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Abstract : Redox flow batteries are attractive energy-storage devices for renewable energy and
peak-power energy control. Even though some prototypes are available already, many new
materials are under development for new battery systems. In this reports, redox pairs and theirs
properties are explained, by which one can understand issues with redox pairs, such as con-
taminations, cross-over, ionic selectivity, and solubility. Batteries that have the same redox pairs
in both electrode compartments can be operated longer than those with different redox pairs
due to the prevention form the cross-contamination. There are undivided redox flow batteries
that have no membrane, which is another direction improving cycle life of the batteries.

Keywords : Redox flow batteries, Redox pairs, Secondary batteries
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Fig. 1. Redox flow battery.
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Table 1. Redox reactions of redox pairs"?
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Electrolytes

Charge/discharge reactions

Redox systems Catholvies Anolvtes Positive electrode Negative electrode ~ Membranes Ref
Vs Vs
v v E° vs SHE E° vs SHE
Honehromium | M CrCl in 1 M FeCly in Fe R’ reT CPre 0Pt rgzg‘:}‘(g}};n e 12)
2 M HCl 2 M HCl (E°=0.77 V) (E'=—041V) P g b
membrane)
Bromine/ 5 M NaBr saturated 1.2 MNaS 3Br > Bry +2¢ S,/ +2¢ > 28,7 222;;[;11 éic?lrarlllz, 37)
polysulfide with Br, ’ 2 (E*=+1.09 V) (E*=—0.265 V) g
membrane)
2+
 15MVOSO,in3~4 15MVOSO,in3~4 YO, TR0 sy o e Nafion 115 32,
All vanadium M H.SO M H2:0 —>VO,"+2H +e (E'=—0.26 V) (proton exchange 39,
=+1. membrane
2 ST E’=+1.00 V ‘ b 58
Nafion 125 or
polypropylene
Zinc/bromine 1~7.7 M ZnBr, with Zn excess of 0.05M 2Br  —Br,+2¢”  Zn* +2¢ — Zn microporous 1,10)
an excess of Br, Br, (E*=+1.09 V) (E*=—0.76 V) membrane ’
(bromide exchange
membrane)
. 2 M Vanadium 2M Vanadium 2Br +CIM > VCl+e Nafion 112 37,
Vanadium/ bromide in bromide in _ Z _
bromide 7-9 M HBr + 7-9 M HBr + CIBr, +2e — VCL+Cl (proton exchange 47,
(E’=+0.85 V) (E*=—0.58 V) membrane) 48)
1.5 M~2 M HCI 1.5 M~2 M HCI
Soluble( II ) speices Soluble( II ) speices Pb* + 2H,0 — PbZ + 26— Pb 2,
Soluble lead-acid in methanesulfonic  in methanesulfonic ~ PbO,+ 2H" +2e~ (E'=—0.13 V) 50,
acid acid (E*=+1.49 V) ’ 59)
. - .
Highly concentrated Highly concentrated 2Nl(.OH)2 *+OH Zn(OIfI ) - 2,
. . ; . ; N . —2NiOOH +2H,0 +20H +2e
Zinc-nickel solution of ZnO in  solution of ZnO in _ _ 55,
aqueous KOH aqueous KOH e — Zn+40H 56)
queou queou (E"=+0.490 V)  (E=—1215V)
T 2 M cerium 2Mzine 206" 5206 +2e 2+ 5Zn Tj;iz“ef;:; .6,
methanesulfonates  methanesulfonate (E'=+1.28 V) (E*=—0.76 V) P & 61)
membrane)
0.02M 0.02M
Rubpy) (B, RUGPYRIBED:/  [Rubpy):I(BF):/  [Rubpy)sf' > [Rulopy)f+a Moo Ser=0T
PY)stB4k2 "o | M TEA BF, 0.1 MTEABF,  [Ru(bpy);]’'+e”  — [Ru(bpy)s]* g
24 py membrane)
in acetonitrile in acetonitrile
. 0.2 M Fe(bpy)s/ 0.1 M Ni(bpy)s/ 2 . o, - FAP4
I;t((l;p”;/ 0.5M TEA BF,in 0.5 M TEA BF, in [I[TIZ(Zl(pr})/)i‘]” +_e>_ [I\_“)('EII\’I?();] )+]f (anion exchange  14)
PY)s propylene carbonate propylene carbonate PY)s pY)s membrane)
0.01 M V(acac);/0.5 0.01 M V(acac)s/0.5 _ AMI-7001
V(acac); MTEABF4in M TEA BF4in [\[l\gz‘zj;)]i] :;_ [X)(?\Cf(‘z)cgg T_ (anion exchange  13)
acetonitrile acetonitrile 3 3 membrane)
. UIvyu(v) p- U(IV)/u(IIn) - _ U(Iv)+e”
- +
All-uranium diketonate solution diketonate solution UaV)->UV) #e —U(II) 2,62)
1M nitric acidic 1M nitric acidic NpO.2* + ¢ A-511
All-neptunium  solution of 0.05M  solution of 0.05M  Np*"— Np*"+ e~ 112\1 0. (anion exchange 2,63)
neptunium neptunium P membrane)
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2.3.4. Zinc/bromine 3
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5,792 mm

Fig. 2. Cellcube FB 200-400 battery.*>
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P4, =2 A7t Wb, B9y duA] g8 W
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©
52 e =9 Hkg &) o3k HFo = Qs A
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Al EHZ o] 2 carbond =S ARESIA T R|&H <]
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carbon plastic®] B8-2 zinc &S 4UsHA 3k W
g wof] zincE 100% &3 a1 zine A&<]
TAE WA 7 U= G o] o HAAdA
100% W72 zinc®] &8-S onlshy sz A=
TFxol| F FES FA &=t ol AFolA host-
gest 725 o]&38k= lithium ©]xPAA]e) H]3] $r 0]
71 AHE = 4 U0

Zinc/bromine RFB= YW o2 20~50°Col|lx 2%
"o @ 2moMs dalde] Ago] Frkste] #
4 a84o] SA T bromine cross-over’} =4 &
T 284o] SN B2 2roME dalde A
ao] ZHA3EAl bromine EHto] wWEbAA] At 2873

10—

Voltage

o
o

| 1 1 1 1 1 1 [
0 1 2 3 4 5 6 7 8 9
Time. h

Fig. 3. Charge-discharge profile for a 50-cell stack cell.
80% electrolytes utilization; 30°C; 90 mAh/cm? zinc
loading; 20 mA/cm? or C/4.5 charge rate.”
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fr

rETo

2.3.5. Vanadium/bromide %

All-vanadium RFB®] 7F¢ & AHLe 43t -7
A FY EF HsE 48 ARSsH
9] cross-overdl] €3k 7t e AL FHTE Alo]

£
—r
=L
i

>~
ol
9
=2
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ok SR 15~25 Whikge] Adid oz whe o] o
L5 HolE® & oux dxo Fode B
Aol ATt ATAEL H =2 S=E 7] HsiA
it AR DS A8kl 4 Me] vanadium 8-S
tAplstA). 3HARE X Xde o] Begsle] Hi
o] 9J8)| vanadium ©]2¢] YT ALTAE &
A 2 A vanadyl sulfate(VOSO,) t4lel
vanadium oxide(V,0;, V,05)2} HBr/HCIS &331
AZs VCL/VCL BlE2 4L w2kt Bry oy
¢ 553 BrCll &= CLBr ¢ 28 ekt
polyhalide®] 2-8-0] A|ZE|$]2™2347 vanadium/bro-
mine(V/Br) RFBAIA= S olA vVl F5=
AS olg3lal YFoME ClIBr, Br & ARSI V/
Br RFB= UNSW<2| Maria Skyllas-Kaszacos 18
oA 20010 BUEIHEE? 27] AFeiME 2
2] 3~4M vanadium bromide £9& ARSI S
oA 8~10 M HBr&d< A3l T). A5 4o =
< F& "ol 50 Whikge] olux] d=rF B =)
Ak T A7) 2 ol27=2 st Hald &3
29e WECA dajd Y BAIE FEE
f3 F HEZ celll 2M vanadium bromide, 1.5M
HCIZ 7.5M HBré] 5Ygh &3 8945 o]&3ste] A
N e eEES FEIIATE Al vanadium bro-
mideE vanadium sulfatedoll sl =& f=ZS 71X
7] WZol =& ouA] FxE AFHE) V/Br
RFBolAM = 543k= &<t bromine 71A|7} A sl=
A7} ok Maria Skyllas-Kazacos 782 tet-

¥
¥
Fig. 4. Zinc/bromine modules(ZBMs) made by Redflow
Limited.>®

rabutylammonium bromine, N-methyl-N-ethyl mor-
pholinium bromide, N-methyl-N-ethyl pyrrolidinium
bromide®} 72 bromide &S |83l FH3=
&<t bromine 71A1¢] WEE FAFT olHF B
< S5 VBriA= 71E All-vanadium A €]
o= "=(20~33 Wh/L)ell Bl3ll 35~70 Wh/Le] =&
AR LEE AFHTL B skr?

2.3.6. Soluble lead acid %

Soluble lead acid RFB+ methanesulfonic acid
(CH;SO;H)3telM =2 S8 7HAE lead(Il) o]
S A3l FHo|ER 7|20l lead acid battery2}=
g Al £ e Asde Agets r)Ee
REBRE Ther| sitte] Aajdue Abgslr] ujed
WEgle] gltk Fig 55 WEHIE AMEHA &=
undivided RFB?! lead-acid RFB} zinc-nickel RFB2]
o)tk Soluble lead acid RFBE F W& cellol
1.5M lead methanes-ulfonate (Pb[CH;SO;],), 0.9 M
methanesulfonic acid(CH;SO;H)E 5U3 As|d=2 A}
/31150 W BEFelo] glorE celld] TRl A
o] E3tod, WHY el EA), 7F4ZQl Aol Ao
ATk 58, ool B1E Fe/Cr, V/V, Zn/Broll H]3|

Pb2* Pb

-2e" +2e" -2e” +2e°

PbO, Pb2+

carbon/polyvinyl-ester (a) carbon/polyvinyl-ester

2Ni(OH), Zn

2NiOOH ZnZ*

nickel (b) copper

Fig. 5. Undivided RFBs : (a) lead-acid RFB and (b) zinc-
nickel RFB.
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potentialol|X] “g5do] vt 71518} &2 Table 1]
Lotk 4T wjell= Pb/PbO,7E FAHW WA
g wjell= Ph(IDE s ETh” SHsk= Foll= Pb(Ily
PbO°] FM FZslo] PPbOLE FAOE g
SHHA HA]e] dEe 4 Z = At Hexadecylt-
rimethylammonium cation (C;sHs3(CH;);N¥), sodium
ligninsulfonate®} 7+ H7HAIE AME-3PH Pb <]
roughness(Z%)2t Pb(I)/PbO, HE2 4] WL
Mg R sk 2

Extensive Alo]E H|XEA WHHSIE S 4=
A PbO,2] A7 HAERATED Ao FAE
JAtze] Hahs AFZE, P ¥ HY 5%, 2
T, A 0 AbelE Aate] SRR AN o]y
T A W ol A7 ofE FHEA o= 3 ¢
A9k e Bisi7] wiEolgtal BarE AT
olg Fele] MAE T2 % 0.3 M Pb(l) ol5tllA
9 cell F5-S FITH Pb0O2] 7 flo] AHE- 7Fs
itk ®Wwsl 9JukS® Hydrogen peroxide(H,0,)2
A7t dFexe] Eqtge AAg st Alel&
S NASAL 77-91%S FF FL&A 4
54~66%2] ANUA] &AL IS

2.3.7. Zinc/nickel %

Zinc-nickel RFBE &3ollX Zn/Zn(ll) 3t =
oA Ni(II/Ni(II) %45 ©]-8-3e}. Zinc-nickel RFB=
deldE 11.7M KOH &4l 0.6M ZnOE AH&-&
o) JAE Nidldl 347 Niel2g 3d3shke o
o5 & o, G As) gk s BRobE
= oS st WA wof] nickel(ll) oxyhydroxide
£ nickel(Il) hydroxideZ 2 E 3L zinc metal>
zinc(IT) oxide/hydroxideZ 4F3}E T}, Zinc-nickel
RFBE U&7, AlelZ 9 2 7HA0lA A4Flo]
AL shte] HaldE ARgshy RlHgRle Few st
Z] ¢k=t). Soluble lead acid battery 138 %84 &
& 2kslEe] PAHoR QX FHE dEie] #HE
ol & Tl HEsl] 53 APEde kA
=t webA HEHRIS AHE EAES S5
AIL ZFESE cell HARIS & 5 At 1.6 V] OCV
5 7K o cellolA= 85 Wihvkge] &3-& 2l
86%2] oUA] E&AS BATEO AT celle] 7]
A9l S YT W zinc dendritese} 2FA WA
AL sfdaior gitt. ol2fdt EAl= KOH szl
Zn0 H7HIE AMEst] MAES AL Bd,
2011300 2R Al719t 58 $58 28319 zincl
dendrites 378 st FRA|7F 100%E7e] obd
AJejollA] Fdo] FThH zine dendrites®] 2R XA
o2 Q3 B2 AFLEE 7XA L o8 T3l

dendrites”t 4742 Al |k /159 WA Hxe}
1.6 cm/s T5 E&ollA 100% Bdo] 7Fsdhe Barst
Atk 100% WA el e 3 15cm/sd] B 5F
&2 $7S 31 shear stress (FT-3-8)ell <]3}e]
dendritesoll €8 @RS 742171 zine?] deposition
o] #U3HA HE T olF T3l 1500 cycle
sg Bk

24. HITH| BHSA %

84 AsAE 94 A9 oY W Be] A
R Qe et At BAAED FHF A
A37E Foh v 84 AN A FEelA
Ho S A9 ANFS ATHER e AY w=
e uX Al sl FHolt. £ &Y A
FE EaA oA A= AdsEE o) w5
B4 AR F BEolh)

2.4.1. Zinc/cerium %

Zinc/cerium RFB+= plurion Aol ]3] 7= 3o
7 2 b ek AR ZzE Alel] 2.79F 2.0 VE Y
Bt} 2% 2892 9F 2%l 2t s} 66
Zinc/cerium RFBE 273~343 K 204 2.4 Ve OCV
£zt W Al 350 Whikge] oluix] JES ZH=t}h

oA e] WS o) Pk
Zn**+ 2¢” — Zn (charge)
Zn* + 2e” < Zn (discharge) )

FFlA e whg-2 v T
2Ce*" — 2Ce* + 2¢” (charge)
2Ce*" «—2Ce* + 2¢~ (discharge) 6)

Methanesulfonic acidE& £mlZ A3l oH
Ce(IV)/Ce(Ill) &A= 42 1M, Zn(ll) °]&L
2.16 M9] £ &all=E zk=t} o] §nil= HCI
AR AEEE 7 S 5o thE JkEg w2
FA4E Zhal QUT) o0 o)o} Hl=gt B AS
zt= A|2=®l o 2= zinc/chlorine®”, vanadium/
cerium®%50| St}

2.4.2. Ru(bpy); %

F= A== [Ru(bpy)s]*'/[Ru(bpy)s]* (bpy=
bipyridinee|th) #5245 ARgsl 2= A==
[Ru(bpy)s] /[Ru(bpy)s " #5202 A&} FAgH
TR E4& AM3KE All-vanadium RFBS} ARSI
2o TR HE e U As g olgshe W
HE ARE3RE AR ot WHEH QIS sintered glass filter(
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[Ru(bpy);]** [Ru(bpy);]*
-e +e - +e
[Ru(bpy);]** [Ru(bpy)s]?*
BF, iv BF,
e -
(a)
[V(acac);] : [V(acac);]-
-e” +e =Cr +e-
[V(acac)s]* [V(acac)s]
BF, < : :

m— N

+ ' -
(b)
Fig. 6. Nonaquesous RFBs: (a) Ru(bpy); RFB and (b)
V(acac); RFB.

2 =ZE]), an anion exchange membrane (AEM)
(Neocepta ACH-45T, Tokuyama Soda), porous
polymer-hybrid membrane (MF-2508 or YS-UE02-4B,
Yuasa Battery), porous fluorocarbon resin filter
(Polyflon PF-1 or PF-3, Toyo Roshi)Z ARM&-& 4= St}
7 £& 4TS Hol= AL polyflon filtero]t}h XA
3 EZE tetraethylammonium tetrafluoroborate (TEA
BF,)/acetonitrile (ACN)S AHE-SHCE!? o] Ao A=
26 Ve OCVE Ho|iL G&AL 40%2 Hu= Q). =
2 pore size WEHQ e o] w3 WEQIS AR
Fd U 2 G848 4g & AUtk BaEo] gk

$AFSH RFBEA] 02M [Ni(bpy); (BF),]$F 0.4 M
[Fe(bpys(BF 15 212 553 &F= Halld= o] &3}
of ¢ 225VE ATk AAHHEE 05M TEA
BE/ACNES AHE-sIIH. U] 842 81.8%= 1
FSAES) Fig, 6= M5l RFB %ol 45 2 &

AN 7Y FUS EHo] ARREY M &5 A
S43l= Ru(bpy);?} V(acac); RFBS] T2 %olT},

T

2.4.3. M(acac); (M=V, Cr, Mn), (acac=acetylace-
tonate) %%

M(acac);= Ru(bpy)s & AM2-2] o|E 383 2x]9]
Elolt}h. V(acac);, Cr(acac);, Mn(acac);S ©]-&3F
52 42 05M TEA BFJ/ACNE AA|HA=
o]-8-319 k. M(acac); #l52> 232 Ru(bpy)s2t »H7t
A2 FFH 53 2 A5 A o&.
M(acac);ollA &= #5242 [M(acac)s]/
[M(acac);] S AMHE3IL 2= @52 242 [M(acac)s)/
[M(acac);] = ARSI B 2Eo] = M(acac); s
2L 50% AR FF &8 20% =] oY
A a&S Holed ¥ 582 d52 Ao 2
3de] w7 Aol 7lQlghy. B0

2.4.4. All-uranium %

== F=Foll uranium #HE52 -S ©]-&38k= non
aqueous RFBE T. Yamamura A-7EolA] RIsH%
T}92727 Uranium 3}E-2 B-diketonatesS A5}
o TEAY. PC, ACN3 72 polar aprotic solvent
& o] &39S AF UV complex®] &3lee
0.8M ©]’do]3L UIV) complex= 04M ©o]Fo =
BUEGTh OCVE oF 1 V2 BIHYAT T
A HEE A3t BaEX] et mEr, &5 A
TFolME dls2 24, A, WEy R g 2pAs
ZAE Tl T W At Slejop & Aotk

ol9} H|S:3h actinide & AME-3HE RFBEE All-
neptunium RFB7}F At &8 Ha|2e ARE-38k= All-
neptunium RFB= Np(II)/Np(IV)2F NpO,(I)/NpOy(Il) 2
S22 B8 o83 S7) All-neptunium RFBE 1.3 V)
OCVE HolH 99.1%°] oA &&7d< BHarslict
Actinide based RFB= WAFs #l=2 -8 AMESith=
AelA] st ofzlgol ot HE2 2l dig o
4 9 G digt Pt o]Fojxof & Aot

dyHo® A #lEi o] Bl HEi 4 B
o =2 &eEiER)E 7HAL e whdEe] WA
Qo] H HFA HES L =2 T AYS AF
SIAIRE ol W 8E|Ee] BAIE VK JoH o]
& FEsHL s v BES e dE B
o] AEA R HIUHI oua XFo] i FA=
= F 7Y 524 3 89S ddsle ofF
7] o2tk AE ORe] HMRARA HEs
29 AAE ouA Ex, 8 7I7HE o AlEE
I HATAE F83 alolBE AR A, &8,
g 59 7I1EES I LdHFofof & Aol
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3.d B
RFBE 714, &8 28 9] 93z wepx A
2] Fert A4 L Hl$A 9

52 %0% o v
o] E3}E AL ot AR 71EAQ] EAIEEA cross-
over, 83l=, S0, HI7IAY 5o EAEC] HA9
A5S Fesih Blms o] AR 2 89S
AR A2l SHAE, B TE 08 AAEA] HE
YRl HAe] el & FEe F= Aol vk
of] WE 1] cross-over A7} 3] A=A gk
T}l & of cross-overel]l 2Jgh o|UA] &4o] tha
sl S Bls2 23] £ Y] gle AIXES F
717 88 F e 210E KA Utk All-
vanadium, Ru(bpy);, Z2]3 M(acac);# 7+ 552
52248 o= 9 S5 ARSSE A= A9 Y
TA Ao o) e rw T EgAjo] ZuiE Aozt
7€), ol2E ¥ 7] FF7F ANEA Sls HEE
olo] QlE F72 RFBE cross-over TA|3 oz}
B9l A, o] Aelgd 5o ZAAM 2571 Wi
o] g8do] MAE & F I NMEL TR oA

g},
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