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Abstract — In this study, the effect of additives on the performance of aqueous organic redox flow battery (AORFB)
using quinoxaline and ferrocyanide as active materials in alkaline supporting electrolyte is investigated. Quinoxaline
shows the lowest redox potential (-0.97 V) in KOH supporting electrolyte, while when quinoxaline and ferrocyanide are
used as the target active materials, the cell voltage of this redox combination is 1.3 V. When the single cell tests of
AORFBs using 0.1 M active materials in 1 M KCl supporting electrolyte and Nafion 117 membrane are implemented, it does not
work properly because of the side reaction of quinoxaline. To reduce or prevent the side reaction of quinoxaline, the two
types of additives are considered. They are the potassium sulfate as electrophile additive and potassium iodide as
nucleophilie additive. Of them, when the single cell tests of AORFBs using potassium iodide as additive dissolved in
quinoxaline solution are performed, the capacity loss rate is reduced to 0.21 Ah-L™! per cycle and it is better than that of
the single cell test of AORFB operated without additive (0.29 Ah-L™! per cycle).
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Fig. 1. Scheme of redox reactions of (a) quinxaline and (b) ferrocy-
anide.
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Fig. 2. (a) Cyclic voltammetry comparison of electrochemical properties of quinoxaline in different supporting electrolytes including KOH
and KCl electrolytes and (b) cyclic voltammetry results of quinoxaline and ferrocyanide measured in KOH supporting electrolyte with

a scan rate of 100 mV/s.
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KOH supporting electrolytes with Nafion 117 membrane.
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Fig. 4. Cyclic voltammetry comparison between without and with
K,SO, additive added in 0.1 M quinoxaline in 1 M KOH
supporting electrolytes.

Korean Chem. Eng. Res., Vol. 57, No. 6, December, 2019

5
& 4| Quinoxaline side
£
® 3r
<
g 2
z
.; 0F
S af
<
- 2
S sl — Before
£ — After
5 4t
O 5 2 1 1 n 1 2 1
-1.0 0.5 0.0 0.5 1.0
Potential / V vs Ag/AgCl

Fig. 5. Cyclic voltammetry comparison between before and after

full cell test in quinoxaline side electrolytes of AORFB sin-
gle cell using 0.1 M quinoxaline and 0.1 M ferrocyanide in 1
M KOH supporting electrolytes with Nafion 117 membrane
with using K,SO, additive.

{@rﬂ-o/] HEE UekeIA] AR, 7] =2 (quinoxaline) €A
X}Zﬂi ey AFo| B} A9 wAd AA} FsHdS 7 1L
JE}H A|o]| E7} 7] =23 (quinoxaline)2] A} HEO 2
SO R T Ae ok A w2 A A S 7t
%X]‘* oro Aoy H = 01];]. [32].
ofef] upe} o efli= 1A 9} Rith = o=
2hol= FEHgoto] o] =(KDE H7H 2 AHE-ske] 7
(quinoxaline)®] FRk-g-3 WAk ﬁlbxl SRlsh= AES A3
SFATH33]. 2171 A= 2ol EERFoto] et =(KI)7F
AR} )4l 7] =23 (quinoxaline) 33 245 SFA] Fw=gd
(quinoxaline) ©] HA} HES B3 Jukg- 0 7 7= 718 tolE 7]
o7 021]#01-0313]- Flg 6°llA E 7 Ql5c0], EEFgoto] erfol =
(KD) F7HA19] o4& 0.001 M, 0.01 M BHE YoM ola bl & =
= s U% A 0 7 FEHgolo] Qo] E(KI) F 7
opdE Tt Fd(qumoxalme)J gl A S o A ek

g & 4 Q) o Z SR 7 =¥ (quinoxaline)?} XEE}

= o35S
L R =g,

30 jﬂ 2
- 2kg)

A= T

T
= X

Folo] Lo | E (K e A5 o] F7] Wit % WAIth34].
T, FHEEOR S5 = -0.3 VoF 0.1 V ARl 9] gl ghgof of
M= EeHrotol ertol S(KNS] el of15] Ak i F
o 40}
£
@
& 20
£
= oF
.‘%’
5 20
g -
- —Without KI
5 ol — With 0.001M KI
; — With 0.01M KI
U —60 1 1 1 1 1
-1.5 -1.0 -0.5 0.0 0.5 1.0
Potential / V vs Ag/AgCl
Fig. 6. Cyclic voltammetry comparison between without and with

KI additive added in 0.1 M quinoxaline in 1 M KOH sup-
porting electrolytes.



FA 71 s 55 AA sl A7 a3t

851

1.8 110 y x T r - 40 . T r x
L6l @ . 100{ (b) /\,/—g\_ 1 7 5] © —e—Without KI ]
14 s 90 1 = —a With KT
. > 80] ] = 304 -

23

> 12 — With KI £ 704 1 & 251 .

;.’n 1.0 — — Without KI g 604 p i 2.0 h

S o8l & 504 4 =

2 0. R 40l ] S 1.5 1

= 0.6} & ) &

. ]\ z 304 —o—Without KI 1 = 1.0 1
0.4} £ 20] —Wwithkt | £
®] ] o 0.5 e
104 2
0.2f =
v v . 0 y T T r T 2 00 T T T , T
0 4000 8000 12000 16000 0 2 4 6 8 10 0 2 4 6 8 10
Time/s Cycle number Cycle number

Fig. 7. (a) Charge-discharge curve at 2™ cycle, (b) charge efficiency curves and (c) discharge capacity graphs during cycling of AORFB sin-
gle cell using 0.1 M quinoxaline and 0.1 M ferrocyanide in 1 M KOH supporting electrolytes with Nafion 117 membrane without and

with using KI additive.

7F Qo] 22 AE B v, XERFolo] ol E(KDE FxF
A WA FHAaA7 = PS5 F o' wHE 4= gl
A eA ] e BlnE 913l EERFoto] LTl EKDE WA
&3S wiot WlS Wl vwshs AS 1dseict. Ao,
1, ZElgolo] ujo] =(KDE M7 A= ¥l
AlZto] dojFl o v (EZEMFoto] e tto]| =
KDE H7H = PA] ohoks me] T AR 5306 s, 17 AR
5315 s3lom, ZERFolo] e o] E(KE H7HI= Wols wel &
A AR 6196 s, WA A 5995 s& o FTh). o= 2 LE}
Folo]l 2rfe] =(KI)2} F] =27 (quinoxaline) AFololl A& 285
ShHA] Figdo] Mat Rks B8k FHkE o= 7HE A1E vlolE
A& BRI% 4= glom], A 07 Z7 A)ZE Ujn] W AJIRE] 1
H3kQ1 3} &-&(Charge efficiency)> 2] 100%°]] Bl TS
OJEAUTH3S]. &% £4& SHAAE XERFolo| Qo] E(KDE

HA7HAIZ EA] 29kS wofli= 0.29 Ah-L! per cycle?] 485 1.
Sl 1), Eebrolol eriol =KD A7HIE W doll

0.21 Ah-L! per cycle?] &4 &2 o] 2 €8 4A4&S B3
ol 2, ZERFolo] Qo = (KIy7F IA 2 o)z 7kl
(quinoxaline)@} g% 285 o] Fo] 7] =2¥(quinoxaline)©] A=}
TS Fe NSO R ThE A1 vhoke Aatetal E 4 Qlvk
[29,34]. AT, o] 43| 87 &8 52> Ho R o)& ddV]
e E v AE 7= e R
7hEQ3 o nlt),
4.4 £

B o Poja= 2k (quinoxaline)} #2410 PO ] E (ferrocyanide)
742t FARIHES AR Y] &5 G4, S5 GE4E
&5t ] Al 7k Al 7] Wl EF Al sl ok
F 7S 7Bl s HIAES Xafegict A H9 13 VE
A b, &A1) A s HAEES 3186}
(quinoxaline)®] F-HHg- TS WA Aol #EE = gl o,
olef wpzt FH AA7F & E X o= AR o] vk whEkA,
A7do] Hi= F) =27 (quinoxaline)2] FHE--S H7HAIE F-3) &
Ast At sl o, AHE-s Al EEe A H 0| E S} e}
olerto|Eolty, ARA O 7 FERFAHOIES YoE woll=
A s HAE A3t A7|gl8ta o2 obtdd g3t glalon,
AEEHrolo| 2ol =5 YWOlS wells ©A] A HIAE A7) F

ek,

oo
F
2

u

-2 (quinoxaline) ¥} 2] A} & 2H-8-5- 53l F| =22 (quinoxaline) 2]
FREE 0 V= ARE AAEte] o & 8% A& Bith
A EE, o] /8] &7 &Ago] Hrh= EAldo] St kA, %
9] AFelME 7R Al A7) F4 e HERl
WA S Fk o 2 7] -2 (quinoxaline)S] Rk A=
£ ol Zlo]l ¥ a84 0% Bt

z A

References

1. Ryu, J. H., “Operation Planning of Energy Storage System Con-
sidering Multiperiod Energy Supplies and Demands]’ Korean J.
Chem. Eng., 35, 328-336(2018).

2. Shabanian, S. R., Edrisi, S. and Khoram, F. V., “Prediction and
Optimization of Hydrogen Yield and Energy Conversion Effi-
ciency in a Non-catalytic Filtration Combustion Reactor for Jet A
and Butanol Fuels] Korean J. Chem. Eng., 34, 2188-2197(2017).

3. Lim, J. E. and Kim, J. K., “Optimization of Electrolyte and Car-
bon Conductor for Dilithium Terephthalate Organic Batteries]
Korean Chem. Eng., 35, 2464-2467(2018).

4. Lim, W. G, Jo, C,, Lee, J. and Hwang, D. S., “Simple Modifica-
tion with Amine-and Hydroxyl-group Rich Biopolymer on
Ordered Mesoporous Carbon/sulfur Composite for Lithium-sul-
fur Batteries] Korean J. Chem. Eng., 35, 579-586(2018).

5. Lee, J. and Moon, J. H., “Spherical Graphene and Si Nanoparticle
Composite Particles for High-performance Lithium Batteries]
Korean J. Chem. Eng., 34, 3195-3199(2017).

6. Jung, M., Lee, W., Noh, C., Konovalova, A., Yi, G. S., Kim, S.,
Kwon, Y. and Henkensmeier, D., “Blending Polybenzimidazole
with an Anion Exchange Polymer Increases the Efficiency of Vana-
dium Redox Flow Batteries) J. Memb. Sci., 580, 110-116(2019).

7. Jung, H. Y., Cho, M. S., Sadhasivam, T., Kim, J. Y., Roh, S. H.
and Kwon, Y., “High Ionic Selectivity of Low Permeable Organic
Composite Membrane with Amphiphilic Polymer for Vanadium
Redox Flow Batteries.’ Solid State Ion., 324, 69-76(2018).

8. Struzynska-Piron, 1., Jung, M., Maljusch, A., Conradi, O., Kim,
S., Jang, J. H., Kim, H., Kwon, Y., Nam, S. W. and Henkensmeier,

Korean Chem. Eng. Res., Vol. 57, No. 6, December, 2019



852

10.

11

12.

14.

15.

16.

17.

18.

19.

20.

2% - olqiv] - AEA

D., “Imidazole Based Ionenes, Their Blends with PBI-OO and
Applicability as Membrane in a Vanadium Redox Flow Battery,
Eur. Polym. J., 96, 383-392(2017).

. Jung, H. Y., Jeong, S. and Kwon, Y., “The Effects of Different

Thick Sulfonated Poly(ether ether ketone) Membranes on Per-
formance of Vanadium Redox Flow Battery, J. Electrochem. Soc.,
163, A5090-A5096(2016).

Jung, M., Lee, W., Krishnan, N. N., Kim, S., Gupta, G, Komsiyska,
L., Harms, C., Kwon, Y. and Henkensmeier, D., “Porous-Nafion/
PBI Composite Membranes and Nafion/PBI Blend Membranes
for Vanadium Redox Flow Batteries, Appl. Surf. Sci., 450, 301-
311(2018).

. Noh, C., Jung, M., Henkensmeier, D., Nam, S. W. and Kwon, Y.,

“Vanadium Redox Flow Batteries Using meta-Polybenzimidaz-
ole-Based Membranes of Different Thicknesses, ACS Appl. Mater.
Interfaces, 9, 36799-36809(2017).

Jeong, S., Kim, L. H., Kwon, Y. and Kim, S., “Effect of Nafion
Membrane Thickness on Performance of Vanadium Redox Flow
Battery, Korean Chem. Eng., 31, 2081-2087(2014).

. Dai, Y. and Zhu, X., “Improved Dielectric Properties and Energy

Density of PVDF Composites Using PVP Engineered BaTiO,
Nanoparticles, Korean J. Chem. Eng., 35, 1570-1576(2018).
Kim, S. Y. and Kim, H., “Development of Carbon Felt Electrode
Using Urea for Vanadium Redox Flow Batteries, Korean J. Chem.
Eng. Res., 57, 408-412(2019).

Lee, W., Jo, C., Youk, S., Shin, H. Y., Lee, J., Chung, Y. and Kwon,
Y., “Mesoporous Tungsten Oxynitride as Electrocatalyst for Pro-
moting Redox Reactions of Vanadium Redox Couple and Per-
formance of Vanadium Redox Flow Battery, Appl. Surf Sci.,
429, 187-195(2018).

Noh, C., Lee, C., Chi, W. S., Chung, Y., Kim, J. and Kwon, Y.,
“Vanadium Redox Flow Battery Using Electrocatalyst Decorated
with Nitrogen-Doped Carbon Nanotubes Derived from Metal-
Organic Frameworks}’ J. Electrochem. Soc., 165, A1388-A1399
(2018).

Lee, W. and Kwon, Y., “Performance Evaluation of Aqueous
Organic Redox Flow Battery Using Methylene Blue and Vana-
dium Redox Couple] Korean Chem. Eng. Res., 56, 890-894(2018).
Lee, W., Chung, K. and Kwon, Y., “Performance Evaluation of
Aqueous Organic Redox Flow Battery using Anthraquinone and
Benzoquinone Redox Couple with Ammonium Chloride Elec-
trolyte)” Korean Chem. Eng. Res., 57, 239-243(2019).

Yang, B., Hoober-Burkhardt, L., Wang, F., Prakash, G. S. and
Narayanan, S. R., “An Inexpensive Aqueous Flow Battery for
Large-scale Electrical Energy Storage Based on Water-soluble
Organic Redox Couples) J. Electrochem. Soc., 161, A1371-
A1380(2014).

Lee, W., Kwon, B. W. and Kwon, Y., “Effect of Carboxylic
Acid-doped Carbon Nanotube Catalyst on the Performance of
Aqueous Organic Redox Flow Battery Using the Modified
Alloxazine and Ferrocyanide Redox Couple) ACS Appl. Mater.

Korean Chem. Eng. Res., Vol. 57, No. 6, December, 2019

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Interfaces, 10, 36882-36891(2018).

Janoschka, T., Martin, N., Hager, M. D. and Schubert, U. S., “An
Aqueous Redox-Flow Battery with High Capacity and Power:
The TEMPTMA/MV System, Angew. Chem. Int. Ed., 55, 14427-
14430(2016).

Chang, Z., Henkensmeier, D. and Chen, R., “Shifting Redox
Potential of Nitroxyl Radical by Introducing An Imidazolium Sub-
stituent and Its Use in Aqueous Flow Batteries, J. Power Sources,
418, 11-16(2019).

Chen, Q., Gerhardt, M. R., Hartle, L. and Aziz, M. J., “A Qui-
none-bromide Flow Battery with 1 W/cm? Power Density J.
Electrochem. Soc., 163, A5010-A5013(2016).

Lin, K., Gomez-Bombarelli, R., Beh, E. S., Tong, L., Chen, Q.,
Valle, A., Aspuru-Guzik, A., Aziz, M. J. and Gordon, R. G, “A
Redox-flow Battery with an Alloxazine-based Organic Electro-
lyte) Nat. Energy, 1, 16102(2016).

Agmon, N., “Mechanism of Hydroxide Mobility,” Chem. Phys.
Lett., 319, 247-252(2000).

Milshtein, J. D., Su, L., Liou, C., Badel, A. F. and Brushett, F. R.
“Voltammetry Study of Quinoxaline in Aqueous Electrolytes)
Electrochim. Acta, 180, 695-704(2015).

Luo, J., Sam, A., Hu, B., DeBruler, C., Wei, X., Wang, W. and
Liu, T. L., “Unraveling pH Dependent Cycling Stability of Fer-
ricyanide/ferrocyanide in Redox Flow Batteries, Nano Energy,
42, 215-221(2017).

Badr, M. Z. A., El-Naggar, G. M., El-Sherief, H. A. H., Abdel-
Rahman, A. E. S. and Aly, M. F,, “Reaction of Quinoxaline Deriva-
tives with Nucleophilic Reagents, Bull. Chem. Soc. Jpn., 56, 326-
330(1983).

Aleksi¢, M. M., Pantic, J. and Kapetanovi¢, V. P., “Evaluation of
Kinetic Parameters and Redox Mechanism of Quinoxaline at
Glassy Carbon Electrode’’ Facta Univer. Ser. Phys. Chem. Tech-
nol., 12, 55-63(2014).

Nagarajan, R. and Perumal, P. T., “Potassium Hydrogen Sulfate-
catalyzed Reactions of Indoles: a Mild, Expedient Synthesis of
Bis-indolylmethanes, Chem. Lett., 33, 288-289(2004).

Mabbott, G A., “An Introduction to Cyclic Voltammetry, J. Chem.
Educ., 60, 697(1983).

Randles, J. E. B. and Somerton, K. W., “Kinetics of Rapid Elec-
trode Reactions. Part 3. Electron Exchange Reactions) Trans.
Faraday Soc., 48, 937-950(1952).

Dey, A., Karan, S. and De, S. K., “Effect of Nanofillers on Ther-
mal and Transport Properties of Potassium lodide—polyethylene
Oxide Solid Polymer Electrolyte) Solid State Commun., 149,
1282-1287(2009).

Altshuller, A. P., Schwab, C. M. and Bare, M., “Reactivity of
Oxidizing Agents with Potassium lodide Reagent Anal Chem,
31, 1987-1990(1959).

Chakrabarti, M. H., Dryfe, R. A. W. and Roberts, E. P. L., “Eval-
uation of Electrolytes for Redox Flow Battery Applications]
Electrochim. Acta, 52, 2189-2195(2007).



