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Project Number : NL1050534

Project Title : Study of high efficiency redox battery electrolyte.

Recently, the redox flow battery (RFB) system has attracted much
attention, since a large amount of energy can be stored in RFB system with
long-term cycling stability. In this project, we demonstrate our extensive
matrix study of factors: such as electrolyte composition, state of charge
(SOC), and temperature that affect the stability of electrolytes in both
positive and negative half-cells. During the study, the optimized
electrolyte could be operated in a suitable temperature range without any
precipitation. The RFB using the optimized and low-cost electrolyte
shows different efficiency, capacity and energy density at different

operating conditions.

Keywords: energy storage system, redox flow battery, all-copper redox

flow battery & electrolyte.
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(a) (b)

239 [ ]Awrage (median) 130
Ivee jm I interquartiie range (middie fifty) | | Hydrogen-GTzsv_j
FeG [ ———— Range (excluding outliers) 4 HydrogenFC B -
I [ ———— 1 e ——
4%0 5
Fe-
VRFB - ] oCr =
LY Zn-Br | e——
Udon [ e ——— | 67
ZEBRA j‘” VRFB [ ——— o
7 5
= Uson —
NaS R 08
78 ZEBRA = e —
Lead-acid ﬁ_‘ : Nes ———a ]
Flywihact 1 Lead-acid ﬁw—
846 e
CAES (above) ._g_, ] R,
CAES (under) e t— | z:zz :,::; ko ] Average (median)
[5E] 68 N ite quartile range (middle fifty)
PHS —— 1 PHS = Range(sxcludmgomhers) 1
i L L " i = . I
0 200 400 600 800 1000 0 200 400 600 BW 1000 1200

Cost of power conversion system, PCS (€kW) Cost of storage part (€kWh)

Bl 6(a)2 farki ~ 2% H o0 g chd & 5 (b) & fkEar ~ 2 H Ry
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=
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(a) 347 (b) 29 ! Average (median)
Hydrogen-GT [ﬁ_—' 1 Fe-Cr 3. -lnlerqua‘nle range (middie fity)
Hydrogen-FC ‘—7\3'94_ 4 Range (excluding outliers ) 525
NiCd f?—a 1 NiCd .—*—.4
195
FeCr :3“—1
e [ I —
[ §
B 4
oty =— G m—
%5 369
ZBRA g 1 Lidon —
Nas f__g—-—t 182
Lead-acid 3——1 1 ZEBRA E‘w
Flywheel W B 180
CAES (abowe) :3_' Average (median) 1 NaS j
CAES (under) jn [ interquartile range (middle fity) | g
PHS | —— —— Ronge (exchaingoutiers) | | Leadacid [+ —
0 5 10 15 20 25 307735 407;57 5077 0 ‘(‘)0 2'00 360 4(;0 560

Fixed O&M costs (€kW-yr)
Replacement costs per unit of storage capacity (€/kWh)

T(QefEkkn ~ T mREEZ gL A (D)L Ak AR EE =
RLPFAT R g A A 2o

TR F SR AR RS R R R 2SR 4o
R TS B PR TR kB ;I_;;,gﬁ LE WS T
BPREA CERTAAEAT S AT Y 2T T IERRTLY
Blenedc g itk NE 475 n2~3 8@ * tdko VRFB~ Zr-Br 2 Fe-
Crigina s ot et ) 60%~85%  H ¢ i Zr-Brigind # i
BRI RBONERE AL TN KRB FIFENGE k- H R
iR A dEE SR drdk 4977 o Fe-Crigin 24 A AR D ERE 4
P FEEF L2 A5 VRFBRET # 4 en 23> Ak
= AR5 VRFB 11/2

R R T

Power Power Energy o Life
EES Overall ) ) Lifetime
Range . Density Density Cycles
Technology Efficiency (yn
(MW) (W/kg) (Wh/kg) (cycles)

2000-
4500

Lead-acid  Upto 20 0.70-0.90 75-300 30-50 =15
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2500~
NaS 0.05-8 0.75-0.90 150-230  150-250 10-15

4500

2000-

Ni-Cd Upto 40 0.60-0.73 50-1000 15-300 10-20 2500

10,000~
13,000

VRFB 0.03-3 0.65-0.85 166 10-35 5-10

Fe-Cr 1-100 0.72-0.75 N/A N/A 10-15 >10,000

CAES
(aboveground)

3-15 0.70-0.90 N/A N/A 20-40 >13,000

% AVRFB - Zr-Br 2 Fe-Cripin@ i sid At Toi 4 7)2 .

Cost item VRFB Zinc-Bromine Iron-Chrome

PN RS
I TER" 467 195 145
(€/kWh)

oo gL A
(€/MWh)

0.9 0.6 0.4
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1002 £ F- R > RTAMEGBFELLEER 4 4oF] 8b 47
702010 #2 B FAHKE T RRFHOIL > ARPRT 3 60

B LARMDS PFBERE > BEBFEL

o (b)
1000 e ] il prererreeey 200 £ 300
F 8 i =
00F =| |=== Components cost 500 m’ |3 180 -,‘
o Ni(l':- e Components cost 1000 m” Elh“ - " 250
& sE E g £
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=~ 600F 310f7 £
Z E - ek = °
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T 400F Y g0 55 g
z E | = =é S 100
= }nn_— 2], 360 = >
200E |=] e \M z 50 -
100F |> P, 320 2 I III
Ellel TS 3 z
=¥ TF T TRETE FRRTY | FETY PRURETRURY FUUTE PUUTT FTT < l_-l-IIllI II

0
0 100 200 300 400 500 600 700 \(I() 900 1000

o S S » ¥ &
Cell Power Density (mW/em') bq SR @ @ @ @ @ D A
3
¥ Year
. . N p 2 2 ,, , .
W 8@rimas tnxE g Ead AR D)RimT? s &ag 4

IR Sk

PRASORIRTS AR NEFTEREY 2 LKA R 1
BRHTL LR TER RIONF I LI P RRHLERT - 7 42
BRI ~ A S B SRR S BRI S ERNS ) R 2 hF P RRRIAT R K
Boob i dArd 5ETF o RIER ¥ - Bdsd NASA #1979 # 1 Redox
Flow Cell Development and Demonstration 7 5 B 425 & 3o @ v in g
(vanadium redox flow battery » fj = VRFB) &= 7 453+ 1985 & 2
Skyllas-Kazacos #4273 % 7 J. Power Source *+ v V¥V 5 f &7 f32% -

VO*IVO, 5 & T 3% (T 51 L 455
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3+ 2+ + V2
H; evolution v /V, All V Redox Flow Banmyﬂ?_/vn 0; evolution

= i E g/BI‘ ----------------------- %
I/ In Vo= /v Mn®*/Mn®

ST Eu2'<[:u' El /c1 Mn0g/Mn,

3 BeCly /B Ce*/Ce*

Cr¥/Cr*

Ti¥/TiE g/

TiDH®/Ti® Fe*/Fe® -
i/ ¢ \e Co®/Co™

| I I I o I I
-1.0 -0.5 0.0 0.5 1.0 1.5 2.0

Standard potential (V) of redox couples
B 9.4V e gl PR RHETD 2R 24 4

% 5.7 RREALRIER S T ER A

RFBs VRFBs Fe/Fe®* Fe/Cr-Cl Fe/Cr Fe/V-Cl
Voltage 126V 12V 118V 121V 1.02V
Energy

87 % 50 % 75 % N/A 78 %
Efficiency
Energy Density 23-39 Wh/L 76 Wh/L 15 Wh/L N/A 27 Wh/L
Operation
-5-50°C N/A 40-65°C N/A 0-50°C
Temperature

Jens Noack #c#: & 2015 & % % & Angewandte Reviews £ review paper ”

The Chemistry of Redox-Flow Batteries” @ #-3L3 h3 i* R R 2 H &

pAY

.L/y/ —p]

2B yins #_m

R BERE > T X R LT TR ikt RE I T RLAT LB
RLAEERRE AL IR EG XA BB OBATRI TG 2T R
#FRACREAFZHF R T EER 27 Py VRFB - Fe-
Criuz Br-S i idsfdi » Bu ey AT Ap R LFRFE-

He » @A B ARmg s “fr?"l Fe-Cr x sub » Fe-Ti ~ Fe-Cd ~

'I'I
3
<
T1
@
T
o~
T
3
‘I'I
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= O & & &= o (- al el &
Cathode sl 2| 3|@ g | 2o oS8
= A S lal eS| RS2 3 | £
Q| = S|l | & sl 5ls =0 5% 2 : 3
> a
S| & = +
Q
o
Anode
V| QR F R[]I 8|l R RN
o| © o o o - Ll - - - - - - -
Zn(OH)¢/Zn | -1.22
Zn*"/Zn 0.76 B -

Fe?'/Fe -0.45
S/Szz' -0.43
crt/Crt -0.41
cd**/cd -0.40
V3 v -0.26
Pb?*/Pb -0.13
H*/H; 0
TiO*/Ti** 0.04
Cu®*/Cu’ 0.15
Np*/Np* 0.15
Cu®*/Cu 0.34
|1/|' 0.54

W 1038 F i@ AAAR RRE PRAHEFERRZE

‘/'I“ o

B 2015 £ A BB AE TS Zhao k#F 4 - F 2ep it e
(vanadium redox flow battery, VRFBs) £2 45 4% /% 7 7 # (iron-chromium redox
flow battery, ICRFBs) - .~ & & F"% 8 7| Journal of Power Sources + > #.4p
frenplz&i5 27 VRFBS & 5Lt iRt ICRFBs 43t e o5 8 =+ 3 /|
GV T AT 5 ICRFB 42 VRFBs #rif & 7 45317 18%engF 4 & 0 2

]

G E A Ao 1L T P xR AB AT RRE T 1R O LS X

NIRRT TR -
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VRFBs ICRFBs

Pump

Tank 4% Membrane

Tank Rebalance cell
1% 2% 1%

19%

Heat exchanger
5%

Bipolar plate
2%

Membrane
38%

Thermal insulation

¢ 1%
sraphit felt

FeCr electrolyte

Gaskets, bolts, 9%
end plates
A% PCS
VV electrolyte Stack manufactory 14%
53% 3% Bipolar plate
4%
Stack manufactory sraphit felt
L2 5% Gaskets, bolts,
& .1 end plates
Capital cost: $229 KWh Capital cost: $ 194 KWh! 1%

B 1L 24U T s BT A AHEE L AL HKE -

REGRIRT A ZF BT A A 1-3 58

-

THEAF R VO +H,0 V05 +2H  +e” > E° =100V (13%)
i F R V3 +e oV E0=-0255V (237)

2F VO + H,0+ V3 > VO +2HY +V* E° =1.255V (33%)
WigeF CRRRRT S AR F BT LA Ao 46 3
T E i Fe?t > Fe3t+e™, E0=077V (430)
fAEBF I V3t +e o>V, E0=-0255V (53)
2F B Fe?t + V3t o Fedt + V2% E0=1.025V (63%)
Ho /g PR RZBINT S B LET FelCr 2% ing s

Le 2
sLen
,J(‘ wUE

BB RTUHT CF R B enic £ e (EE%=80%) ~ Az 2R R iE T

R IR -/,
o) %,

PG L R R LR FEF(0~50°C) M & { e 0 B E & hAL
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% 2012 & Zhenguo Yang % #: & Advanced Energy Materials £ Journal of
Power Sources % 4 1% B FnfL G+ b T L T RRE T

%Mﬂ%ﬁ%ﬂoﬁh68MﬁU%ﬁﬁ%LSM%VWW%lBMﬁ

Fe?/Fe* T jdin ? » 7 00 AF L fRR A AR UL & 100 Bl 2 167 %
9o B TR REALERE 0 T f BT fB% & 0% 100% SOC %3
GH AT 45 kR > 4o 6 975 0 Zhenguo Yang ¥4 B F:3 IIHCI 373

TfER 0 Wi et 0°C &2 50°C crlsdif Rk i 0 W REARY 4 T L RGE
FrRERHRTEPF 2470 7o

40 4 25

(c) —_
1004 - 5 (d)

| £ q20 <
80 < =204 §
g | 2 .
oy 1 8 20/ 2
c W @ @
T 0l o 10 &
Q From the top o From the top -
] —8—CE S 104 —— Discharge energy density >
20 VE o Charge Capacity 15 2
—w—EE %) —)— Discharge Capacity w

0 T T T T Q T T T T T T T T T 0

0 20 40 60 80 100 0 20 40 60 80 100

Cycle Number Cycle Number

W 12.(2)if * 6.8M h Clg+ & » L5M eh V¥ /V2' &2 15 M s Fe?'/Fe® ¢
f3i > AT 4 100 =% 5 (D)2 n %R S0mMACm? g I iy 2 B
2% 100E2L 48 o
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F 6.Fe/VIHCI 373 % 2% %7 I SOC 22 % F 35418 B a7 I L3 i

» ) Time to the
Positive Negative first
irs
SOC(%) Temperature(°C) electrolyte electrolyte S
N » precipitation
composition composition
[d]
0 0 Fe2tiv 4+ Fe2+th/3+ Stable (> 10 d)
100 0 Fe2tlv 4+ Fe2*thye+ Stable (> 10 d)
0 50 Fe2tivy 4+ Fe2+th/3+ Stable (> 10 d)
100 50 Fe2t/y 4+ Fe2+/y3+ Stable (> 10 d)

2013 # > Ruilin Wang ##2 & Journal of Electroanalytical Chemistry 7 %
T AFINFAFIELRIET R RERE e R B P A& 0 methyl
orange (MO) ~ Triton X-100 (OP) ~ sodium ligninsulfonate (SL) ~ sodium dodecyl

sulfate (SDS)£# polyvinylalcohol (PVA) » A + N 4c@] 13 #777 B 2458 A

=5
o

e

e TRRET AT A DR PR ERER ¢ 10~40C

¥ & ¥1-5~60°C » %« # 1 methyl orange (MO)# Triton X-100 (OP) = 4% < &

AN

T LRFETfRRY PR RS AR E 30X ) Aok T AT o
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Ethylenediaminetetra- 8] . HO
acetic acid disodium H,O
salt (EDTADS) RO
RO ~N~N R=2H and 2Na

Methyl orange (MO)

Sodium ligninsulfonate

K‘/OR
(I h)ﬁ—@mw@ﬁ%ma

SO3Na—Can24NaO;S

(SL)
Sodium dodecyl sulfate
e SO;Na
Hexamethylenetetramine M
(HMTA) lf ||
N
P N
N/

Triton X-100 (OF)

Polyvinyl alcohol (PVA)

Hz Hp
CiHy—0OfCc —C —0
n
Ha
C —(-I}H
OH n

B 13.% 4+ i e dlz &+ B4R
3 7.28MV(V)/5 MH SO, it i T4 T fdide » 7 I A el 67
ERT TR R o
Additives
-50C (d) 100C 300C 450C 600C
(0.5 wt%)
EDTADS >30d >30d 19d 30h 3h
MO >30d >30d >30d >30d >30d
SL >30d >30d >30d >30d 16h
SDS >30d >30d >30d >30d 8h
HMTA >30d >30d >30d >30d 13.5h
OopP >30d >30d >30d >30d >30d
PVA >30d >30d >30d >30d 16h
P I 2aER

&ﬁf%%ﬁ%&m’@%4%%%i£@ﬁ%iﬁﬂiﬂﬁﬁﬁf

N e

yk

TiFNAEFH 225 A AERAETTES

BPRIAEMEASALITARNT fER -

FETA(PVA 8) 0 B 4of Bat 0 @ i



3. R R AR CIR) BT § O RRER

F(L5Mto3 M) -
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PFEF KRR oW 14 7

A E AR B R

A

% o F i Ao Cl- A Bl
BT

A 4

18 5 93

Bl 14,434 44 7 iz -

- RS R AR L

g2 B D R BT R 2 AT 0 BE RS iR 8

TE
|
R

ARUL > T UEE R A8 CIRS PR RA LT R R 2 e Ay
EU R 4 Wi Citrateacid &2 PVA £ 3 » 3 IRy HCI i 5 74| 7%
TR RREED R BT UHT P REEAEULY (ks o 2 A RY
é@%*@g%kﬁﬂﬂﬁ“m%ﬂ%ﬁ?ﬁ%’iﬁﬁﬁ“gﬂﬁ’%”gﬁ%ﬁ

N

FHRARAT BRI ARG EE

R L N B VN )

1.  CulCu
2. Zn/Cu
3. CulFe
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ARAFHIBERERA TR 288 EREH 0IMEA 5] 02M:
A Fe* [Fe3*§ i @R 2 7 ifdird 04V 45 1V Bk &RE 2 Sof] 15 4

— 08 o 18
£
(a)$ (b) &
0.4- 1
g £ 1.0
- >
= 0.0/ 3 0.5
(= [
[7) [}]
T T
£ 04 € 0.0
2 Q
5 ‘l:
3 -08 ; ; , : 3 -05 . —_— -
04 00 04 08 12 16 -0.90 -0.45 0.00 0.45 0.90 1.35 1.80

W 15. 7 F % 3% & ()01 M ; (6)0.2 M FeCl;+0.8 M Citrate+1 M NaCl = 12 20
mVstiFfEmk R 2R 1 PR R RATR G £ YRR ARG
REtE

BEFARTA LT ERF  Fe g SN F AT RET I AT
Tpanpet Ao yef] 16 405 0 F g F 2T # ¢ niR-drop K 12

I
V’i?géﬁ- REKE LI £22F enT™ ¥ o

E(Volts)
4
(]
T

0-0 T T T T T
0 500 1000 1500 2000 2500 3000
Time(Sec)

® 16.0.8 M Citrate+1 M NaCl+0.1 M FeCl, 7 f#/% i 2 T % o3RRI o
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IR AR A PR B RARE WL Tz kR Fi2T) M A
Ay ket B AR ER T £ S M T o] 174 5 TR e M R
e T

® 17.1 M FeCl;+3 M CaCly+4 M HCI T 2% # B B3
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drd 84T 2 A RAHHIRATET L RBAF B IR BMRE LT
[FWedATHe 2t 0 WLREFR 4 9RF|0 2o B gp & 1 e
BRI R
28 LERRI DRI ALY LABRLIVR

FTETIHERZEN
T BPRRF(ELY) p3E
BER
311 ¢/100 mL (0 °C)
ZnBr, 447 /100 mL (20 °C) 225.198 g/mol 1.985 M
538 ¢/100 mL (100 °C)
ZnCl, 432.0 g/L (25 °C) 136.315 g/mol 3.169 M
126.751 g/mol
64.4 9/100 mL (10 °C),
(anhydrous)
FeCl,  68.59/100mL (20 °C), 5.404 M
198.8102 g/mol
105.7 g/100 mL (100 °C)
(tetrahydrate)"
74.4 ¢/100 mL (0 °C)
162.2 g/mol (anhydrous)
92 9/100 mL (hexahydrate,
FeCl, 20°) 270.3 g/mol 4.5M(0 °C)
(hexahydrate)"
70.6 g/100 mL (0 °C) T 5.6 M
45 g/mol (anhydrous . :
CuCl,  75.7.g/100 mL (25 °C) ! _ / (#7 + HCl» iR A
170.48 g/mol (dihydrate)
107.9 ¢/100 mL (100 °C) ¥13M)

2 A% T P E 2 LBMCUCI+ 24 MHCH+ 2.4 M CaCly » 1% 4 4R 8 g3 2.
Rf#iR o » 24MCaCly £ p e L@ L Pit d o o7 4 CaCl 53 % 447

v

TR 0 A BRIV BB R RS R PR ERT e 2T RRIA ¢

5T
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20 2By BB
A 74
DS PR HETR AL | FHREDEER) W
"L AR IR gE |06V
J
G- TRELEFRS 0 TE | BETR AT ERY
0.9-1V TCEY 1 5 XS s
i A2 ER
gD ERGERNT S TR Sl
AP AGEA @8 3k Sk - A HCI L SDS & PVAﬁiqg/n—?T v |
2T AR Z G TR R R P AR AR BB ARG
FAERYF o ff 25em E TS 5 BE 0 BERE TR 2T 8 o
AREFETERRE CAAW 18 2R RAIFFLEITBREAZF Lo
7 250m?s TR ARAE 60mL o e £ TRE 12-0Vo A 5 5 2-40mA

e

emto i 5 30mLmint e @
o TR E L B R

PR R

VR RS R EF P E AT T
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(- )2&FR R R
TRHBFR: Cut > Cutt +e, E° =052V (T5)

FAEF R Cut+e - Cu’, EO=015V (83)
2FE B 20ut - Cutt +Cul, E° =038V (97Y)

ARG AE et 79417 0 AR C RIRERMA AR R E T
BAHKRR S AROKAREEERBRL T dock o dof] 19 47 0 FRE B A
A4 1007 AT B b AREORGR A CEE 0 BRKBIRT
B iRAE e 3R E 4 4o 20977 - A3 %3 ¢ 18 M CuCl + 24 M HCI+
24MCaCly» 175 I ipl3E2 § 122 B0 bz B (¥ T 7 LE 5 S 3 R

RTb A kR 2T HREHAE Y FER X RUNCYVZEAE

(a) 1.8M E:&&4A (b) 1.8 M #.1t4m (c) 1.8 M #&&4m

M 19.(2)L8M faidr; (0)1.8M & 4 (C) LM A ety » (4 22 %)Mk Bk
2AM BELK A RS 2AM EREK A R Y AT IR o

%010, 7 Rar g b7 R LR R
L8M fitsr | L8M & % | L8M Ajikr

BoRiB R iz TR Tk

24M Rk iR Tk iR iR
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Wl 2047 0 LT EAAEY AR BRI AR BR o T AT
A0 E AR ERT o (LR)CU()/Cu(IT B BT 5 | pEE Bena i B
B b Ae(24) Cu(l)/Cu(l)® et & 4237 4 % > 4w & * Cu(l)/Cu(ll) i s A4 % f3
GRS S AR L TEE AE LS SRR T LA R
ESE

0.8

—— 1.8 M Cu(l)+2.4 M HCI+2.4 M CaCl/Cu(1)+2.4 M HCI+2.4 M CaCl,
—— 1.8 M Cu(l)+2.4 M HCI+2.4 M CaCl /Cu(ll)+2.4 M HCI+2.4 M CaCl,

S
NS
|

/

Potential (V)
o
o

S
NN
1

S
o

o
-
N
w
NN
)]
(o)

Time (hr)

W21 0 fiEdfamie® 4 b Bl G4t @A A% (RR)I IS f Y &7 18
MCu(l) Bt kidiz 5 (es)E 45 LM Cu(ll)drde+ 32 {45 L8MCu(l) @

Bokidit o A% T35 06--06V> Tin@A L 40mAecm?.

29



UEFHES RRL SR ATRRY R BE OELLY Y £ REF
SRR B W 2557 0 b5 T3 2040 FXARTERT (L) h
e RN RRDT EH4 ) EEE SRR A E E R R KL RFE kY
ErWfgpr taras b7 % q,ﬁ*ni’/] o iRl 2R G %A

k9 R R e

\““\ﬂ

0.8

= 1.8 M Cu(l)+2.4 M HCI+2.4 M CaCl /Cu(ll)+2.4 M HCI+2.4 M CaCl,
== 1.8 M Cu(l)+2.4 M HCI+2.4 M CaCl,/Cu(ll)+2.4 M HCI+2.4 M CaCl_+ 10 V% EtOH

S
NN
1

Potential (V)
o
o

S
S
1

S
oo

Time (hr)
IR e o R & (2A) 2iEL 18MCu(ll) Bakki
e s LEMCu(l) ﬁﬁﬁ'}ii%i& (ed) T pmT AR R ﬁa?gﬁ’ﬁ At 10%

2o ug o AR RE 06--06V %A A 40mAcm?2e
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FRE- HRFER 0 FRAL g by LR DT EELE
WA+ B R G A RPNt pw A w22 SDS~CTABPVP:PVA # tween
200 #¢ " e tween 20 ek b i R T UM B T %S L1 Cu(l)/Cu(ll)
EEmA Cu)/Cu(l) TamAaE  FRRERELLPH ’wﬂ%ﬁf%c J
tween20 i im FWEA > 3 RE L B R REain o BRI LB R

P (8 IEH 0 Aol 2347 -

(a) (b)
100 100
- o
Y cuf/Cult  Cult/cuz £ Cu®/Cu* Cu®/Cu?
§ s0- < 501
< £
E >
= =
g 0 % 0
[ (=]
0 E—
£ -50 g -50-
[ —
= >
8 6]
-100 T T T -100 v T y
12 -0.6 0.0 0.6 1.2 -1.2 -0.6 0.0 0.6 1.2
E (V vs Ag/AgCl) E (V vs Ag/AgCl)

>

W24 7 Ffians e @) L8MCu(l) BE-kiaann: () 1.8MCu()
WEKARA R it Iml 2 tween20 Gai /i & 424 o 1 SmVSt IR R4 2

Wl ERfE LR RATE G £ AR R ATE
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iﬁ‘ﬁz?}‘étﬁ@/é'ﬁ’w tween 20 14}_ ﬁ'ﬁ }\/A“fgt‘ gk j‘?%ii?‘]%i?ﬁ?
oo FA e tween 20 2 Bk ARt o e tween 20 2 f5 N2 6 B T R4S
05 > GHTH F S RIRF (A RS E T AF T 20 2 E 4L
EET LT RE D B Jﬁz?iﬁ?»ﬁﬁﬁﬁeﬁﬁﬁmﬁéﬁ*NW51
LRSS WhLY e se g preint o TR A2 06 Kin IR-drop» 531

13

RRIG AT R F R R 2T E SR oW 2577 -

== 1.8 M Cu(l)+2.4 M HCI+2.4 M CaCl_/Cu(l)+2.4 M HCI+2.4 M CaCl,+ tween 20, Nafion 117

Potential (V)

o
$)
]

0.0.......kf.,.

0 6 12 18 24 30 36
Time (hr)

W25 1§ BT 3 ¢ 4 tween20 4 £ A2 1 3 % LM Cu(l) B

X

pokip g i e Ll 2 tween 20 B A G AL 7 2T RE e A RT T

1120V gk s 2mAom? o
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BF 2B as 7 ROER tween 20 AR B A %30t r Il
2 3ml tween 20 0% % > o) 25 #75F 0 4~ 3ml 2 tween20 5 0 IR drop %7

XA AEIAEE LT M

[l

BR st r tween20 hEF L iR

o SRBHARTS AP

1.5

1.8 M Cu(l)+2.4 M HCI+2.4 M CaCl,/Cu(l)+2.4 M HCI+2.4 M CaCl,+ 1 ml tween 20, Nafion 117
1.8 M Cu(l)+2.4 M HCI+2.4 M CaCl,/Cu(l)+2.4 M HCI+2.4 M CaCl,+ 3 ml tween 20, Nafion 117

T S~

-
o
1

Potential (V)

o
$))
]

0.0 k

0 6 12 18 24 30 36
Time (hr)

Wl 2651 f 5 j2ik ¥ 7 4o tween20 & A2 - 3 % LEMCu () BAok

Bk lml g 3ml 2 tween 20 fAG A G A MAE T 2T R e A RT R

5 120V $iEmA 5 2mAem? o
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AOBBRE R PIVTAZ DN R AT R TR R TR
RO BRI R B e S0 0 B9 D IR B L RREET AR A IR AT
Ao 4ol 26 41 0 Bom A9 % 2t ) Nafion 117 22 Nafion 2120 R334 b BB
s Nafion R8P LB 7 < 0 AT % T SRR TR KR DPP IR
- H B RRLH 2R E e

1.5

== 1.8 M Cu(l)+2.4 M HCI+2.4 M CaCl_/Cu(l)+2.4 M HCI+2.4 M CaCl,+ tween 20, Nafion 117
== 1.8 M Cu(l)+2.4 M HCI+2.4 M CaCl_/Cu(l)+2.4 M HCI+2.4 M CaCl,+ tween 20, Nafion 212

-
o
1

Potential (V)

o
$))
]

00 ' T ' T ' T ' ' T '
0 6 12 18 24 30 36
Time (hr)
W27 &% 72 Ry T % (24) #* Nafion117; (=4) i * Nafion

2120 %3 35 120V %A 5 2mAcm? e
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9 % iz Nafionll7 2 212 IR 4R%rs » a8 % 407 4 % ki pp iie
AR I BT ERR Y 24MCu(l)+32 MHCI+3.2M CaCl, > & 74 05
ml & &+ & 40 tween20 o gt BIFEET o FIEF GREAN TRk
T deW 28 47 o BRI EISY & H Rs R g A 250kQ o Hpr gt 4
Nafion117 % e+ o 4] 22§ iRl A0 2037 pp Mt iFRed 595 20 pm s 1 de
Nafionll7 shffcum 3t i < - » bdrinfi@iz? Keh? A HE » L B L%
THEE G A D IR-drop > Ba 25 EaF B R G o

0.8

o
o

o
~

E(Volts)

O
N

ol \

0 2000 4000 6000 8000 1000012000
Time(s)

W 28. #* PPrpdprz gk (RA) AT 25070V %A 3 40
mAcm? » éfﬁmﬁwﬂﬁr? * 2.4 MW Cu(D)+3.2 M HCT + 3.2 M CaClz» % 7 R4 0.9

ml & A+ & 47# tween20 o o
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ARET o RHEMB L 22T IHRVE FRANERAR 5E5) 23,5
PpEEA L) T p el AT EEREGE AL 0.1 R [R-drop>
A € TS N R T H R GRS o A g B e kg
S G AL~ 2% 65% 0 5B 10 2 Ble kR fe R s 31% ~ 15%% 49%
0.8
0.7
0.6 L-
0.5
0.4
0.3
0.24
0-"'_!4{\“‘41
ool L L L LV L VL

0 5 10 15 20 25 30
Time (hr)

W 29. it PPIRAEL AR (RA)LRT T3 07-0V TG A

E(Volts)

40mACM? > 1 f 4T iR 2.4 M Cu(D43.2 M HCL + 3.2 M CaCle 535 %

0.0 ml &3+ & 47# tween 20 ©
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(C)FEETBR LR

ARAT R HBATTE 5 RS 18 M CUCLY24 M HCI#24 M
CaCl, > § #2412 1.8 M ZnCl+2.4 MHCI+24 M CaCly < d ) 30 7 4v > 4 sk a2
BRI A% BT 4088 08 REF - AT T AR 4B R

drop 2% » 5 05 Ko pHBMRMT S A RAP A B ARG BE a7

P!
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1.5

— 1.8 M Zn (I1)+2.4 M HCI+2.4 M CaCl_/1.8 M Cu(l)+2.4 M HCI+2.4 M CaCl,

-
(=]
1

Potential (V)

o
()]
1

0.0

0 250 500 750 1000
Time (s)
B 30. 2 fRRFERT e ML RA K (RA) 225 LEMCu(lldr e 2 it

S EEL LEMZN()EES Bt c %3905 120V T34 5 2mAem? -

*\‘?%{ﬁ—ﬁﬁ?fé/%/?ﬂ i,"]tﬁb ﬁjﬁ ) i%‘;ﬁ—&ﬁﬁ%‘%f#‘i Lo A b

RRTREY 0 F R b BT A EATEEH A ol 315 o A R 4
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RARBAG BN TELS DRI ATE L0 DL HHT Lo

BHT ARG R -

1.5

= 1.8 M Zn (ll)+2.4 M HCI+2.4 M CaCl,/1.8 M Cu(l)+2.4 M HCI+2.4 M CaCl,
=== 1.8 M Zn (ll)+2.4 M HCI+2.4 M CaCl./1.8 M Cu(l)+2.4 M HCI+2.4 M CaCl,, 10 V% EtOH
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Potential (V)
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0 250 500 750 1000
Time (s)

W 3L 2 fETfERy phe B RY % (24) 2185 L8M Culll)r s i3 i

SPES LSMZn(IGF 4+ 3% 5 (8) B T3 i AT &0 10%2 ¢

o A%FE 5120V 2in2 A 5 2mAcm? o
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3012 29T e S ocdy B

TR s DAF R KL B df % S
CE (%) 31 65
EE (%) 15 49
VE (%) 49 75
Energy capacity (WhL™) ~23 1

40



FEh PR
T | APt ZA iR
Lk
&
K%
PR Y
) 105 & | (1)2 o i HER o E S 33%.
06 * Qw7 » F &k
B) 105 & |[(Digmas 23 |H@FeR &% 66%-
;r
10 * PR ERER o
@QiEmr» 2w
PR o
3) 1052 | (D) 573 7 iz | H 7R > &2 % 100%
1
12 *» H 7 e R

41




LT R Fad » 5 05 IHPVA ) H R Aatd it @
b & ¥k -
AET L e tween RS A A ATH] > T Fedrdp > RRprisg o

*hEREAG L oo

2 fai e AFHIT(CIE) HuT iR § O BRHE
B (15Mto3 M) -

B B2 ATAIT R h i W e S s i WAL R R (HCI) T ;
A /eI ERD I5M I 24M -

3R AL * AT T fFR L TR 0 T RATI R FRE
Faon s H R e w2 pl o B G i F (retention rate):d
90%r2 + o

B ki 10 BAR TR o B R iGon g e SRR A 90%

Sd‘pi’%%%ﬂﬁ%i B p E\‘ﬁ]'{%p;‘}ggﬁv - % o j‘ﬁﬁfii}i'ff?’ w

RFE S PRI A CRER I TR T

™
R

BP0 BEE 2

42



6 [7 I8 |9 |10 |11 [12
3%

E- SN JEP g AR S %

SR E R &

CR A REL R x

RIGEE R D R R e A b2 T .

2% -

2T ERT LT R 2

207 % FRR B TR S x

BB R A

1A By A (RMB) |11 [22 [33 [50 |66 [77 [88 [100

P LE ()R HEQ e T R RER -

$2% (DTEMEE %2 AT F A -

b 3 (S TERHPET SRR - QrrERFEY 22 0F

43




2 .

\\\?’;r

e
1. Daim, T. U.; Li, X.; Kim, J.; Simms, S. Environmental Innovation
and Societal Transitions 2012, 3, 29-49.

2. Rydh, C. J. Journal of Power Sources 1999, 80, (1-2), 21-29.

3. DC,N.A.a S. A W.NASA TM-97067 1979.

4. Sum, E.; Rychcik, M.; Skyllas-kazacos, M. Journal of Power
Sources 1985, 16, (2), 85-95.

5. Sum, E.; Skyllas-Kazacos, M. Journal of Power Sources 1985, 15,
(2-3), 179-190.

6. Jizhong, C.; Zigiang, X.; Bei, L. Journal of Power Sources 2013,
241, 396-399.

7. Fabjan, C.; Garche, J.; Harrer, B.; Jorissen, L.; Kolbeck, C.; Philippi,
F.; Tomazic, G.; Wagner, F. Electrochimica Acta 2001, 47, (5), 825-831.
8. Gattrell, M.; Qian, J.; Stewart, C.; Graham, P.; MacDougall, B.
Electrochimica Acta 2005, 51, (3), 395-407.

9. Vijayakumar, M.; Burton, S. D.; Huang, C.; Li, L.; Yang, Z.; Graff,
G. L.; Liu, J.; Hu, J.; Skyllas-Kazacos, M. Journal of Power Sources

2010, 195, (22), 7709-7717.

44



10. Ding, C.; Zhang, H.; Li, X.; Liu, T.; Xing, F. The Journal of
Physical Chemistry Letters 2013, 4, (8), 1281-1294.

11. Chakrabarti, M. H.; Dryfe, R. A. W.; Roberts, E. P. L.
Electrochimica Acta 2007, 52, (5), 2189-2195.

12. Zhong, S.; Skyllas-Kazacos, M. Journal of Power Sources 1992, 39,
(1), 1-9.

13. Kausar, N.; Howe, R.; Skyllas-Kazacos, M. Journal of Applied
Electrochemistry 2001, 31, (12), 1327-1332.

14. Rahman, F.; Skyllas-Kazacos, M. Journal of Power Sources 1998,
72, (2), 105-110.

15. Oriji, G.; Katayama, Y.; Miura, T. Electrochimica Acta 2004, 49,
(19), 3091-3095.

16. Skyllas-Kazacos, M.; Menictas, C.; Kazacos, M. Journal of The
Electrochemical Society 1996, 143, (4), L86-L88.

17. Dunn, B.; Kamath, H.; Tarascon, J.-M. Science 2011, 334, (6058),

928-935.

45



18. Tsai, H.-M.; Yang, S.-Y.; Ma, C.-C. M.; Xie, X. Electroanalysis
2011, 23, (9), 2139-2143.

19. Tsai, H.-M.; Yang, S.-J.; Ma, C.-C. M.; Xie, X. Electrochimica Acta
2012, 77, 232-236.

20. Chang, T.-C.; Zhang, J.-P.; Fuh, Y.-K. Journal of Power Sources
2014, 245, 66-75.

21. Chen, J.-Z.; Liao, W.-Y; Hsieh, W.-Y; Hsu, C.-C.; Chen, Y.-S.
Journal of Power Sources 2015, 274, 894-898.

22. Zakeri, B.; Syri, S. Renewable and Sustainable Energy Reviews
2015, 42, 569-596.

23. Perry, M. L.; Weber, A. Z. Journal of the Electrochemical Society
2016, 163, (1), A5064-A5067.

24. Lide, D. R. CRC Press, Bora Raton 2007.

25. Zeng, Y. K.; Zhao, T. S.; An, L.; Zhou, X. L.; Wel, L. Journal of

Power Sources 2015, 300, 438-443.

46



26. Wang, W.; Nie, Z.; Chen, B.; Chen, F.; Luo, Q.; Wei, X.; Xia, G.-
G.; Skyllas-Kazacos, M.; Li, L.; Yang, Z. Advanced Energy Materials
2012, 2, (4), 487-493.

27. Wang, W.; Li, L.; Nie, Z.; Chen, B.; Luo, Q.; Shao, Y.; Wei, X.;
Chen, F.; Xia, G.-G.; Yang, Z. Journal of Power Sources 2012, 216, 99-
108.

28. Wang, G.; Chen, J.; Wang, X.; Tian, J.; Kang, H.; Zhu, X.; Zhang,
Y.; Liu, X.; Wang, R. Journal of Electroanalytical Chemistry 2013, 709,
31-38.

29. Sanz, L.; Lloyd, D.; Magdalena, E.; Palma, J.; Kontturi, K. Journal
of Power Sources 2014, 268, 121-128.

30. Tam, H. H.; Asthagiri, D.; Paulaitis, M. E. Journal of Chemical

Physics 2012, 137, (16).

47



i - b
Study of High Efficiency Vanadium Redox Battery Electrode through Functional Thermal Activation
Guan-Yi Lin?, Jian-Yu Chen?, Yu-Chung Chang® Chen-Hao Wang'*, Yi-Sin Chou?
! Department of Materials Science and Engineering, National Taiwan University of Science and
Technology
2 Institute of Nuclear Energy Research, Atomic Energy Council, Executive Yuan
INo0.43, Keelung Rd., Sec.4, Da'an Dist., Taipei City 10607
21000 Wenhua Rd. Jiaan Village, Longtan District, Taoyuan City 32546,
E-mail:chwang@mail.ntust.edu.tw (Prof. Chen-Hao Wang)
2E-mail: yschou@iner.gov.tw

(NL1050534)

Abstract: Vanadium redox flow battery mostly use large surface area, high conductivity, and porous
structure graphite felt as electrodes. However, graphite felt material faced the shortage of
electrochemical activity and poor reversibility, and other issues. Therefore, we use the thermal
activation with carbon dioxide to modify graphite felt electrodes, and then by changing the processing

parameters and adjusting the flow of the atmosphere to give optimal treatment conditions.

Moreover, preparing a series of electrodes by controlling the fiber surface pores of the defect size and
distribution of process parameters, we can discuss about the morphology and structure of graphite felt
for the vanadium redox flow battery application and effectiveness of the association. After the carbon
dioxide treatment, the modified graphite felt enhanced the surface area, OH" functional groups,

hydrophilicity and also the overall conversion efficiency of the battery. In conclusion, the performance
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and stability of the electrodes obviously improved by the thermal activation with carbon dioxide
treatment. For example, the surface area increases 10 times than the untreated graphite felt, the OH"
group increases 12%, and also the battery efficiency raised from 79% to 85%.The electrochemical

performance and stability results are shown in Fig. 1.
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