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Abstract: In this study, we have developed pore-filled ion-exchange membranes (PFIEMs) filled with ionomer in a thin
polyethylene porous film (thickness = 25 um) and investigated the charge-discharge characteristics of the all vanadium redox
flow battery (VRFB) employing them. Especially, the degree of crosslinking and free volume of the PFIEMs were appropri-
ately controlled to produce ion-exchange membranes exhibiting both the low membrane resistance and low vanadium perme-
ability by mixing crosslinking agents having different molecular size. As a result, the prepared PFIEMs exhibited excellent
electrochemical properties which are comparable to those of the commercial membranes. Also, it was confirmed through the
experiments of vanadium ion permeability and VRFB performance evaluation that the PFIEMs showed low vanadium ion
permeability and high charge-discharge efficiency in comparison with the commercial membrane despite their thin film
thickness.

Keywords: Pore-filled ion-exchange membranes, all vanadium redox flow battery, degree of crosslinking, free vol-
ume, low vanadium permeability
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Fig. 1. Schematic drawing of all-vanadium redox flow bat-
tery system.
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Table 1. Chemical Structure of Crosslinkers Used in this Work

Cross-linker

Structural formula Mw (g)

Divinylbenzene (DVB)

Ethylene glycol dimethacrylate (EGDMA)

1,6-Hexanediol dimethacrylate (HDDMA)

H;C\
e 130.19
R
CHz
/\( \/\O)KICH“ 198.22

CH;

/\«\/\/\/\c/\z

254.32

Table 2. Monomer Compositions of Cation- and Anion-exchange Membranes which are Studied in this Work

Membrane Monomer composition Membrane Monomer composition
Sty Cross-linker (20 wt%) Cross-linker (20 wt%)
CEM o AEM VBC Sty
(wt%) DVB EGDMA HDDMA DVB EGDMA HDDMA
PFCEM (Sty80/A) 80 18 1 1 PFAEM (VBC3/Styl/A) 3 1 18 1 1
PFCEM (Sty80/B) 80 16 2 2 PFAEM (VBC3/Sty1/B) 3 1 16 2 2
PFCEM (Sty80/C) 80 14 3 3 PFAEM (VBC3/Styl/C) 3 1 14 3 3
PFCEM (Sty80/D) 80 12 4 4 PFAEM (VBC3/Styl/D) 3 1 12 4 4

£ 7)1FoR 39 80 wt% o2 ZHFUY. MuARE
22 3717} /o]t divinylbenzene (DVB), ethylene
glycol dimethacrylate (EGDMA), 1,6-hexaneidol dime-
thacrylate (HDDMA)S 974 HI&Z E3sto] A&t
Aok AREE ThwA e Al T2 9 EAES Table 1
of dgstitt. DVBE HIEE 7tuAle &3S F &
A FA 71FE 20 w2 2AEH o F5FE A%
WA A 2= benzophenone (BP)S 813t T Al ©
FA 24E Table 20 AElste] Jeplich 7
FA &gl AHE A 7IAE 1A T A
A FRAA SFATL Hl%oﬂ HAs X2
Skt o]0 T A o|FHF Abelo] @FAV} F3
B 1A AE Ak 898 EoH daiges
A Qole] HRAE AALD A T
olell YA F HE Ho|ZE BX 15}04 %ﬂ I
E‘ra‘;ﬂ] a9 Aaete] &S WA 5
2 1 kW UV lampE A2gh AwolA oF 107 <t
XJ?SEElMEP. o]F FolX ugte] A9 43} °‘“Er7l
E943t7] 98l 1 M trimethylamine (TMA) 584
71A e A ko] 50°Cell M SAIRE F9F 43F AR
F3} WHS(quaternization)S Z3YstA ). ol wEhat
o] Ag, eZWNE E=ds] flste 3 ik
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Fig. 2. Reaction schemes of anion- and cation-exchange
membranes studied in this work.
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Table 3. Physical and Electrochemical Characteristics of Commercial and Prepared Pore-filled Ion-exchange Membranes

Membranes Thickness wuU IEC Conductivity MER2 Transport no.
(um) %) (meq/g) (mS/em) (Q end) ©)
Nafion 1135 (Dupont) 95 19.52 0.91 9.31 1.02 0.962
PFCEM (Sty80/DVB20) 25 20.47 2.49 3.35 0.75 0.974
PFCEM (Sty80/A) 26 22.12 2.06 4.80 0.54 0.987
PFCEM (Sty80/B) 26 24.54 2.11 5.39 0.48 0.979
PFCEM (Sty80/C) 26 25.02 2.24 5.62 0.46 0.977
PFCEM (Sty80/D) 26 26.37 2.22 5.90 0.44 0.977
AMX (Astom) 135 22.60 1.42 4.16 3.15 0.970
PFAEM (VBC3/Sty1/DVB20) 26 18.73 2.18 333 0.78 0.975
PFAEM (VBC3/Styl/A) 26 19.24 227 3.66 0.71 0.979
PFAEM (VBC3/Sty1/B) 26 19.87 2.26 3.77 0.69 0.978
PFAEM (VBC3/Styl/C) 26 20.11 2.33 3.88 0.67 0.978
PFAEM (VBC3/Styl1/D) 26 21.36 2.34 3.82 0.68 0.977
: 3. 2 3 D&

2.4. 340 45 gt

A v 55 AAY S8 A H7HE Sdl lab-
made non-flowing cell& °©]83l5 oM = H3d
2.0 M V(S04)3/3.0 M H,SO, F8H-& ALE3F9 T &
= o 2.0 M VOSO4/3.0 M H,S04 84S
AHEEATh o= A &= dage 242 8 mL
A FU3FH I Automatic battery cycler (WBCS 3000,
Wonatech)& ©]83l9 1.9 V7FA TZHAIZI & 08 V
7HA AN, ojnf M= g JERle] fFEHAS
125 em’e]9 o QA7 AFLUEE 20 mA/em’o|S)
o A Ago ARE-E carbon felt (GF20-3, Nippon
Graphite)v= &TA4S AAst] sl ik 254
= AT HBH A AE Aol dF71E ol&shd
400°Coll A 202 &<t FASFL 1 F 500°CA 10
=01 I8 & o}%{t} 5]25_24 o7 Z=uA A= Pyris
#13ll  coulombic efficiency (CE), voltage efficiency

(VE), energy efficiency (EE)E Z}Zt Th 4] (8)-(10)
= ol ArEskh
_ Discharge capacity (Ah)
CE= Charge capacity (Ah) > 100% (®)
_ Average dicharge voltage (V)
VE= Average charge voltage (V) < 100% ©)
EE= CEX VE (10)
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Fig. 3. Stress-strain curves of PFCEMSs prepared with differ-
ent crosslinking conditions, respectively (@ dry state, RT).
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Fig. 4. Charge-discharge curves of VRFBs utilizing differ-
ent (a) cation- and (b) anion-exchange membranes, re-
spectively (current density = 20 mA/cm?).
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Table 4. Charge-discharge Efficiencies of VRFBs Utilizing
Different Cation- and Anion-exchange Membranes

Membranes CE (%) VE (%) EE (%)
Nafion 1135 (DuPont) 94.8 92.0 87.2
AMX (Astom) 96.2 85.3 82.1
PFCEM (Sty80/D) 94.5 914 86.3
PFAEM (VBC3/Styl/A) 97.0 86.4 83.7
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Table 5. Crossover Rates of Vanadium Redox Ion through
Cation- and Anion-exchange Membranes Studied in this Work

Membrane VO," permeability (cm?/sec)
Nafion 1135 (DuPont) 1.303 x 107
AMX (Astom) 7.257 x 10
PFAEM (VBC3/Sty1/DVB20) 1.045 x 107

PFAEM (VBC3/Styl1/A) 6.726 x 10
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