse Il sl e (YPEY g/mol)
S Sl 4 s S €S > o i ol 5l al 5 BMIMBF,
ceds Sl iy g Skile, Koo s S SLS iy
& Gp gl pl e bls wowd (Seo BMIMBF, b
S Stley dp; . AiL PVDF-HFPPEO (glasesl slis
(VY] 0Len 5 Shalu ol Lo g mle Sl b poditne s shoay
oSl 4 BMIMBF, 035580 (sls 3,158 elive 4l 411 L
el ol S Sale, 5l C> 4o PVDF-HFP

S 5 4o

b o aled) el lael glacds xS iass ol o

N ol )b 23098 A 0)loub (ool 9w Jw sl SI9)9IS5 9 pole «sole dlxo

S by o iged opl R Glag s M 4 Ol e 1) ealin
Lis opl dhesas @il iy Sl e Al e a0
ssb4 PEO Sl o8 slacds xS0 53 e b mla (pioman 550
adkie Gl S Cslalis ) eSS 65k bl Lsa sdes

S e ol ) o sl Griy S

sl 5 Ol
PVDE-HFP/PEO/ (s oy slacd s xS Jg Sl polis
s &wewws > PVDF-HFP/PEO/BMII 5 BMIMBF,
WSS ) el il ol 3l QLS A IS 3 sl Cilzses
5 J5ss Wy, OLa PEO bls 5l ab &) soas S (Sl
(I3 T 2 8 LS e e 0L el S
wio polie 4l a S Sasle, sl £0/F wt
PVDF-HFP/PEO/ (slawssl sl VYA mS/em 5 Y/+V
L @l (gl 4w, PVDF-HFP/PEO/BMII ; BMIMBF,
S 340y cills [4] O Kes 5 Cheng ol iS5 (slaasl
Sl 5 S Gl Ole it aaly (s S O
Sl sy S

3 S sl [Y4] oLea 5 Li 5 [YV] 0K 5 Saito
Ol & e 5 Bl e ploay Lo Glao i 3 mile oy S
JUsl S 20 1y S g 4 b b S o 3580 (6 oy sla i

[ PV DF-HFP/PEO/BMIMBE,
[ IpVDF-HEP/PEO/BMIT
0.0020 A1
B
o]
@ 0.0015
2
z
g
2 0.0010
o
Q
Q
=)
=
0.0005 1
0.0000 L

0 10 20 30 40 50 60 70 80 90 100
PEO composition (wt%)
5 PVDF-HFP/PEO/BMIMBF, sLGPE jy Suile,-A (S2
PVDF-HFP/PEO/BMII
Fig. 8. lonic conductivity of PVDF-HFP/PEO/BMIMBF4
and PVDF-HFP/PEO/BMII GPEs.



PVDF-HFP/PEO ditkaeT dsly ju Siile 6 poals waalg 3iSUl (alioaiiig il olga 9 (puslisd JSids

5 b So S Ol e a0l Jlail 5 Lae i o3l Joilsis
Aoys oS54 el Sl sldag Sladiped ul S
S Sl e rie 5wl deg dod ol axl
Jeol= BMIMBF, & sloms 55 5 aziens] 5180/F0 55 S 5o
SHly il 035 wal 31y G (Sl piie S A
S-S I Y0V mS/em ai sldie b ol aug sl ol S
ey RS i o e doss oSl (res D

sl ol ]y el <

&1y

1. Prabakaran K., Mohanty S., and Nayak S.K., PEO/PVdF-HFP
Electrolytes for Natural Dye Sensitized Solar Cell Applications:
Effect of Modified Nano-TiO, on Electrochemical and
Photovoltaic Performance, J. Mater. Sci. Mater. Electron., 26,
3887-3897, 2015

2. Das S. and Ghosh A., Charge Carrier Relaxation in Different
Plasticized PEO/PVDF-HFP Blend Solid Polymer Electrolytes,
J. Phys. Chem. B., 121, 5422-5432, 2017.

3. Aram E., Ehsani M., and Khonakdar H.A., Improvement of
Ionic Conductivity and Performance of Quasi-Solid-State Dye
Sensitized Solar Cell Using PEO/PMMA Gel Electrolyte,
Thermochim Acta, 615, 61-67,2015.

4. Kumar P.S., Sakunthala A., Reddy M.V, and Prabu M.,
Structural, Morphological, Electrical and Electrochemical Study
on Plasticized PVdF-HFP/PEMA Blended Polymer Electrolyte
for Lithium Polymer Battery Application, Solid State Ionics,
319, 256-265, 2018.

5. Wang Z., Tang Y., and Li B., Bicontinuous and Cellular Structure
Design of PVDF Membranes by Using Binary Solvents for the
Membrane Distillation Process, RSC Adv., 8, 25159-25167,
2018.

6. Prabakaran K., Mohanty S., and Nayak S.K. Improved
Electrochemical and Photovoltaic Performance of Dye
Sensitized Solar Cells Based on PEO/PVDF-HFP/Silane
Modified TiO, Electrolytes and MWCNT/Nafion® Counter
Electrode, RSC Adv., 5, 40491-40504, 2015.

7. Zhao X.G., Park J.Y., and Gu H.B., Addition of Electrospun
TiO2 Nanofibers for Improving the Charge Capabilities of
Polymer Electrolyte-Based DSSCs, J. Electrochem. Soc., 161,

ol oass BMIMBF, L BMII s <lols 5 PVDF-HFP/PEO
sddag Aibed) (g lacdy S ) s o Lil S
bt S glaol&anns 3 eslinal SolilB GBSty Soas b
ol Gy sbad e 5 s ol etd glag 5L b
Gl Jltlas Ko s ol K8 (Sush Al 1 2555 «
BB A o S b Ol g Susle; 5 e
S dglmel G oaeb e b el Lo ol
Sie opl p Ossl ol anl Rl S Saole sl

517-522,2014.

8. Saikia D., Han C.C., and Chen-Yang Y.W., Influence of Polymer
Concentration and Dyes on Photovoltaic Performance of Dye-
Sensitized Solar Cell with P(VdF-HFP)-Based Gel Polymer
Electrolyte, J. Power Sources, 185, 570-576, 2008.

9. ChengQ.,CuiZ., LilJ.,QinS., Yan F., and Li J., Preparation and
Performance of Polymer Electrolyte Based on Poly(vinylidene
Fluoride)/Polysulfone Blend Membrane via Thermally Induced
Phase Separation Process for Lithium lon Battery, J. Power
Sources, 266, 401-413, 2014.

10. Cui 2.Y., Xu Y.Y., Zhu L.P.,, Wang J.Y., Xi Z.Y., and Zhu B.K.,
Preparation of PVDEF/PEO-PPO-PEO Blend Microporous
Membranes for Lithium Ion Batteries via Thermally Induced
Phase Separation Process, J. Member. Sci., 325, 957-963, 2008.

11. Zhai W., Zhu H., Wang L., Liu X., Yang H., Study of PVDF-
HFP/PMMA Blended Micro-Porous Gel Polymer Electrolyte
Incorporating Ionic Liquid [BMIM]BF4 for Lithium Ion
Batteries, Electrochim Acta, 133, 623-630, 2014.

12. Chaurasia S.K., Singh R.K., and Chandra S., Electrical,
Mechanical, Structural, and Thermal Behaviors of Polymeric
Gel Electrolyte Membranes of Poly(Vinylidene Fluoride-
co-Hexafluoropropylene) with the Ionic Liquid 1-butyl-
3-Methylimidazolium  Tetrafluoroborate ~ Plus  Lithium
Tetrafluoroborate, J. Appl. Polym. Sci., 132, 2015.

13. Manafi P., Ghasemi I., Manafi M.R., Ehsaninamin P., and
Hassanpour Asl F., Non-isothermal Crystallization Kinetics
Assessment of Poly(lactic acid)/Graphene Nanocomposites,
Iran. Polym. J., 26, 377-389, 2017.

14. Prabakaran K., Mohanty S., and Nayak S.K., Solid State Dye

N i )l 230958 A 0)loub (ool g Jw sl (SI9)9)S5 9 pole (pole dlzo



15.

16.

18.

19.

20.

21.

22.

Sensitized Solar Cells: Eosin-Y Sensitized TiO,~ZnO/PEO-
PVDF-HFP-MMT  Electrolytess MWCNT-Nafion® Counter
Electrode, Ceram Int., 41, 11824-11835, 2015.

Keun Kwon I., Kidoaki S., and Matsuda T., Electrospun Nano-
to Microfiber Fabrics Made of Biodegradable Copolyesters:
Structural Characteristics, Mechanical Properties and Cell
Adhesion Potential, Biomaterials, 26, 3929-3939, 2005.

Lee H., Yanilmaz M., Toprakci O., Fu K., and Zhang X., A
Review of Recent Developments in Membrane Separators for
Rechargeable Lithium-lon Batteries, Energy Environ. Sci., 7,

3857-3886, 2014.

. Daux V., Prochazka F., and Carrot C., Cocontinuous Morphology

in Vinylidene Fluoride Based Polymers/Poly(ethylene oxide)
Blends, J. Appl. Polym. Sci., 128, 265-274,2013.

Alipoori S., Torkzadeh M.M., Moghadam M.H.M., Mazinani S.,
Aboutalebi S.H., and Sharif F., Graphene Oxide: An Effective
Ionic Conductivity Promoter for Phosphoric Acid-Doped
Poly(vinyl alcohol) Gel Electrolytes, Polymer, 184, 121908,
2019.

Penning J.P. and Manley R., Miscible Blends of Two Crystalline
Polymers. 1. Phase Behavior and Miscibility in Blends of
Poly(vinylidene fluoride) and Poly(1,4-butylene adipate),
Macromolecules, 29, 77-83, 1996.

Kalogeras I.M. and Brostow W., Glass Transition Temperatures
in Binary Polymer Blends, J. Polym. Sci., Part B: Polym. Phys.,
47, 80-95, 2009.

Utracki L.A. and Kanial M.R. Melt Rheology of Polymer
Blends, Polym. Eng. Sci., 22, 96-114, 1982.

Choi B.K. Optical Microscopy Study on the Crystallization in
PEO-salt Polymer Electrolytes, Solid State lonics, 168, 123-129,
2004.

N ol )b 23098 A 0)loub (ool 9w Jw sl SI9)9IS5 9 pole «sole dlxo

24.

25.

26.

27.

28.

29.

30.

PVDF-HFP/PEO dicseT dsly p3 Siile 6 poaly sy iUl aliouidig il olga 9 (puslisd JSiis

. Gomari S., Esfandeh M., and Ghasemi 1., All-Solid-State

Flexible Nanocomposite Polymer Electrolytes Based on
Poly(ethylene oxide): Lithium Perchlorate Using Functionalized
graphene, Solid State lonics, 303, 37-46, 2017.

Jeon J.D., Cho B.W., and Kwak S.Y. Solvent-Free Polymer
Electrolytes Based on Thermally Annealed Porous P(VdF-
HFP)/P(EO-EC) Membranes, J. Power Sources, 143, 219-226,
2005.

Mohamadi M., Garmabi H., and Papila M. Conjugated
Dual-Phase Transitions in Crystalline/Crystalline Blend of
Pol(vinylidene fluoride)/Poly(ethylene oxide), Polym. Bull., 74,
2117-2135, 2017.

Castro M., Prochazka F., and Carrot C., Cocontinuity in
Immiscible Polymer Blends: A Gel Approach, J. Rheol., 49,
149-160, 2005.

Saito Y., Kataoka H., Quartarone E., and Mustarelli P., Carrier
Migration Mechanism of Physically Cross-Linked in Polymer
Gel Electrolytes Based on PVDF Membranes, J. Phys. Chem.
B., 106, 7200-7204, 2002.

Sundaram N.T.K. and Subramania A., Microstructure of PVdF-
co-HFP Based Electrolyte Prepared by Preferential Polymer
Dissolution Process, J. Member Sci., 289, 1-6, 2007.

LiZ., SuG., Wang X., and Gao D., Micro-Porous P(VDF-HFP)-
Based Polymer Electrolyte Filled with Al,O, Nanoparticles,
Solid State lonics, 176, 1903-1908, 2005.

MaT., CuiZ., WuY., QinS., Wang H., Yan F., Han N., and Li J.,
Preparation of PVDF Based Blend Microporous Membranes for
Lithium Ion Batteries by Thermally Induced Phase Separation,
I. Effect of PMMA on the Membrane Formation Process and the
Properties, J. Member. Sci., 444, 213-222,2013.



