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£ A d8 B2 T shl vE@ EF(methylene blueys 577 dls2 S5 49
A&tk Methylene blue®] HEA A= pHZF Fobdlol wle) 29] Wako 2 o)igah=
methylene blueE o= SEHZ &-g3}a1, o= SEAZ = vPbg(vanadium) & 45101 AF HajAS 7gto =z Al
s 3715 23T} Methylene blue/V* 52 28] AF Asdef| thsh A Ak
blue®] = tht &3l Sk 0.12 M= 43] Y, ojof w2} 0.0015 M2 SH w2 WA Al A58 B7H
©1, Nafion 212 F1B |91 AFE310] 0~0.8 V Z-23F AU T | mA/em? AFIE 3tollA 4 cycledlA =
& 96.67%, AUAAE 88.83%, ollLIA| A& 85.87%, W3 870.0500 AhL")o] o Helon, vhe nhgake
E20] e Fho) o3t Zlo|BE e vyl B = 0.1 M2, AFUEE 10 mA/em’*® O &=
4 cycleollX] CE 99%, VE 85%, EE 85%2 &% U] =2 W §%(3.8122 AhL S =TS g1 4= it

o=
rognh

Abstract — In this study, methylene blue which is one of dye materials was introduced as active material for aqueous
redox flow battery. The redox potential of methylene blue was shifted to negative direction as pH increased. The full-cell
performance was evaluated by using methylene blue as the negative active material and vanadium as the positive active
material with acid supporting electrolytes. The cell voltage of methylene blue/V*" is very low (0.45 V). In addition, the
maximum solubility of methylene blue in water is only 0.12 M. Therefore, the cell test was performed with very low
concentration (0.0015 M methylene blue, 0.15 M V#) at first time. Cut-off voltage range was 0 to 0.8 V and 1 mA-cm™
current density was adopted during cycling. As a result, current efficiency (CE) was 99.67%, voltage efficiency (VE),
88.83% and energy efficiency (EE) was 85.87% and discharge capacity was (0.0500 Ah-L™") at 4 cycle. In addition, the
cell test was performed with increased concentration (0.1 M methylene blue, 0.15 M V*) with 10 mA-cm™ current density,
leading to higher discharge capacity (3.8122 Ah-L™") with similar efficiency (CE=99%, VE=85%, EE=85% at 4 cycle).
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F45-8 wo] Fg-a$kth. Fe/Cr, Zn/Br 23 74 B Ak A
o] B4 47 ojrbrh= A3} o] Zajrh wAlo] glom]
[5,6], TFEF AFHE(VFVINE 7H = v (Vanadium, V)
& g5 T &85 g U552 353X (Vanadium Redox
Flow Battery, VRFB)2] - Q%50 R 2-& 3248 A1 85)71
7] wioll A7 (self-discharge)?} SEaL, Wb 71 Alo) & 4=
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Fig. 1. Scheme of redox reaction of (a) Methylene blue and (b) VHIV,

H& 7HA AL Ytk AellA] AT eeio] wol Eojghrh[7-10]. 3HA]
Tk, 40 °C ool A= V3 0] 0] V,0;, 10 °C 1] Fkel = v o]
£0] V80, % HHEth= Ay vV g5 vk S50 g
7] wiitell EuiE HoE dvhs A, vhgol S a&ol7] W
of| 7}Ao] uin, 312k 4= Qli= Apoleks AolA] vivkg il
U2 G522 sk A7) asith11-14].

ool wpe}, uhg tiAl f7] EHE BEIE Egstaat she
AT7F wol ZWE a1 ek L AZ F]3=, obA} I1F-E 7= of
ZulE AG, |z, Wdulo] g2 So] 9lrh15-18]. o] g &
7154& RFBS EA=E AMEE A, vheket S 7 5 9l
ok A A, S5RTE 18R Ao, B4, 7FA o] v A HshH, A,
57 (functional group) & X|¥sh= T/ & B3l A5~ A
AE MAAZ 4= th= Aol ATi[16,17]. B3t tiye] #7] &
AL dl5A Wg-E ok dloll Qlojx] FAE Fatahr] wiikel d
a2 pHE ZHsh= Ao 2w #EA A dsh= weko g
W3 A th e GEA o] Z3to A AHg-S YA 5= Sk
[19,20].

B Aol e f71E4 3} 7]l 2ols U ES Pol 2 X
Fox A5 JHSIGITE o714 71l RFBS] E=4= 2491
Aol gl 9H EZ F 32l methylene blues &= ZEH =
E]isil o, o= BEZE = 7]l VRFBe| 2to]d vl
AHE-SESITE. Fig. 1014 B & 4= Q15%0], Methylene blueZ} &5
22 RES-E Bh= lof] QlojA] 74 o] 5 FHksh] wiitel Hald 2l
pHE AT ZH #l52 A7 ofdA vlr=Aol st A3S
st oM 21], A A AL 7|Nke 2 vhbE i el 25
Ol FSE o] WA A ds H7HE SIS o714 AF A d 2
Pt} QAte] /g5 Aol & Hlwek= AT X3t

S
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2-1. AJ2F

FEAZ 20| = wE Al EF(Methylene blue, Sigma Aldrich)2}
HLHE (Vanadium (IV) oxide sulfate hydrate, Sigma Aldrich) 2
o A glo] gk o E AlokE ARgERlom, Ml = 2ol
2}H:KSulfuric acid, 95.0%) ¥} 93 AF(Hydrochloric acid, 35.0~37.0%)-
A stetol A, FAFSIE F(Sodium hydroxide, beads/pellets,
99.99% (metals basis))i= Alfa AesarollX -5t AMESISATE

222, M7|seEA
H
3 FHH71E o] g5t 7)slsr4l 578 ZasiTt.

2:2-1. =RFART 57
7 % 9] 7] (Potentiostat, SP-240, BioLogic) & A}-8-5}o] 4+ =

A S B3 341 A F(cyclic voltammogram, CV)E 573}
Qa1 =2 W2, 710 =2 Ag/AgCl (3.0 M NaCl)yS At
L3kt =2 = A] '4 A= (glassy carbon electrode
FE 5.0 mm, A7 0.196 cm?))=E AMESFACH WE @l E522] pH
of & s M9 WiskE gRlslr] 413 0.0015 M HIE A £

F5 S5, pH 13 $9E o2 445, 2M 34 05M
NaOH, pH 11-13 (NaOHZ A3 9) glof] Yol A z3}3t}. o] A
ZE gl o3l 100 mV/se] FAF 5= (scan rate) = -1.0 V-E
1.0 V7HA] FAbste] =8pAb R/ 54 S A seksitt 8t
A s Aol el gl B9k vhkg 23] A Ads AP
2l 0 VHE 1.0 VZHA 100 mV/s 8] FAF SR8 S8FA P F
74 APE FAFsGIT). o 714 dall A 0.0015 M WL = 5,
0.0015 M VOSO, ¥5-2] 3+9-U1 & 2M Eitel] ol Al zai3ict,

[\

2-2. A =4

il

14 7H%] (Wonatech, WBCS3000) & ARE-510] €-41%] 74 A
S Wk A=F0 R = 4 em? AA ) B4 HE (Carbon felt,
Toyobo) = A8} 21, Nafion 212 BB #|Q1-S AMg-8F3ith &=
A 2200015 M HE A SF5 2 M 3 = oM A 15SmLe]l
o A xskel o, oF= A&l A 0.15 M VOSO, 5 2 M 3 =
2 M 4 15 mLell 50] AlZSHich A-93Z Zk2 0~0.8 V, A
UEE | mAem? E 10 AR E7HA] 288k} = o2 210
225 3k 20 e 259 w2 ARUEE ] oA
= AadS 01 M HEA EF5 2 M 34F 15 mLel o] Az
Bl o, ok A AL 0.15 M VOSO,Z 2 M 4k 15 mLoj 559
A zsko] A2 X ML 0~08 V, AFLEE 10 mAecm?ZE 10
Aol 714 Z=ysk3ic).
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3-1. MU=ty Y g0t

7} Fig. 200l vhelolom, pH7t 2ol o5 ko 2 ols
22 97} ol Fsh pHZt oS S5 WO R HluA A9
7} ol g8k A& g 4= Qi) T4 N
A3 JARE, 7] = AbellA O] & W3S 7HITh A A3
A@RM ZAb) oA 9] 7k ((Absh MR/ )] dojat=
0.9691)2} AP A (AH3) S H91%1=0.0314 V) ©] 97] “ 3l
Z1(0.5 M NaOH)IA ((AF8} A7/ A 7)e] Aolzk=0.8140, 2t
3} 3 HAF=0.0916 V)ET} o] 955k Z1& ER1E 5= QIgiTt.
Methylene blue®} V¥/V3* 2|52 Z 3ol o3t A S 1}ets)7]
8l =EFARAF 54 ¢ A3, Fig 304 & 4 l%o) A A
2 0.45 Vitoll HA] k=t o] g A whe- A A g /A7)
23l 41+=Methylene blueol] -OHS} 22 A} 7] #A57]E o}
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Fig. 2. Cyclic voltammetry results of 0.0015 M methylene blue in differ-
ent pH supporting electrolytes at scan rate 100 mV-s’.
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Fig. 3. Cyclic voltammetry results of 0.0015 M methylene blue and
V#/V™* redox reactions at scan rate 100 mV-s™.
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Methylene blue®] F5=E vi-¢- 52 5511 0.0015 M, 57U %=
1 mA-em™ 3ol 2 M 34 Asf e disl] 10/ ke]2 Bt -7 A
‘de= B7HE A3 Fig. 404 & 5 S50l 4 AlelEellM T
A S(Current efficiency, CE) 96.67%, %+ & &-(Voltage efficiency,
VE)< 88.83%, WA & & (Energy efficiency, EE)> 85.87%2]
e LERATE T3t W S-2(discharge capacity)= 4 AFo]E
o 4 0.05 Ah-L'=Z o] & £%(0.08 Ah L") 62.5%C|t}. 17 H)
Ato] o] A)ef| wha} ihd 85F9] 8- =418 (capacity loss rate) ©]
3.06%/cycle ©]T}.

Bz ez Ak il ks A o] s& vlaskr] 9
&l 99} 22 ebA) Al 2ok 2 M 34 Al 2 M GARE AR
sto] ebd ] Al 52 7kt A, Fig. 5ellA B & = Lol
Aol 58 SN W AsS UERITE 4 Alo] SollA
Z1d &5(Current efficiency, CE) 94.46%, A3 &8 (Voltage
efficiency, VE)<= 83.43%, U X & & (Energy efficiency, EE)<>
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Fig. 4. (a) Charge-discharge graphs, (b) efficiency graphs and (c) dis-
charge capacity and SOC versus cycle number graphs of
0.0015 M methylene blue/0.15 M vanadium RFB single cell tests
in 2 M H,SO, with 1 mA-cm™ current density at 0~0.8 V cut-
off voltage.
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Fig. 5. (a) Charge-discharge graphs, (b) efficiency graphs and (c) dis-
charge capacity and SOC versus cycle number graphs of
0.0015 M methylene blue/0.15 M vanadium RFB single cell
tests in 2 M HCl with 1 mA-cm™? current density at 0~0.8 V
cut-off voltage.
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Fig. 6. (a) Charge-discharge graphs, (b) efficiency graphs and (c)
discharge capacity and SOC versus cycle number graphs of
0.1 M methylene blue/0.15 M vanadium RFB single cell tests
in 2M H,SO, with 10 mA-cm™ current density at 0~0.8 V
cut-off voltage.
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