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Figure 1 (Color online) Schematic diagrams of the flow battery structure and electrolyte materials. (a) Typical structure of a flow battery; (b)

inorganic and organic redox materials used in flow batteries
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Table 1 Comparison of advantages and disadvantages of different flow battery systems
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Figure 2 (Color online) Enhancing performance of all-vanadium redox flow batteries through improved membranes, catalysts and machine learning.
(a) The low permeability and high electrical conductivity of TFCM membranes (TFCM is referred to as IP2-x, where x represents the concentration of
TMC)2Y; (b) cycle performance of VFBs equipped with IP2-0.15 at a current density of 260 mA cm™2"; (c) cycle performance of the VFB using
NMPC-A@GF electrodes at 200 mA cm™'"); (d) the typical approaches for the DZC design method include pattern initialization, 3D multiphysical
simulation, dead-zone detection, dead-zone compensation, experiment analysis, and performance evaluation™!]
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Figure 3 (Color online) Achieving uniform zinc deposition through additives, optimized electrodes and membrane design. (a) Schematic diagrams of
the Zn deposition process in both ZnCl, and ZnCl,-NAM electrolytes!**). (b) The rich space within the hollow carbon spheres relieves structural stress
during long-term battery cycling. The N functional groups enhance Zn adsorption, thus inhibiting the nucleation and growth of Zn at the highly active
sites on the electrode surface and achieving uniform deposition>®. (¢) Scanning electron microscope (SEM) images of the Zn morphology at the end of

charging for the AZIFBs assembled with LDH-G and substrates at 80 mA cm™ 2%
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FIEEC R FAARI i B0 A B i 4545 750 2
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A, R T 3R Bry/Br S AL IR R X (TG, AFSE G5
AT HA SR, & R AR RME R R
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MIPREE T, BINFIEERE MG ER, Hrh#amESsa
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676 mW c¢cm 2.
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BRI SR AT e I, SCBLT W HL 2 s AR TR
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BAF300MEFRLL 1. @i ABr U, p-cDIFIZ,

1235



M4 EZ b 2005538 £70% FoH

Catalytic TisC2Tx carrier

(a) /K ey Br: ¢—@ g,b 2Br- ‘v%& Bl'z
I Y — , Adsorption s}\ Catalysis
¥!~ : { £ JI%//] < DI 3 . ;?‘
(1, & 2 m;;fzg,; - e 2y
LE %:'Q*‘ CTAB N CTA Brs \ .
L Brngle B! om%?égam':: Y "CTASglI'?d. L Revers:Ie . B, Solid
L 1 »a
o ~®- ,3,,, v ﬁ’//////:;&‘\\\\ E?A/S 3 ' ’éi/& 3
Bromine-based flow battery ’sj}j ,y/] J}})JJ v ‘1 3 9
(e <t ‘J Qec 3 € *-Brs~
J;jjjjjjflffjjjjj\):jg ] CTA s CTAEn
MnO, Mn(Ac), Mn2* Mn?* MnO,
D <« ,0° > Q =»> & (C) 5. +
%\” g Fe(lll)-TEOA |  Fe(lll)-CN
MnO
Fe(ll)-TEOA Fe(ll)-CN

/«e

%» : M'E?()‘

/ =
O

Mu(Ag;/ l -

Vo

B 4 (45 R (o) Ho A A JE T T P Tt PN A K T L T R R . (@) 7RI /R Tia G, T,-CTABAB A 14 HL AR AT i A 16 PR AR S A JL A 7

(-0.86 V vs. SHE) J| (+0.48 V vs. SHE)

l— 1.34V

ARES), &

FATFBAT AR 0 AR 5 A B IR IR L 1, (b) — R AE FPEA R 25 F-MnO, Fl AT ¥ HEMn(CH;COO), AR L L 1B, (¢) Bk'5 = 2 Witie %

B R A R IROR H h P)

Figure 4 (Color online) Schematic diagrams of other zinc-based flow batteries and all-iron flow batteries. (a) Illustration of the Ti;C,T,-CTAB

decorated electrode with high catalytic activity and excellent bromine retention capacity for a Br-FB with ultralow self-discharge and a long lifespan’

[65].
>

(b) a neutral-medium flow battery based on MnO, and soluble Mn(CH3CO0),*”; (c) all-soluble all-iron RFB with iron and TEOA complexation!*®]

HEUA TN AN AT IR RE W B, o i o LA P B
ATTEE. Shin: A 3R] (2- 32 35)-B-FRHPKS (2-hydro-
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PEHE TLAKEYE, AL AR, ARk
TLUTTERIRE, I AHP-B-CDAY L MR E 1217100
EIR, ECHCRIBIL9%, FIFHFAHI84%. Zhaoks
NV BRI R INT.5 vol% Ryt 2.1, it
) 553 1, VRS FEL B =22 18] A AR A ﬂ%i_%ﬁw?i‘&%ﬂ —

Bom g, N TAR TR S, AR ST
FH, 295 B 4R 31]80~140 mA cm ™2, #TIOO mA cm > R
SEITORBEENGER.  BREEBUA RSN, BUAE R EW S
HAb AR ARHBE . i, XieZE ATS¥Br o] AZI i
b, E A  EARIBrAIBr, 9 T HIOAYTE B AIEL
TRRI R A, W8N T L/IOS2Z [l AR A 25 9 S 3 T
AR Z W R, 6 mol/L 1 HL i 5t 52 9 o
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HfEmseh EEE, BARENALE RN
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ANFRE ME 22 T BN O, Y 45 FA 3855 18 177 o ) 7% St 32 ik
Huang % AP EL 8 FHIZ IR MnO, 1 4y F B AR b 6 T
AHAE, R IFH BE I (polyaniline, PAND)IE A E|MnO,H?
e Ab R AR ZEH, HE R MO, #rh [a] 2 FPANT 449K
PR e A SR 2 F T A4, TR BB 8 AE 280
mAh g7 R AR FRUGEIEFR2000K. XiedE AP
SEELMn®*/MnO, 175 A DT SN KB G 25 F IPH353 ] 1t
(El4(b)), E it Ac™ A EL AR fMn> 1] DL B2 AMnO,
FTE R PURRFE AR b, SEEL T MnO, M4 Mn(Ac),
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BotZEAER AR AL ARE) Bt
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Cr ™ B AR 5 AT g ¥ K5 ZU Y Jahn-Teller , X
Je TP AR R A BECT (B T A AR 51 e (75
FEL 2 HH B[] B 3 RN BRI R AR A WA, X I 42
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(Bi-C) AR} 35 2 (ketjenblack, KB)k 1 AN REMEALF, H
HBIAFAEA ] T U8, KBS T Cr > 4,
A3 S5 RS BTG 2, LABi-CAHEAL I A 17 W% A H b 1
40 mA cm > N EL A5 86.54% 1 RE R AR,

TRA AR H M IE M A Fe®/Fe® A Ak J i X,
TR A Fe® /Fefd AL IR X, TR A 48k 32 2 b 1t
AR BN, I ELRER o 1a] B HERS, Sl SRR
PR TP R R T i b = A B i e 2, R I 5
A HLEL RS ERIE 2% A P 1 2R 7 A 45 44 ke 2l
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FE-3-FRFE-1,4-ZEWRAE Ry SRR AL} %) 9 P S 2 3 o
1.02 VAEL LR, 1 H A2 100G 3R G, 25 A
HRIRF94.7%. ERR(AQ) AT LU AR FIZETR HE A AL
P, BUCEA SRR . 2 RS 5
Kb i B AR R 5 2. WuZi A5 AT 24 B 3
TRBUC R, X Rh i AT K R A 2% ST 5 42
MM EEZE A A L R e M, fEpH 1455 T 45
TER<1%/AF. eAh, T LA 5] AT F 50 TR
AR B LA, UIN,N'-(9,10- &R -2, 6-—38)- —-B-IN &R
T IAN-BERR R IE A, NAYZA TR0V B T 43
TR AL, A MBI 1.12 VAR e RO,
2.2 KRR

SR TROE RS . R B S tk, et
S HA RS 20K (methyl  viologen,
MV) HBESEFTMV 7 H X i B TR RS, TR SRS Y
B o7 IR A MV OFE K R A R T S S 24 R X
MV YORBEBIAFH, Xk b AT A 1ok S K A A B A s
NJET b A4 LS B MV AR PR 061071 sk, 24
SRR IFE— 3T, T ILRESR Y sR I
HL RO, SRS TR R B AR =, 27 1R
SHTE BT HE RS I B ) 18 SR 2 M 45 ELAT 45 B TR0,
EAEE A PR B AR, 2 PR A
BIRRB A 2E. W 7E 2 I E$5 2 18] 1% B L o AE
A0n] DU R N A 22 0T SR AL e R e L O, HusE
OB AN I 85 22 18] 5 LA EEE AR, BRI 1-XY[3-
(= F R N 3 -4,4"-(1,4- 2R 58 Bk e U S AL, 15y
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(K15(a)).
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AR A AL T 800 7k R LR JREYE . TEMPORY
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AR R A 250 Xk e R R B 2 FanE AL BhgE 2,k
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.
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Figure 5 (Color online) Representative studies of organic flow batteries under alkaline, neutral and acidic conditions. (a) n-dimerization, which
efficiently lowers the fraction of free radical monomeric species acting as electron mediators (indirect pathway)!"'”; (b) compared with HO-TEMPO and
TMAP-TEMPO, N+TEMPOD effectively suppresses crossover and has a higher capacity!"'); (c) life cycle of the 0.5 mol/L MB/V flow stack batteries

at 50 mA ¢cm ™21

TRISAL IR AR AL ) 25 7 e ARG e A A )
MR AR RBOR A T KR RN T, etk
Fralr W TR JER Y. LinZg A2015 ] A F ik 3
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MGG AR R A2 99%. @ RN Bhig ), Mk
Jiie T LA 8 2R SRS AT R I A AR T UM AL B ke —
AR ATV, 1 TR e F b A R e R,
WrWE AT AR A B B R AR B LA, IR AT 43
Sk VR IR R A 1 (150 TN - BUA 13 I 1B 17 A= ) (1T Y.
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SRasENE. ZhangZE NUPIZE S 5 T FLGLR B L 7E0. 1

F10.5 mol/Lyf B N B B LR 474 W A 0 A2 4k (K15
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The seriousness of global warming and the consumption of fossil fuels has become increasingly evident, prompting
countries to take active measures to address this challenge, including setting carbon neutrality goals to tackle severe
environmental issues. Decarbonizing energy is an inevitable measure to achieve dual carbon goals, and renewable energy is
a key strategy to achieve energy decarbonization. However, renewable energy generation, such as solar and wind energy,
faces challenges like volatility and intermittency, and direct integration into the power grid is extremely risky. Therefore,
the long-term energy storage technology is needed to regulate power to achieve the effectiveness of renewable energy
utilization. Among various long-term energy storage technologies, flow batteries have garnered considerable attention due
to their rare advantages such as large capacity, high safety, and long lifespan.

Flow battery technology consists of an electrochemical cell stack, electrolytes, and pumps, which are connected to each
other through pipelines. The electrolyte is pumped into two chambers separated by the membrane for redox reactions, while
the electrical energy is transported to the outside through the electrodes for power generation. The decoupling of flow
battery energy and power makes it highly flexible and adjustable, and its modular design also greatly reduces maintenance
costs. Since being first proposed in the 1970s, flow batteries have developed two systems: Inorganic and organic. The
anolyte and catholyte of the inorganic system are inorganic materials, including all-vanadium flow batteries, zinc-based
flow batteries, iron-based flow batteries, and halogen-based flow batteries, etc. Organic systems, on the other hand, have at
least one side made of organic materials, including quinone flow batteries, viologen flow batteries, TEMPO flow batteries,
and aza-aromatic flow batteries. Each system of flow batteries has its unique advantages, such as all-vanadium flow
batteries with high power and high stability, zinc-based flow batteries with low cost and high energy density, and organic
flow batteries with abundant molecular tunability and potential cost advantages. At present, technologies such as all-
vanadium flow batteries, zinc-bromine flow batteries, and iron-chromium flow batteries have entered commercial
application, and with the increase in demand for long-term energy storage facilities, their applications will be further
expanded. Meanwhile, organic flow batteries are still at the laboratory scale and have not yet entered the stage of large-
scale industrialization. This article reviews the cutting-edge research and commercial applications of various flow battery
technologies in two fields: Inorganic and organic, analyzes the key issues faced by various flow battery technologies, and
finally gives an overview of the long-term potential of flow battery technologies. Challenges and future developments in
the energy storage field are proposed.

In short, flow battery technology, as a key player in the field of long-term energy storage, can not only become a reliable
energy storage solution for the energy system but also promote the large-scale application of renewable energy, providing
strong support for solving environmental problems and achieving dual carbon goals. Although it still faces some
challenges, it is believed that flow battery technology will have broader prospects with breakthroughs in key issues.
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