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Abstract

Vanadium redox flow battery (VRFB) is emerging as an efficient and promising technology in
terms of long-term cycling stability, constant power output, and outstanding safety for large
scale applications. The crucial component of the VRFB system is the membrane/separator,
which mitigate the cross mixing of electrolytes yet to provide ionic conductivity; but due to its
high cost, it limits the commercialization of the VRFB system. The ion exchange membranes
(IEMs) developed till date as an alternative to the commercial Nafion membrane could not be
sufficient from the cost effectiveness due to their tedious and complex synthetic processes. A
flawless membrane should have excellent proton exchange capability with minimum area
resistance, low swelling ratio and sufficient water uptake along with restricted vanadium ion
permeability. In this context, low-cost and negligible ionic resistance of the porous separators
makes it a potential alternative to the high cost Nafion membranes. However, severe vanadium
ion crossover through the micron size pores of the porous separator needs to be addressed. To
tackle the same, three membrane/separators were explored and employed in the VRFB
applications. The research work is focussed on the modification of the existing porous

membranes/separators.

Effect of the loading of the Nafion solution is used as a filler in to the porous polyvinylidene
fluoride (PVDF) membrane for reducing the crossover of the vanadium ion species. Scanning
electron microscopy (SEM) confirmed the uniform penetration of the Nafion solution
throughout the membrane. It is was found that water uptake, Nafion consumption (5 wt.%) and
permeability of vanadium ions of PVDF-Nafion membrane are significantly smaller than the
Nafionl17 membrane. Vanadium permeability of PVDF-Nafion composite membrane reduced
18 times than that of the Nafion117 membrane. On flip side, the PVDF-Nafion composite

membrane shows reduced ion conductivity. Therefore, in this work, a strategy is shown how

vii



to tackle the additional overpotential due to reduced proton conductivity. Further, the effect of
the thermal treatment on the porous network of the polyethylene (PE) separator is studied by
exposing it to the high temperature within the range of 130°C to 250°C. The vanadium ion
permeability of the PE-Pristine separator (217x10”7 cm?-min™") reduced significantly to 9x1077
cm?-min’! for the PE-170 separator owing to the decrease in the pore size. VRFB cell equipped
with the PE-140 separator demonstrated optimum results in terms of better capacity retention,
columbic efficiency (CE = 99%) and energy efficiency (EE = 70%). Further, the separator
performance evaluated at a 3-cell VRFB stack with an effective area increased to 228 cm?.
Owing to the low EE, the PE separator was further modified wherein a cross-linked polyvinyl
alcohol (PVA) layer is coated on to the PE separator to mitigate the vanadium ion crossover.
PE-PVA separator showed better capacity retention with a capacity fade rate of 0.2% Ah-cycle
!'than the Nafion117 membrane (0.5% Ah-cycle™!). In-situ and ex-situ oxidative stability of the
separator is explored in detail and a degradation mechanism of the cross-linked PVA membrane
is proposed accordingly. The synthesized single side coated PE-PV A" separator exhibits higher
CE of 99% and comparable EE of 71% at a current density of 120 mA-cm? and demonstrated
excellent lifetime durability tested up to 1600 charge-discharge cycles at 80mA-cm™. In a
parallel study, the performance of the recycled PFSA membrane is explored as a potential low-
cost alternative to the Nafionl17 membrane recycled from waste membrane. At last, the
techno-economic assessment is done to justify the practicality of all the synthesized

membranes for 1kW 1kWh VRFB system.

Keywords: Capacity retention, Membrane synthesis; PE separator; Self-discharge; Vanadium

ion permeability; Vanadium redox flow battery.
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LI

JAfETy YSTe Tl St (VREFB) ddb-iie ddll 3(afy &) Irsepfen fRRaT, fARaR Sl
IdTEH, 3R & YA TR IUUNT & e Sepy JRaf & el H Teb YT SR SMT=ITSich
JH-1P & U H IR TG 81 VRFB TUE &7 a9 HedqUl gedh et/ fAuTss §, st
ZACIAECY & SRR BT Adhdl § 3R 1Y 8 3 uRde UgH ol §; Al
gqP] I AN & HRUL, g VRFB UUMCHt P ITONSHIBRUT T TfEd Bl 8| a1forious
Aftha fareell & fadbed & =u & fafid oima- TS faifeadl (1IEMs) Sified 3R $faH
RO Gfeh 131l o Ef¥epI0N & Uit 61 € | Tb SEadi f3reail § Sep ¥ el Tarrds &l
B T1fRT, g &= TRy & WY, HH Yo SruTd, Tafe ot siftrrgu, ofR ufaefa
ST 3T TR B AU 59 o H, 3fad fauTed 1 &H dnTd 3R 710
S UiRIY 38 I ARG arelt Afthad el &1 fdeed sram 31 gTaiiios, fsfa
fIHTSIeh o HISHIM TR & sl A dSTH M & 3D HIASATR DI Yl B Pl
TGS ¢ | 3H §A P & forQ, o TR 1 fifeerdll/ faHTsiep &1 3150 3R VRFB
VAT ® IUTNT fasan | My T 1 PR I Hielel fofaa Rifem/ favrsres @
RRIDE ]

AT STH 3T &b ISR DI HH B & fATT B PVDF fereed! H ftheR & U H Aftha
TR B T BT YUTT ST 17| W+ SAde - AIZHRDIU! (SEM) A et & HiaR
AT iegRH &1 9 FU A U &1 gf¥ &1 | I8 Ul 711 b PVDF-Aftha farect! &
S HfITgr, Afthaa Tud (5 Iei ufawrd), 3R IAfSaH Hrasiar Aftha117 e o
I T B! HH § | PVDF-ATha HIifore fRIeed &t dnf oy R Aftha 117 faredt
DI AT H 18 AT HH 81 15 | ORI 3R, PVDF-ATtha Hifoie fareatt & oo uikagd &
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HHt el 81 9o, 39 o1 § U8 0Ffd IRdd &t 7S § [ &3 Wil ulagd & &Rl
Ie AR SiaRUICRIe J &8 FueT ST 39 3feral, PE faureis & fBfad Acad
IR Y dlede & THTE &1 e fohar man, S| 9 130°C ¥ 250°C & I dad= o
3aTTd BT PE-OREH faumiss (217107 T 1) ©F anfsaw smaq urRiwan, f&g
3R H HHI & BRI, PE-170 fAHTSID & 1T HT1BT gehr 9x107 JHP-A1 B T | PE-
140 faHSTs § A9 FeRuBGs! I 7 IgaR &1 UfAURUT, CE (99%), 3R EE (70%) &
T 7 srgpa ufkomy wefRfa feu| om, fauTsie & Uexi o1 geuic 3-89 Ji3Rupst
W | frar T, o gHTdt &hd 228 YU I ST faar a1 HH SHoll GérdT (EE) &Y
& § 394 gU, PE AU & iR Iifaa farar ma, e pE faues W wra-fiss
UieifarTgd 3fehigdl (PVA) B TR BIc B1 TS, difds I STH 3T hig3Nar &l H fohar
ST 9F | PE-PVA' [HTS® = 98aR &far Wiaeror feam, foras Aftea-117 e (0.5%
Ah-IRHT ) BT AT H 0.2% Ah-SHA DI &HAT &7 &R UTs T8 | [AUTSS BT $7-Rig
3R TH-Rig sifaiiSfed fRRar &1 fadR & sreqg fasar T 3R wra-foas pva et
&1 Th B oA YdIiad foban mam1 xaf¥d Rivd-args dics PE-PVA' faHTS® 1 120
mA -JH12 B} YRT T W 99% Bt I CE 3R 71% ®! ga-19 EE URid 31, 3R 80
mA -1 TR 1600 TTol-FSETS! Th1 dob URIE0T 8 I T Sa-ahId RITIE faaran| iy
fareett ¥ gdIgd PFSA Il & UaRM &1 gedid Afthad117 fereah & forg duwifaa
Y dNTd aid fawed & =U | fhar 41| sida:, 1kW/1kWh VRFB JUal & fag aut

IRt fifeeral ot Hagrd &1 Ug! 58 & e dd-iet-3nfie Yeuie- faar |

RS XMeq;: & UTAURUT; frech WRAWUT; PE faHSTes; W-ugi (Sewh-fewr); afean
3T YRR, 31T STH YSTaRT Tl Ses |
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