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ABSTRACT 

The rapid advancement of flow batteries offers a promising pathway to addressing global energy and 
environmental challenges. Among them, iron-based aqueous redox flow batteries (ARFBs) are a compelling 
choice for future energy storage systems due to their excellent safety, cost-effectiveness and scalability. 
However, the advancement of various types of iron-based ARFBs is hindered by several critical challenges, 
including hydrogen evolution, inferior reversibility of metal deposition and stripping, and undesirable 
dendrite formation in hybrid flow systems with metal plating/stripping on the negative electrode. 
Additional ly, al l-soluble iron-based ARFBs face limitations in redox species solubility and electrolyte 
stability. To address these issues, various strategies have been developed, such as modifications to 
electrolytes, electrodes and separators, as well as flow stack optimization. This review provides a 
comprehensive overview of iron-based ARFBs, categorizing them into dissolution-deposition and 
all-soluble flow battery systems. It highlights recent advancements in the field and explores future prospects, 
focusing on four key areas: materials innovation and mechanistic understanding; flow battery system design 
and engineering; new electrochemistry explorations; and interdisciplinary strategies. By offering insights 
into these emerging directions, this review aims to support the continued research and development of 
iron-based flow batteries for large-scale energy storage applications. 
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(ARFBs) have emerged as a promising option for 
long-term grid-scale energy storage, enabling stable 
energy storage and release. The low viscosity of 
aqueous solutions and high solubility of most chem- 
icals in water strengthen the ionic conductivity of 
the electrolyte and reduce the cost associated with 
electrolyte pumping [3 ]. In addition, the continuous 
flow of electrolyte in ARFBs effectively alleviates 
irregular temperature fluctuations and decreases 
battery polarization compared with conventional 
static batteries [3 ]. Importantly, emergency pump 
deactivation further enhances the safety of this 
energy storage application. 

In 1949, the initial concept of the redox flow 

battery (RFB) was patented by Kangro and further 
refined during the development of iron–chromium 

(Fe–Cr) RFBs by Thaller’s group in the National 

©The Author(s) 2025. Published
Commons Attribution License (h
work is properly cited. 
NTRODUCTION 

he continuous growth in global population, rapid
ifestyle changes and dramatic economic expansion
ave significantly accelerated energy demand [1 ].
hi le fossi l fuels remain a primary energy source,

hey are insufficient to meet daily energy require-
ents of many developing countries and pose severe
nvironmental challenges, promoting urgent global
ction. These concerns have driven the develop-
ent of renewable energy sources, including tidal,
eothermal, solar, wind and biomass energy [2 ].
mong them, wind and solar energy, as intermit-
ent energy sources, are heavily influenced by time
nd weather conditions. To address the inherent
olatility of renewable energy, the development of
eliable electricity energy storage systems is essential

3 ]. Cost-effective aqueous redox flow batteries 
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Figure 1. The timeline of birth of 16 types of iron-based ARFBs. 
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eronautics and Space Administration (NASA) [4 ].
ince then, flow batteries have ushered in an era of
apid development and have become one of the most
opular energy storage technologies in recent years.
ll-vanadium (V) flow batteries (VFBs) have domi-
ated commercialization and industrialization, with
everal GWh of VFBs already installed in China and
lsewhere [5 ]. However, the instability in the supply
nd price of vanadium metal has limited its more
idespread uptake to date. While new vanadium
esources are being developed for near-term com-
ercial production, researchers around the world
re exploring other flow-battery chemistries that
se more widely available raw materials. Therefore,
ignificant efforts have been directed toward explor-
ng alternative ARFBs based on low-cost materials,
uch as zinc, iron and organic compounds. Among
hese, iron-based ARFBs have garnered particular
ttention in recent years due to the high abundance
f iron, its inherent safety, environmental friendli-
ess and cost-effectiveness. Although non-aqueous
ron-based flow batteries offer a larger electrochem-
cal operating window, the difficult issues of low
perating current density, electrolyte crossover,
imited solubility and poor solvent conductivity
tc. have not been effectively addressed. Thus, the
ost-effective aqueous iron-based flow batteries hold
he greatest potential for large-scale energy storage
pplication. 
Figure 1 summarizes the development timeline

f 16 types of iron-based ARFBs, which are catego-
ized into dissolution-deposition (D-D) iron-based
RFBs and all-soluble (A-S) iron-based ARFBs
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based on the valency changes of redox pairs during 
charging and discharging (Table 1 ). While existing 
review articles usually focus on one or more core 
components of the flow battery, or provide a general 
overview of a few types of iron-based ARFBs [3 ,5 –
8 ], this review offers a comprehensive examination 
of the key challenges and latest research progress 
of all iron-based ARFBs to date. Furthermore, it 
highlights the breakthroughs of acidic and alka- 
line/neutral all-iron ARFBs, wide pH range iron–
zinc (Fe–Zn) ARFBs, iron–tin (Fe–Sn) ARFBs and 
Fe–Cr ARFBs, with a focus on modifications to three 
core components of ARFBs: electrolyte, electrode 
and membrane. These advancements demonstrate 
the potential of AFRBs for large-scale energy storage 
applications. Ultimately, advanced modification 
strategies for future research routes are proposed 
in terms of the four key areas: materials innovation 
and mechanistic understanding, flow battery sys- 
tem design and engineering, new electrochemistry 
explorations, as well as interdisciplinary strategies. 
This rev iew aims to prov ide valuable insights into the 
development of reliable, stable, and high-efficiency 
iron-based ARFBs for future energy storage systems. 

FUNDAMENTAL PRINCIPLES FOR 

IRON-BASED REDOX 

ELECTROCHEMISTRY 

Iron-based ARFBs rely on the redox chemistry of 
iron species to enable efficient and cost-effective 
energy storage. Understanding the fundamental 
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Table 1. The respective redox reactions of iron-based ARFBs. 

Types of ARFBs (D-D, A-S) Overall cell reaction Overall cell voltage (V) Ref

D-D Acidic all–iron 3Fe2+ � Fe0 + 2Fe3+ 1.21 [9 ]
D-D Acidic iron–zinc 2Fe2+ + Zn2+ � Zn0 + 2Fe3+ 1.53 [10 ]

D-D Alkaline iron–zinc 
2[Fe(CN ) 6 ] 

4 − + Zn(OH ) 2 −4 �
Zn0 + 4OH− + 2[Fe(CN ) 6 ] 

3 − 1.58 [11 ]

D-D Neutral iron–zinc 2Fe 2+ + Zn 2+ � Zn 0 + 2Fe 3+ 1.43 [12 ]
D-D Acidic iron–tin 2Fe 2+ + Sn 2+ � Sn 0 + 2Fe 3+ 0.90 [13 ]

D-D Neutral iron–tin 
2[Fe(CN ) 6 ] 

4 − + Sn2+ �
Sn0 + 2[Fe(CN ) 6 ] 

3 − 0.75 [14 ]

D-D Iron–lead 2Fe2+ + Pb2+ � Pb0 + 2Fe3+ 0.90 [15 ]
D-D Iron–cadmium 2Fe2+ + Cd2+ � Cd0 + 2Fe3+ 1.17 [16 ]
D-D Iron–copper 2Fe2+ + Cu2+ � Cu0 + 2Fe3+ 0.25 [17 ]

A-S Alkaline all-iron 
[Fe(CN ) 6 ] 

4 − + [Fe(TEOA )OH ] − �
[Fe(TEOA )OH ] 2 − + [Fe(CN ) 6 ] 

3 − 1.34 [18 ]

A-S Iron–chromium Fe2+ + Cr3+ � Cr2+ + Fe3+ 1.18 [19 ]
A-S Iron–manganese Fe2+ + Mn3+ � Mn2+ + Fe3+ 0.79 [20 ] 
A-S Iron–vanadium Fe2+ + V3+ � V2+ + Fe3+ 1.02 [21 ] 

A-S Iron–sulfur 
2[Fe(CN ) 6 ] 

4 − + S2 −2 �
2S2 − + 2[Fe(CN ) 6 ] 

3 − 0.97 [22 ]

A-S Iron–AQDS 
2FeSO4 + HSO4 

− + AQDS + H+ �
Fe2 (SO4 ) 3 + AQDSH 2 

0.62 [23 ]
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lectrochemical principles of these systems is cru-
ial for optimizing their performance, stability and
ractical application. The fundamental principles
overning these systems are rooted in the redox
hemistry of iron, particularly the two primary re-
ox couples: Fe0 /Fe2 + and Fe2 + /Fe3 + . These redox
eactions are influenced by various factors, including
igand coordination, pH and concentration, which
ffect solubility, reaction kinetics, energy density
nd overal l cel l efficiency. This section explores the
lectrochemical properties of these redox couples,
he role of ligands in tuning redox potential, and
trategies for maintaining stability during cycling. Fi-
ally, iron-based ARFBs are classified into two main
ategories—D-D ARFBs and A-S ARFBs—each
f which can be further divided into all-iron and
alf-iron ARFBs, depending on the redox couples
mployed for the negative and positive electrodes
Fig. 2 a and b). 

e0 /Fe2 + redox couple 

he Fe0 /Fe2 + redox couple plays a critical role in
eposition-type iron-based ARFBs, where metal-
ic iron undergoes dissolution and deposition at
he negative electrode. As shown in the Pourbaix
iagram for the Fe–H2 O system (Fig. 2 c), the
tandard redox potential of this reaction in aqueous
olutions is approximately −0.44 V vs. the standard
ydrogen electrode (SHE). The low potential and
Page 3 of 22
high volumetric capacity of deposited metals make 
high-energy-density flow batteries possible [24 ]. 
However, the practical reversibility and stability of 
this redox couple are governed by several interrelated 
electrochemical factors. 

The iron plating and stripping process follows a 
two-electron transfer reaction (Equation 1 ): 

Fe2+ + 2e− � Fe0 E0 = −0 . 44 V v s . SHE (1) 

The kinetics and thermodynamics of this reaction 
are influenced by pH, complexation effects and 
mass transport limitations. In acidic conditions, 
Fe2 + remains highly soluble, minimizing passi- 
vation issues and unwanted oxidation. However, 
in near-neutral or alkaline conditions, the forma- 
tion of hydroxyl complexes and iron oxides can 
hinder deposition and lead to surface passivation, 
reducing electrochemical activity. Additionally, the 
hydrogen evolution reaction (HER), a parasitic 
reaction of converting protons to H2 at the anode, 
competes with iron deposition in acidic media, 
reducing Coulombic efficiency (CE) and affecting 
long-term cycling stability. Electrodeposition of 
iron involves nucleation and growth mechanisms 
that depend on ion concentration, electrode surface 
properties and electrolyte composition. High Fe2+ 

concentrations can promote rapid nucleation but 
may also lead to dendrite formation, which poses 
a risk of short-circuiting and efficiency losses. Sup- 
pressing dendrite growth requires careful control of 
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Figure 2. Schematic diagrams of (a) D-D iron-based ARFBs and (b) A-S iron-based ARFBs. (c) Pourbaix diagram for the Fe–H2 O 
system and (d) standard redox potentials of selected redox couples used in iron-based ARFBs. 
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eposition conditions, such as current density,
lectrolyte additives and electrode surface modifica-
ions. 
The presence of complexing agents like sulfate

SO4 
2 −), chloride (Cl−) or organic ligands can

ignificantly influence the redox potential, solubility
nd deposition behaviour of Fe2 + ions. Complex-
tion can shift the redox equilibrium, alter charge
ransfer kinetics and stabilize iron species in so-
ution, affecting the overall battery performance.
urthermore, since the Fe0 /Fe2 + couple involves a
hase transition between solid and dissolved states,
he energy and power of these systems are no longer
ompletely decoupled, unlike in fully soluble flow-
attery chemistries. This intrinsic characteristic
mposes limitations on operational flexibility and re-
uires optimized flow-cell designs to balance energy
torage capacity with stable cycling performance. 
A comprehensive understanding of the funda-
ental electrochemistry governing iron plating and
tripping—such as nucleation kinetics, interface
harge transfer and competitive side reactions—is
rucial for improving the efficiency and longevity
f iron-based ARFBs. Addressing these chal-
enges through electrolyte engineering, electrode
urface modifications and advanced deposition
ontrol strategies wi l l be key to realizing commer-
ially viable high-performance iron-based flow
atteries. 
Page 4 of 22
Fe2 + /Fe3 + redox couple 

The Fe2 + /Fe3 + redox couple, with a standard re- 
dox potential of approximately 0.77 V vs. SHE, is 
widely employed as the positive electrode reaction 
in all-iron and hybrid ARFBs. Its electrochemical 
behaviour is governed by fundamental factors such 
as pH, electrolyte composition and ligand coordi- 
nation, which collectively impact redox potential, 
reaction kinetics and long-term stability. 

The oxidation of Fe2 + to Fe3 + (Equation 2 ) is 
highly pH-dependent, as Fe3 + readily hydrolyzes 
at higher pH, forming insoluble hydroxides, e.g. 
Fe(OH)3 , causing precipitation and capacity fading. 
Acidic electrolytes, typically sulfuric acid, prevent 
precipitation but can accelerate hydrogen evolution 
and material degradation. 

Fe2+ � Fe3+ + e− E0 = 0. 77 V v s . SHE (2) 

The coordination environment of Fe2 + and Fe3 + 

in solution plays a crucial role in determining their 
redox properties, solubility and stability. Inorganic 
ligands such as SO4 

2 − and Cl− strongly interact 
with iron ions, shifting the redox potential and 
influencing the reaction kinetics. Sulfate-based 
coordination generally stabilizes Fe2 + in solution 
and improves redox reversibility, whereas chloride 
ligands can accelerate charge transfer but may also 
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romote corrosion. Organic chelating agents, e.g.
itrate, ethylenediaminetetraacetic acid (EDTA)
r phosphonates, can further stabilize iron species
n complexed forms, preventing precipitation and
nabling broader pH operating windows, but may
low electron transfer kinetics. Strong coordination
etween cyanide (CN−) and Fe2 + /Fe3 + enables
he formation of non-toxic and non-corrosive fer-
icyanide [Fe(CN)6 ]4 −/3 − compounds, which are
idely studied in alkaline Fe–Zn ARFBs, neutral Fe–
n ARFBs, alkaline all-iron ARFBs and Fe–sulfur
S) ARFBs. In 2015, Lin et al. reported the appli-
ation of hydroxyl-substituted anthraquinones and
Fe(CN)6 ]4 −/3 − in alkaline flow batteries to address
erious cost, corrosion and safety issues in acidic flow
atteries [25 ]. As shown in Equation 3 , the standard
otential of [Fe(CN)6 ]4 −/3 − is + 0.36 V versus
HE, which is affected by the solution ionic strength,
.g. in the case of A-S all-iron ARFBs, the potential
f the anodic [Fe(CN)6 ]4 −/3 − is 0.48 V [26 ]. 

[
Fe( CN ) 6 

]4 − �
[
Fe( CN ) 6 

]3 − + e−

E0 = 0. 36 V v s. SHE (3)

ncreasing Fe2 + /Fe3 + concentrations to enhance
nergy density presents additional challenges, in-
luding solubility constraints, increased electrolyte
iscosity and mass transport limitations [27 ].
igand-assisted solubilization strategies can help
itigate these issues, though long-term cycling sta-
ility remains a challenge. Understanding the ligand
oordination effects, charge transfer mechanisms
nd electrolyte interactions is critical for optimizing
ron-based RFBs and developing hybrid systems
ith tailored properties. 

esign principles of iron-based ARFBs 
he design of iron-based ARFBs is centered on
electing and coupling redox reactions to achieve
n optimal balance of energy density, efficiency,
tability and cost-effectiveness. Figure 2 d shows the
tandard redox potentials ( vs. SHE) of selected re-
ox couples. The key iron redox couples—Fe0 /Fe2 + 

nd Fe2 + /Fe3 + —provide a foundation for differ-
nt ARFB configurations, each offering distinct
lectrochemical characteristics and performance
rade-offs. The Fe0 /Fe2 + redox couple, with a stan-
ard potential of approximately −0.44 V vs. SHE, is
ommonly employed at the negative electrode due
o its low potential and high volumetric capacity.
owever, its solid–liquid phase transition during
harge–discharge cycles introduces challenges such
s dendrite formation, hydrogen evolution and
apacity degradation. In contrast, the Fe2 + /Fe3 + 
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redox couple, with a redox potential of ∼0.77 V vs.
SHE, is fully soluble and often used at the positive
electrode, enabling efficient charge transfer and 
avoiding solid-phase limitations. 

Iron-based ARFBs can be broadly classified into 
two main categories: D-D ARFBs and A-S ARFBs. 
D-D ARFBs utilize the Fe0 /Fe2 + redox couple at 
the negative electrode, where metallic iron is plated 
and stripped during charge–discharge cycles. This 
category includes all-iron ARFBs, which employ 
Fe0 /Fe2 + at the negative electrode and Fe2 + /Fe3 + 

at the positive electrode, and half-iron ARFBs, which 
pair Fe0 /Fe2 + with a different redox reaction (e.g. 
vanadium-based or organic species) at the positive 
electrode to improve operational stability and miti- 
gate phase transition issues. On the other hand, A-S 
ARFBs rely solely on liquid-phase reactions, avoid- 
ing solid-phase limitations. In this category, all-iron 
ARFBs use the Fe2 + /Fe3 + redox couple at both elec- 
trodes, requiring ligand-stabilized iron complexes to 
prevent crossover and precipitation, while half-iron 
ARFBs couple Fe2 + /Fe3 + with another soluble re- 
dox species, such as cerium (Ce) or vanadium, to en- 
hance voltage and cycling performance. D-D ARFBs 
offer high energy density due to the solid-phase Fe 
storage and utilize abundant, low-cost materials. 
However, these systems face challenges related to 
dendrite formation, hydrogen evolution and mass 
transport limitations, which can reduce efficiency 
and cycle life. In contrast, A-S ARFBs provide better 
cycle stability and scalability by avoiding solid-phase 
transitions, yet they are often limited by the sol- 
ubility of Fe3 + species, electrolyte viscosity and 
potential ligand degradation over prolonged cycling. 

Among the various iron-based ARFB technolo- 
gies, several promising configurations have emerged 
for practical applications. The all-iron flow battery 
(Fe0 /Fe2 + || Fe2 + /Fe3 + ) offers a high theoretical 
voltage and energy density, but further research is 
needed to address issues related to plating–stripping 
reversibility. Hybrid systems, such as Fe–V flow 

batteries (Fe0 /Fe2 + || V3 + /V2 + ), combine the cost 
advantages of iron with the stability of vanadium 

chemistry, offering a more balanced approach to 
performance and longevity. Meanwhile, Fe–organic 
flow batteries (Fe2 + /Fe3 + || organic redox species) 
leverage redox-active organic molecules to enhance 
tunability and cycle life, while Fe–Ce flow bat- 
teries (Fe2 + /Fe3 + || Ce3 + /Ce4 + ) provide higher 
voltages ( ∼1.34 V) but require careful electrolyte 
management. 

Future advancements in electrolyte formulation, 
electrode design and ligand coordination wi l l be 
crucial for further optimizing iron-based ARFBs. 
By addressing key challenges such as dendrite sup- 
pression, hydrogen evolution mitigation and ligand 
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tability, these systems have the potential to become
 viable, scalable and cost-effective solution for long-
uration energy storage, particularly in grid-scale
pplications. 

ROGRESS AND CHALLENGES OF 
RON-BASED ARFBS 

ased on their classification into D-D and A-S
ystems, substantial progress has been made in
mproving energy efficienc y (EE), c ycle life and
calability. Advances in electrolyte formulations,
lectrode materials and flow-cell designs have en-
anced the stability and reversibility of iron redox
eactions, addressing key challenges such as dendrite
ormation in Fe0 /Fe2 + systems and ligand degrada-
ion in Fe2 + /Fe3 + chemistries. Hybrid approaches,
ntegrating iron with other redox-active species
ike vanadium, cerium and organic molecules, have
urther expanded the design space, enabling tailored
oltage and operational stability. However, critical
hallenges remain, including hydrogen evolution,
rossover effects and maintaining electrolyte stabil-
ty over extended cycling. This section reviews the
atest developments in iron-based ARFBs, highlight-
ng key breakthroughs and ongoing research efforts
o overcome existing limitations. 

-D all-iron ARFBs 
he development of D-D all-iron ARFBs can be
raced back to 1981, when Hruska and Savinell first
emonstrated the use of highly soluble iron-based
hloride salts in an acidic flow battery system [28 ].
his early iteration, operating at 60 °C and achieved
 CE of 90% and an EE of 50%, laid the foundation
or the commercialization of acidic all-iron ARFBs
28 ]. These systems utilize ferric/metallic iron
nd ferric/ferrous redox couples in anolyte and
atholyte, respectively, with the reactions described
s follows (Equations 4 –6 ): 

Negative : Fe2+ + 2e− ←→ Fe0 

E0 = −0 . 44 V v s. SHE (4)

Positive : Fe2+ ←→ Fe3+ + e−

E0 = 0 . 77 V v s. SHE (5)

Total : 3Fe2+ � Fe0 + 2Fe3+ 

E0 = 1 . 21 V (6)

he use of multiple valence states of iron (Fe0 ,
e2 + and Fe3 + ) prevents cross-contamination, as
rossover ions can be rebalanced by remixing the
Page 6 of 22
electrolyte. Moreover, iron’s abundant storage ca- 
pacity and low-cost, eco-friendly nature make these 
systems highly attractive. Companies like ESS Tech, 
Inc. in the USA have made significant strides in de- 
veloping and commercializing acidic all-iron ARFBs 
and the U.S. Advanced Research Projects Agency- 
Energy estimates that this iron-based flow battery 
would achieve an energy storage cost as low as $125 
per kWh [29 ]. The ESS-designed first-generation 
ful l-scale acidic al l-iron ARFB power module (S001) 
paired with ESS’s Gen I 50 kW/400 kWh Energy 
Warehouse systems demonstrates its ability to meet 
the needs of a wide range of grid operations users via
connecting to the grid and responding in real time 
to grid controllers [30 ]. In 2019, ESS introduced 
the second-generation commercial power mod- 
ule (S200), which is fully bonded, addressing the 
electrolyte leakage issues that occurred in the S001 
[30 ]. Most importantly, the cost of the S002 battery 
module is 50% less than that of the S100 module 
and can deliver up to five times the power of the
S100 module [30 ]. In 2022, ESS provided an iron 
flow battery energy storage warehouse system for 
the Energy Storage Industries - Asia Pacific (ESIAP) 
company (Australia), and ESIAP announced that 
they are aiming to produce 200 MW/1.6 GWh of 
energy storage annually by the end of the year 2026. 
ESS and ESIAP have made great strides in com- 
mercializing the acidic all-iron ARFB to fil l a gap of
long-term energy storage application in the market. 

Despite their advantages, D-D all-iron ARFBs 
face major challenges, primarily the poor reversibil- 
ity of iron plating and stripping, which affects long- 
term stability. Another significant issue is HER, 
which competes with iron deposition at the anode: 

Anode : 2H+ + 2e− = H2 

E0 = 0 . 00 V v s. SHE (7) 

This reaction competes with the intended iron de- 
position, leading to a reduction in CE and negatively 
affecting electrolyte stability [9 ]. As the HER pro- 
cess consumes hydronium ions, it can alter the pH of 
the electrolyte, further compromising the battery’s 
performance. To combat this, extensive research 
has focused on electrolyte optimization, electrode 
modifications and improvements to the overall cell 
design. Adjusting the pH of the electrolyte and 
incorporating hydrogen collection and recovery 
devices have been identified as key strategies for 
mitigating HER and improving system efficiency. 

Ultimately, whi le D-D al l-iron ARFBs offer 
promising economic and environmental benefits, 
their commercial viability hinges on overcoming 
these challenges, particularly those related to re- 
versibility and hydrogen evolution. Continued 
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Figure 3. (a) Proposed structures for iron–ligand complexes for citrate, DMSO, glycine, 
malic acid and malonic acid. Reproduced with permission from Ref. [33 ]. Copyright 2014 
IOP Publishing. (b) Effect of electrolyte pH on CE of iron electrodeposition and elec- 
trodissolution. Reproduced with permission from Ref. [39 ]. Copyright 2018 IOP Publish- 
ing. (c) The iron deposition on the copper rod electrodes with electrolytes containing 
0.2 M FeCl2 and 1 M (NH4 )2 SO4 , NH4 Cl, KCl and NaCl at the current density of 20 mAh 
cm–2 . Reproduced with permission from Ref. [41 ]. Copyright 2014 IOP Publishing. (d) 
Atomic force microscopy morphologies at the areal capacity of 2.5, 5 and 10 mAh cm–2 

in (I–III) FeCl2 –20% DMSO–80% H2 O and (IV–VI) FeCl2 –H2 O. Reproduced with per- 
mission from Ref. [32 ]. Copyright 2022 Wiley-VCH GmbH. (e) Schematics of the acidic 
all iron ARFB with RC. Reproduced with permission from Ref. [9 ]. Copyright 2020 IOP 
Publishing. 
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dvancements in materials science and electrochem-
cal engineering are crucial for addressing these
ssues and unlocking the full potential of iron-based
ow batteries. 

lectrolyte optimization 
arious methods have been explored to stabilize
lectrolyte pH and modify the solvation structure
f ferrous ions, inhibiting HER and improving iron
lating/stripping efficiency. Song et al . applied lig-
nd field theory and first-principles calculations to
creen out citric acid as an effective ligand, forming
 stable Fe2 + –citrate coordination structure [31 ].
his modification improved plating morphology
nd nearly eliminated HER, achieving 100% CE,
early 100% capacity retention and 70% average EE
ver 300 cycles. Afterwards, they reported that the
ntroduction of the polar solvent dimethyl sulfoxide
DMSO) into FeCl2 -based anolytes yielded 75% EE
t 30 mA cm−2 with negligible capacity fading over
00 cycles. [32 ]. The effects of pH value, supporting
alts and additives on ARFB performance were fur-
Page 7 of 22
ther examined. Hawthorne and co-workers reported 
that increasing the pH from 1 to 2 significantly 
reduced HER, and high chloride concentration 
further suppressed it. Hawthorne et al. compared 
seven organic chemical ligands to stabilize ferric 
ions in the positive electrolyte (Fig. 3 a), and glycine
proved to be the most effective in stabilizing ferric 
ions without compromising redox kinetics [33 ]. 

Additionally, Na+ and Li+ cations were found 
to reduce iron deposition overpotential and HER, 
improving CE [34 ]. The use of indium chloride 
[35 ], zinc chloride [36 ] and ascorbic acid (AA)
[37 ] also enhanced electrochemical performance by 
improving pH stability and suppressing unwanted 
side reactions. Temperature effects have also been 
studied extensively [34 ,38 ]. Raising the operating 
temperature to 80 °C reduced the plating potential 
by 150 mV, enhancing iron deposition more than 
HER, thus improving CE [39 ]. Jayathilake et al. 
found that AA can not only effectively inhibit HER 

in the pH range from 0 to 3, but also adjust electrode
surface pH value (Fig. 3 b) [39 ]. In the tempera-
ture range of 25–60°C, the improvement of CE is 
proportional to the increase in temperature. Under 
optimized conditions (pH = 3, 60°C), CE of all-iron 
ARFBs with AA can reach 97.9%. Furthermore, hy- 
drochloric acid (HCl) supplementation minimized 
aging effects and increased capacity retention from 

73% to 98% over 150 cycles [40 ]. Moreover, the ad-
ditives that could regulate the iron plating and strip- 
ping have also attracted great attention. The sodium 

chloride (NaCl)-concentrated electrolyte presented 
the highest CE of 98% compared with the other 
salts, but the iron plating was not smooth (Fig. 3 c)
[41 ]. In addition, DMSO can induce the growth 
of iron preferentially on the Fe (110) crystal plane, 
which is beneficial for forming fine-grained nuclei 
(Fig. 3 d) [32 ]. In 2024, Yang et al. proposed a highly
soluble, polar and electron-donating additive, N , N - 
dimethylacetamide (DMAc), for operating all-iron 
flow batteries at low temperatures [42 ]. In an aque-
ous environment below −10°C, smooth and com- 
pact iron deposition was demonstrated on carbon 
felt (CF), indicating excellent Fe2 + /Fe0 reversibility. 
At an ultra-low temperature of −20°C and 10 mA 

cm−2 , the CE of the all-iron RFB reached 95%. 
Despite extensive research efforts in electrolyte 

optimization, commercial all-iron flow batteries, 
according to the ESS Energy Center datasheet, sti l l
rely on a relatively simple FeCl2 -based electrolyte 
composition, with an expected lifespan of 25 years. 
During the charging process, similar to laboratory- 
scale flow batteries, significant hydrogen evolution 
occurs at the negative electrode, leading to an in- 
crease in pH that can cause Fe2 + precipitation. Fe3 + 

wi l l precipitate as ferric hydroxide at pH > 2, so



Natl Sci Rev, 2025, Vol. 12, nwaf218

a  

a  

e  

i  

e  

i  

i  

a  

i  

r  

b

M
E  

c  

m  

f  

t  

F  

g  

n  

c  

C  

s  

s  

A  

e  

c  

t  

C  

b  

i  

h  

s  

a  

fl  

r  

t
 

a  

a  

t  

[  

o  

n  

s  

e  

i  

T  

i  

s  

e  

t  

s  

a

 

ny ferric ions that diffuse across the membrane wi l l
lso precipitate both in the membrane and in the
lectrolyte. During standby, the deposited Fe metal
s readily corroded, resulting in further hydrogen
volution. Good pH control is therefore critical
n maintaining the efficient operation of the D-D
ron flow cell. This usually involves the capture of
ny hydrogen generated during charging and by the
ron corrosion reaction, and passing it through a
ebalance cell to convert it back to protons. This wi l l
e detailed in a later section. 

odified electrodes 
lectrode materials and structure have a signifi-
ant impact on battery EE. Modifications such as
etal catalyst decoration, heteroatom doping and
unctional carbon materials have been employed
o enhance electrochemical performance [43 ].
or example, tungsten trioxide nanoparticles [44 ],
raphene oxide [45 ] and Bermuda grass-derived
itrogen-doped carbon [46 ] have been used to in-
rease active sites, enhance wettability and improve
E in all-iron ARFBs. Poly( py rrole)/poly(4-
tyrenesulfonate)-coated porous carbon electrodes
ignificantly extended the cycle life of all-iron
RFBs and effectively suppressed HER [47 ]. How-
ver, degradation of added functional materials
an lead to electrolyte contamination, necessitating
he use of intrinsic electrode modifications [48 ].
F with abundant nanoscale carbon defects have
een shown to enhance redox reversibility and
ron deposition kinetics, yielding high CE (99%),
igh-power density (80 mW cm−2 ) and long cycling
tability ( > 250 cycles) [48 ]. The high surface area
node electrode patented by ESS for the all-iron
ow battery system shows dramatically improved
ound-trip efficiency ( > 70% at 200 mW cm−2 ) in
he practical application [30 ]. 
In the Fe slurry flow cell, slurry electrodes serve

s the negative half-cell, using solid particles to store
nd transport charge. A high particle volume frac-
ion forms a conductive network for redox reactions
49 ]. This flowable electrode enables the decoupling
f energy and power outputs when serving as the
egative electrode in all-iron ARFBs. Petek et al.
elected multi-walled carbon nanotubes for slurry
lectrodes in all-iron flow batteries, achieving min-
mal iron deposition on the current collector [49 ].
his enhanced conductivity supports directional
ron plating. However, despite promising laboratory-
cale performance, 10-cell stacks exhibited only 50%
fficiency at 50 mA cm−2 due to hydrogen evolu-
ion and slurry plugging, highlighting challenges in
caling up this electrode configuration for all-iron
queous RFBs [50 ]. 
Page 8 of 22
Membrane selection 
The key function of the membrane in the ARFB 

is to ensure that the anolyte and catholyte remain 
physically separated and unmixed, and to provide 
a pathway for selective ion exchange between the 
two sides of the battery [51 ]. Polyvinyl alcohol 
(PVA)-based membranes have been used in the di- 
rect methanol fuel cell [52 ]. Inspired by this, Sinclair 
et al. prepared a PVA hydrogel composite Daramic 
membrane, which can significantly reduce hydraulic 
permeability and ionic crossover, which is a promis- 
ing membrane candidate for all-iron ARFBs [53 ]. 

System improvement 
The electrolyte imbalances issue resulting from 

HER can be resolved by using an appropriate rebal- 
ancing system [54 ]. In 2020, Noack et al. developed 
a recombination cell (RC) to convert hydrogen 
gas back into protons, thereby reducing irreversible 
capacity loss (Fig. 3 e) [9 ]. By integrating a platinum
on carbon catalyst-coated Nafion membrane, hy- 
drogen generated at the negative side is oxidized 
to protons in the RC, restoring electrolyte balance 
and improving battery longevity. Optimized all-iron 
RFBs with this system achieved 70% EE at 12.5 mA 

cm−2 . In commercial all-iron ARFBs that are being 
installed around the world, ESS employs so-called 
proton pumps to manage the state of charge and elec- 
trolyte pH imbalance. When applying the proton 
pump, the ESS all-iron flow battery system has been 
shown to cycle up to 10 0 0 times without significant 
performance loss or capacity degradation. Most 
importantly, the protons are driven directly back 
into the catholyte, thus maintaining the electrolyte 
pH within a stable range [30 ]. 

D-D all-iron ARFBs present a cost-effective and 
environmentally friendly alternative to conventional 
flow batteries. However, overcoming challenges 
related to iron plating reversibility, HER suppression 
and electrolyte stability is crucial for commercializa- 
tion. Advances in electrolyte formulation, electrode 
design and system architecture continue to push 
the boundaries of efficiency and durability, bringing 
these promising energy storage solutions closer to 
widespread adoption. 

D-D half-iron ARFBs 
D-D half-iron ARFBs represent a promising alterna- 
tive to traditional all-iron systems by incorporating 
metal plating and stripping processes of non-iron 
metals on the negative side. Pairing Fe2 + /Fe3 + with 
metals like zinc or tin opens up the potential for 
developing low-cost, environmentally friendly flow 

battery systems by leveraging the unique redox po- 
tentials of different metal pairs. For example, Fe–Zn 



Natl Sci Rev, 2025, Vol. 12, nwaf218

Membrane

Po
sit

ive
 el

ec
tro

lyt
e

Ca
rb

on
 fe

lt e
lec

tro
de

Ca
rb

on
 fe

lt e
lec

tro
de

Ne
ga

tiv
e e

lec
tro

lyt
e

Fe3+(gly)2

Fe2+(gly)2

Zn2+

Br-

Cl-

Zn

C
ur

re
nt

 d
en

si
ty

 (A
 c

m
-2
)

Potential (V vs. Hg/HgO)

Zn(OH)4
2- + 2e- ←→ Zn + 4OH- 

φ’ = -1.41 V vs. (Hg/HgO)

ΔE=1.74 V

Fe(CN)6
4- ←→Fe(CN)6

3-+ e-  
φ’ = 0.33 vs. (Hg/HgO)

-0.06

-0.04

-0.02

0.00

0.02

0.04

0.06

-1.6 -1.2 -0.8 -0.4 0.0 0.4 0.8

Zi
nc

 e
le

ct
ro

de

Compact layer Diffuse layer

Energy barriers without Br-

Energy barriers with Br-

ΔE=46.68 kcal/mol

Br-

Zn2+

H2O

Reactor

ZnCl2 FeCl2
FeCl3

Fe
Fe-Py-TIRON

Vo
lta

ge
 (V

)

Capacity (mAh)
0 100 200 300 400 500 600 700

0.4
0.6
0.8
1.0
1.2
1.4
1.6
1.8
2.0
2.2

a

b

c

d

e

f

3D porous carbon felt
Charging

Charging

3D porous carbon felt

Fe(CN)6
4-

KOH
Fe(CN)6

3-

KOH

Zn(OH)4
2-

NaOH
Znic metal

NaOH

A PBI membrane with ultra-high
mechanical stability (elastic modulus: 2.9 GPa)

Figure 4. (a) The schematic diagram of neutral Fe-Zn ARFB. Reproduced with permis- 
sion from Ref. [12 ]. Copyright 2017 Wiley-VCH GmbH. (b) Schematic diagram of an 
Fe–Zn ARFB with TRION. (c) The capacity–voltage profiles of (b) at a current density 
of 10 mA cm–2 . Reproduced with permission from Ref. [58 ]. Copyright 2024 Elsevier 
Ltd. (d) Schematic of Zn2 + plating progress at the double layer region on the elec- 
trode surface. Reproduced with permission from Ref. [64 ]. Copyright 2022 Elsevier B.V. 
(e) Schematic of introjecting a PBI membrane with ultra-high mechanical stability and 
a 3D porous CF for an alkaline Fe–Zn ARFB. (f) CV curves of redox couples in (e). Repro- 
duced with permission from Ref. [66 ]. Copyright 2018 Elsevier Inc. 
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ystems exhibit a wide range of pH compatibility,
ith the alkaline Fe–Zn ARFB achieving a high
verall cell voltage of up to 1.58 V. Nevertheless, op-
imizing redox potentials, electrochemical kinetics
nd system design remains challenging. This sec-
ion explores strategies for improving electrolytes,
lectrodes, membranes and battery structures. A
ey concern is ion diffusion across the membrane,
ausing irreversible capacity loss, highlighting the
eed for high membrane selectivity in long-term
peration. 

e–Zn ARFBs 
s one of the most abundant elements in the Earth’s
rust, zinc has been a focal point of current research
ith high specific energy density and low redox
otential. Fe–Zn ARFBs present advantages such
s low cost, safety and environmental friendliness,
aking them promising long-term alternatives to
ll-vanadium ARFBs. In 2015, Gong et al. developed
 novel dual-membrane, triple-electrolyte Fe–Zn
Page 9 of 22
ARFB, incorporating alkaline zinc ions at the an- 
ode and acidic iron ions at the cathode [55 ]. This
configuration maintained a CE of 99.9% at a current 
density of 80 mA cm−2 , with costs significantly be- 
low the 2023 U.S. Department of Energy’s target of 
$150 kWh−1 . However, issues such as ion crossover 
and the growth of zinc dendrites sti l l severely hin-
der its development, as is the ability of the dual
membrane to maintain separation of the alkaline 
and acidic half-cell solutions over the life of the 
battery. 

Ongoing research categorizes Fe–Zn ARFBs 
into acidic, alkaline and neutral types. In an acidic 
Fe–Zn ARFB system, the Fe2 + /Fe3 + redox pair 
possesses higher solubility and faster kinetics in 
acidic solutions, which is favourable for improv- 
ing the battery performance [56 ]. However, the 
low pH environment influences zinc deposition 
and iron hydrolysis, making HER a significant 
issue. Alkaline Fe–Zn ARFBs employ the redox 
[Fe(CN)6 ]4 −/[Fe(CN)6 ]3 − pair with Zn2 + /Zn0 , 
achieving a high cell voltage of 1.58 V (Equations 8 –
10 ). 

Negative : Zn( OH ) 2 −4 + 2e− ←→ Zn0 + 4OH−

E0 = −1 . 22 V v s. SHE (8)

Positive : 2
[
Fe( CN ) 6 

]4 − ←→ 2
[
Fe( CN ) 6 

]3 −+ 2e−

E0 = 0 . 36 V v s. SHE (9) 

Total : 2
[
Fe( CN ) 6 

]4 − + Zn( OH ) 2 −4 �

2
[
Fe( CN ) 6 

]3 − + Zn0 + 4OH−

E0 = 1. 58 V (10) 

Unlike acidic systems, alkaline Fe–Zn ARFBs are 
not plagued by severe HER but sti l l suffer from
zinc dendrite formation, reducing cycle life. Neutral 
Fe–Zn ARFBs mitigate the corrosion and environ- 
mental concerns of acidic and alkaline batteries. Xie 
et al. introduced the first neutral Fe–Zn ARFB in 
2017 (Fig. 4 a) [12 ]. However, these systems suffer
from the low solubility of [Fe(CN)6 ]4 −/3 − and the 
Zn2 Fe(CN)6 precipitate induced by the crossover 
of Zn2 + to catholyte. To address these issues, 
advancements in electrolyte additives, membrane 
modifications and electrode improvements have 
been reported. 

Electrolyte optimization 
To alleviate HER in acidic Fe–Zn ARFBs, Xie et al.
proposed using an acetate/sodium acetate anhy- 
drous buffer to suppress HER while improving 
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a level for commercialization and industrialization. 
inc plating and stripping [10 ]. Subsequent studies
ntroduced chloride-based additives to enhance
he reaction kinetics [57 ]. Tippayamalee et al.
resented a dual-ligand system incorporating
yridine (Py) and disodium 4,5-dihydroxy-1,3-
enzenedisulfonate (TIRON), effectively mitigat-
ng iron hydrolysis and improving electrochemical
tability (Fig. 4 b and c) [58 ]. Zhi et al. identified
DTA tetrasodium as a chelating agent, effectively
mproving zinc solvation and extending service life
o 2300 h in alkaline Fe–Zn ARFBs [59 ]. Other
esearch has explored urea as a zinc salt-complexing
gent to suppress Zn dendrites [60 ]. To address
lectrolyte migration, Liu et al. studied water trans-
ort across membranes, finding that glucose was the
ost effective additive for inhibiting water migra-
ion, thanks to the polymeric form of the aldehyde
roup in an alkaline solution [61 ]. To combat the ion
rossover issues in neutral Fe–Zn ARFBs, the intro-
uction of sodium citrate in the cathode electrolyte
o coordinate with Zn2 + enables the formation of a
inc citrate complex. This complex interacts with the
ulfonic acid group (-SO3 

–) on the cation exchange
embrane (SPEEK), mitigating Zn2 + crossover and
reventing precipitation via the Donnan repulsion
ffect [62 ]. Despite these advancements, neutral
e–Zn ARFBs suffer from low ionic conductivity,
eading to high internal resistance and reduced EE.
dditionally, uncontrolled dendrite growth from
ontinuous zinc deposition and stripping presents
 significant challenge. In response, Yang et al. used
icotinamide as an additive in the neutral ZnCl2 
node electrolyte, altering the solvation structure
f zinc, effectively suppressing the tip effect of zinc
eposition [63 ]. Furthermore, bromide ions can
tabilize zinc ions through complexation, enhancing
E and cycling stability in neutral Fe–Zn ARFBs
Fig. 4 d) [64 ]. 

lectrode modification 
olyvinylidene fluoride compressed electrode ma-
erials have exhibited high cycling performance
CE maintained above 96% after 50 cycles and
E of 61%) in acidic Fe–Zn ARFBs [65 ]. High
electivity and a 3D porous CF electrode (Fig. 4 e
nd f) have been designed to render alkaline Fe–Zn
RFBs able to achieve excellent CE (99.97%) and
E (88.07%) [66 ]. In addition, modification of
he electrode through element doping has become
n area of significant interest for researchers. Zhu
t al. have developed boron-doped CF electrodes
ith abundant electron-deficient sites and defects
o enhance the diffusion of Zn(OH)4 2– on the elec-
rode surface, finally constructing high-performance
lkaline Fe–Zn ARFBs [67 ]. 
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Membrane improvement 
The development of an anion exchange membrane 
(AEM) with superior mechanical strength and 
alkali corrosion resistance contributes to eliminat- 
ing the crossover of active ions in acidic Fe–Zn 
ARFBs [68 ]. For an alkaline battery system, the 
method to improve the performance involves de- 
veloping polybenzimidazole (PBI) membranes 
(Fig. 4 e) [66 ]. Montmori l lonite-based composite 
membranes have also demonstrated efficacy in reg- 
ulating zinc deposition, reducing dendrite-induced 
damage [69 ]. To improve performance and cost- 
effectiveness of neutral Fe–Zn ARFBs, Chang et al . 
developed a K+ -doped sulfonated poly(ether ether 
ketone) membrane, which reduced the cost of ion 
exchange membranes while ensuring good proton 
conductivity and low internal resistance [70 ]. 

With ongoing advancements in materials and 
structural design, Fe–Zn ARFBs have the potential 
to offer a promising, cost-effective and resource- 
abundant energy storage solution for the future, 
although the issue of ion transfer across the mem- 
brane wi l l always lead to irreversible capacity loss 
with all flow cell chemistries employing different 
elements in the two half-cells. The design of mem- 
branes that can completely separate anode and 
cathode substances and conduct ions smoothly is an 
effective strategy to address ion crossover through 
investigating the chemistry and microstructure 
associated with ion transport channels. Currently, 
adamantane-containing poly(ether ketone) AEMs, 
terphenyl AEMs, poly(sulfone)-based AEMs etc. 
have been reported in other RFB systems, providing 
novel ideas for the future development direction of 
membrane modification in Fe–Zn ARFBs [71 ]. 

Commercial status 
With the continuous exploration of the three core 
components of the flow battery and the vigorous 
development of large-scale power stations, the 
demonstration platform of Fe–Zn ARFBs has been 
installed in several countries. In 2013, the BlueSky 
Energy company (Australia) established a 64 kw 

Fe–Zn RFB system in Europe. Subsequently, the 
Ontario Independent Electricity System Operator 
partnered with ViZn Energy Systems Inc. to build 
a 2 MW/6 MWh Fe–Zn ARFB system to provide 
energy storage services to the Ontario grid. In 
China, Jinsheng New Energy Technology Co., Ltd. 
developed and commissioned a 10 kW/10 kWh Fe–
Zn ARFB energy system [72 ]. The establishment 
of the above-mentioned demonstration platforms 
proves that Fe–Zn ARFBs are an efficient and stable 
large-scale energy storage technology. However, 
many challenges need to be combated to achieve the 
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Figure 5. (a) Schematic diagram of the working progress of the Fe–Sn ARFB. Reproduced with permission from Ref. [13 ]. 
Copyright 2018 Elsevier B.V. (b) CV curves of Sn anode at different scan rates. (c) CV curves of cathode and anode sides for 
Fe–Sn ARFB at the current density of 10 mV s−1 . Reproduced with permission from Ref. [14 ]. Copyright 2021 IOP Publishing. 
(d) Schematic diagram of the method applying multiple templates by using different combinations of polyethylene glycol 
(PEG) and diphthalate (DBP) to achieve adjustable membrane performance in Fe–Pb ARFB. Reproduced with permission from 

Ref. [77 ]. Copyright 2024 OAE Publishing Inc. 
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ther D-D half-iron ARFBs 
n addition to zinc, several other iron-based ARFB
ystems have been developed, incorporating various
etal (e.g. tin, lead, cadmium and copper) plat-

ng/stripping reactions. Tin (Sn) is a widely used
etal known for its excellent ductility, good thermal
nd electrical conductivity, and superior kinetic
roperties. While E0 = −0.13 V vs. SHE (Equa-
ion 11 ) suggests that Sn deposition occurs near the
ER potential, the high hydrogen overpotential of
in helps suppress HER, making it a strong candidate
or the negative electrode in iron-based ARFBs. 

Negative : Sn2+ + 2e− ←→ Sn0 

E0 = −0 . 13 V v s. SHE (11)

Positive : Fe2+ ←→ Fe3+ + e−

E0 = 0. 77 V v s. SHE (12)

Total : 2Fe2+ + Sn2+ � Sn0 + 2Fe3+ 

E0 = 0. 90 V (13)

he low anisotropy of tin contributes to its out-
tanding electrochemical performance, including
niform electrochemical reactions and consistent
eposition and corrosion behaviours. Zhou et al. de-
eloped an acidic Fe–Sn ARFB using FeCl3 /FeCl2 
s the catholyte (Fig. 5 a), achieving an average CE of
9% and EE close to 80% over 700 cycles at 200 mA
m−2 [13 ]. 
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Despite the high HER overpotential of Sn, hy- 
drogen evolution in a strongly acidic environment 
remains an inevitable issue, alongside uncontrolled 
metal deposition. To address this, Zhou et al. 
proposed engineering modifications to Fe–Sn 
ARFBs and found that serpentine flow paths and 
low flow rates significantly improved the deposi- 
tion morphology of tin, leading to more uniform 

electrodeposition due to limited active material 
transport [73 ]. Enhancing battery longevity and 
mitigating capacity decay remain critical goals in 
improving system design [74 ]. However, the above- 
mentioned acidic Fe–Sn ARFBs face drawbacks, 
including corrosion of internal components, envi- 
ronmental concerns and unavoidable HER in acidic 
electrolytes. Developing a neutral Fe–Sn ARFB 

presents a promising alternative. In 2021, Chen et al. 
introduced a dendrite-free neutral Fe–Sn ARFB 

with an overall cell voltage of 0.75 V (Equation 14
and Fig. 5 b and c), achieving over 97% CE and 80%
EE after 120 cycles at a current density of 10 mA
cm−2 while retaining more than 60% of its initial 
capacity [14 ]. These advancements highlight the 
strong potential of Fe–Sn ARFBs as next-generation 
energy storage solutions with good electrochemical 
performance and cost-effectiveness. 

2
[
Fe ( CN ) 6 

]4 −+ S n2+ � 2
[
Fe ( CN ) 6 

]3 −+ S n0 

E0 = 0 . 75 V (14) 

Iron-lead (Fe–Pb) ARFBs, proposed by Zeng et al. 
in 2017 (Equations 15 –17 ), improve kinetics and 
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educe HER and Coulombic losses compared with
cidic all-iron ARFBs [15 ]. 

Negative : Pb2+ + 2e− ←→ Pb0 

E0 = − 0. 13 V v s. SHE (15)

Positive : Fe2+ ←→ Fe3+ + e−

E0 = 0 . 77 V vs . SHE (16)

Total : 2Fe2+ + Pb2+ � Pb0 + 2Fe3+ 

E0 = 0 . 90 V (17)

sing methanesulfonic acid (MSA) as the support-
ng acid medium provides high solubility and strong
inetics for both the positive and negative redox
ouples. Additionally, in this strong acid system,
he internal resistance of the Fe–Pb ARFB was
ignificantly reduced compared with the 4.2 � cm–2 

f the all-iron RFB. Electrode modifications, such as
D-structured lead electrodes with acetylene black
ACET), enhanced porosity and conductivity but
howed performance trade-offs at high ACET con-
ent [75 ]. In 2024, Jiang et al. further optimized the
raphite plate cathode via the electrochemical cor-
osion method, achieving a 77.88% VE and 77.13%
E at 40 mA cm−2 [76 ]. Membrane advancements
lso contributed to performance improvements.
hang et al . developed a porous non-ionic polymer
embrane with high proton conductivity (43.5 mS
m−1 ), inhibiting the crossover diffusion of iron ions
Fig. 5 d). An Fe–Pb ARFB using this membrane
aintained a CE of over 99.9% at 50 mA cm−2 and
8.1% after 200 cycles at 20 mA cm−2 [77 ]. Its
ompetitive active material cost ($36.35 kWh−1)
urther enhances feasibility. 
Iron–cadmium (Fe–Cd) ARFBs offer projected

osts as low as $10 kWh−1 , but ion concentration
radients cause cross-contamination of the two
alf-cell solutions. Zeng et al. mitigated this by
ixing catholyte and anolyte, achieving ∼80% EE
nd capacity retention of 99.87% per cycle [16 ].
hile mixing the two elements in each half-cell

liminates cross contamination, mixed electrolyte
ystems require the use of twice the amount of each
etal ion, half of which remains inactive, while
oubling the cost of the electrolytes. Rayon- or
olyacrylonitrile-modified CFs were studied by
hang and co-workers [78 ]. The former has suffi-
ient oxygen functional groups and catalytic effects,
o it exhibits slower capacity decay, and the latter has
igher voltage efficiency (VE) and EE due to its high
egree of graphitization. Cost-effective all-copper
Cu) ARFBs, initially explored by Sanz et al. in 2014,
uffered from low battery potential [79 ]. Kabtamu
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et al. later introduced a low-cost Fe–Cu ARFB in- 
corporating heat-treated graphite felt (GF)/carbon 
paper and bismuth (Bi3 + ) additives to improve the 
reversibility of Cu+ /Cu0 , achieving a CE of 89.18% 

and EE of 35.24% at 20 mA cm−2 [17 ]. 

A-S all-iron ARFBs 
Among iron-based ARFBs, A-S all-iron ARFBs 
stand out by utilizing soluble iron species for both 
the anolyte and catholyte (Equations 18 –20 ; TEOA 

being triethanolamine), offering a mechanism ad- 
vantage comparable to all-vanadium ARFBs [18 ]. 
Unli ke D-D al l-iron ARFBs, A-S al l-iron ARFBs 
maintain a nearly constant redox species concen- 
tration during charge–discharge cycles. This is 
achieved by replacing water molecules around the 
iron ion with organic ligands to form Fe2 + /Fe3 + –
organic redox pairs, avoiding the poor reversibility of 
the Fe2 + /Fe0 redox couple. The unique A-S ARFB 

design allows for independent scaling of energy 
capacity and output power by adjusting electrolyte 
concentration and volume. Benefiting from higher 
electrolyte utilization, A-S all-iron ARFBs perform 

well in improving EE, reducing waste and rendering 
the system more cost-effective. Nevertheless, battery 
performance sti l l has significant room for improve- 
ment by optimizing the electrolyte and exploring 
new electrode materials. 

Negative : [ Fe ( TEOA ) OH ] − + e− ←→ 

[ Fe ( TEOA ) OH ] 2 −

E0 = − 0. 86 V v s. SHE (18) 

Positive :
[
Fe( CN ) 6 

]4 − ←→ [
Fe( CN ) 6 

]3 − + e−

E0 = 0 . 48 V v s. SHE (19) 

Total :
[
Fe( CN ) 6 

]4 − + [ Fe ( TEOA ) OH ] − �
[
Fe( CN ) 6 

]3 − + [ Fe ( TEOA ) OH ] 2 −

E0 = 1. 34 V (20) 

Research in this field primarily focuses on ligand 
design. Anolytes and catholytes used in A-S all-iron 
ARFBs are composed of water-soluble iron salts and 
supporting electrolytes, which can be categorized 
into alkaline and near-neutral systems. In neutral or 
alkaline conditions, Fe–ligand must have a forma- 
tion equilibrium and stability constant higher than 
Fe(OH)3 to prevent iron hydroxide precipitation 
[26 ]. To enhance stability, multidentate organic 
ligands are commonly explored. Ferrocyanide and 
water-soluble carboxylic acid-modified ferrocyanide 
salts are commonly employed as catholytes due 
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e. 
o their positive redox potentials and exceptional
tability over a wide pH range. The anolyte ligands
sed in A-S all-iron-ARFBs can be seen in Table 2 .
n strongly alkaline conditions, amino alcohol rep-
esents a commonly used class of anolyte ligands.
an et al. first employed triethanolamine (TEOA) as
he anolyte ligand, paired with a ferrocyanide-based
atholyte, to develop an A-S all-iron RFB. This sys-
em achieved a voltage of 1.34 V and demonstrated
utstanding performance [18 ]. To address the disso-
iation of TEOA, research on A-S all-iron ARFBs has
ocused on identifying more suitable anode ligands.
ur previous studies summarized the recent efforts
hat have explored new ligands such as 3-[bis(2-
ydroxyethyl)amino]-2-hydroxypropanesulfonic 
cid (DIPSO), 2,2-bis(hydroxymethyl)-
,2′ ,2′ -nitrilotriethanol (Bis-Tris), sodium glu-
onate (Gluc-), TEOA–2-methylimidazole
TEOA–MM), sodium 3,3′ ,3′ ′ ,3′ ′ ′ -(ethane-1,2-
iylb is(azanetriyl))tetrakis(2-hydroxypropane-1- 
ulfonate) (EDTS), Na[iron(III)- N , N′ -ethylene-
is( o -hydroxyphenylglycine)] (FeIII -racEDDHA),
itrilotri-(methylphosphonic acid) (NTMPA) and
omposite ligand [26 ]. Additionally, studies have
emonstrated that A-S all-iron ARFBs also can
perate in near-neutral environments [80 ], further
roadening their range of applications. 

-S half-iron ARFBs 
-S half-iron ARFBs utilize iron ions as active ma-
erials in the anolyte, paired with other metal ions
r organic/inorganic redox couples. A-S half-iron
RFBs mitigate CE and EE losses that arise from the
oor reversibility of metal plating/stripping. How-
ver, A-S half-iron ARFBs face several challenges
hat hinder their large-scale implementation. One
ajor limitation is the low solubility of redox-active
pecies, which restricts energy density. Additionally,
luggish redox kinetics reduce power density and
verall efficiency, necessitating the development of
lectrocatalysts and electrolyte modifications. Fur-
hermore, the HER in acidic conditions competes
ith the redox reactions, leading to self-discharge
nd electrolyte degradation. These challenges are
articularly pronounced in Fe–Cr, Fe–manganese
Mn) and Fe–S ARFBs. Recent research has focused
n enhancing the performance of A-S half-iron
RFBs through electrode modification, electrolyte
ptimization and the development of alternative
edox pairs. 

e–Cr ARFBs 
e–Cr ARFBs utilize Fe2 + /Fe3 + and Cr2 + /Cr3 + as
edox couples, producing a standard cell voltage of
Page 13 of 22
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Figure 6. (a) Design concept of the bifunctional electrocatalysts in Fe-Cr ARFB sys- 
tem. Reproduced with permission from Ref. [83 ]. Copyright 2021 Elsevier B.V. (b) The 
molecular structures of [MnCl4 (H2 O)2 ]− and [Mn(H2 O)6 ]3 + complexes formed in Fe–Mn 
ARFB positive electrolyte. Reproduced with permission from Ref. [104 ]. Copyright 2022 
American Chemical Society. (c) CE and EE of the Fe–S ARFB during a long cycling test. 
Reproduced with permission from Ref. [22 ]. Copyright 2021 Elsevier Inc. 
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.18 V (Equation 23 ) [19 ], with an estimated cost of
ust $9.4 kWh−1 [81 ]. 

Negative : Cr3+ + e− ←→ Cr2+ 

E0 = − 0. 41 V v s. SHE (21)

Positive : Fe2+ ←→ Fe3+ + e−

E0 = 0. 77 V v s. SHE (22)

Total : Fe2+ + Cr3+ � Cr2+ + Fe3+ 

E0 = 1. 18 V (23)

rom a 10 kW Fe–Cr flow battery system developed
y the Sumitomo Electric Company ( Japan) to
he megawatt Fe–Cr flow battery energy storage
ystems that the China State Power Investment
roup have successfully installed, Fe–Cr ARFBs
ave been developed for over 50 years, which hold
reat potential to reach commercialization level
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[82 ]. Although they offer cost advantages and high 
safety, their further development is hindered by 
the slow kinetics of the Cr2 + /Cr3 + redox couple 
and HER on the negative side. To combat these is- 
sues, researchers have explored solutions, including 
electrode modification, electrolyte optimization, 
membrane improvement and flow battery design. 

Electrode modification 
Ahn et al. embedded bismuth nanoparticles into 
Ketjenblack carbon (KB) to synthesize a bifunc- 
tional catalyst that enhances Cr2 + /Cr3 + redox 
kinetics while suppressing HER (Fig. 6 a) [83 ]. 
The Bi/KB-coated negative electrode delivered an 
excellent electrochemical performance at 40 mA 

cm−2 , with a CE of 98.2%, a VE of 88.2% and an EE
of 86.5%. Xie et al . prepared a bifunctional bimetallic 
Pb/Bi catalyst, where bismuth effectively improved 
the reversibility of Cr2 + /Cr3 + and lead with a high 
activation barrier inhibited HER [84 ]. 

Titanium nitride (TiN) has been used in ARFBs 
as catalysts due to its good catalytic activity and 
conductivity. Liu et al. reported that binder-free TiN 

nanorod arrays on 3D GF electrodes significantly im- 
proved cycling performance in Fe–Cr ARFB, achiev- 
ing 93.0% CE, 90.4% VE and 84.1% EE at 80 mA
cm−2 [85 ]. Additionally, titanium diboride catalyst 
deposited on carbon fibers further enhanced EE 

and battery cycling performance [86 ]. Carbon cloth 
(CC), valued for its high surface area and porosity, 
has been modified to address its limited active sites 
and poor reaction kinetics in flow batteries [87 ]. CC 

with uniform deposition low-cost indium catalyst 
particles used in the Fe–Cr ARFB platform can sup- 
press HER and deliver a maximum power density of 
356 mW cm−2 [88 ]. Polydopamine-assisted immo- 
bilization of the bismuth oxide catalyst-modified CC 

offers an excellent catalytic synergistic effect, which 
is attributed to increasing the active sites on the elec- 
trode surface and finally improve the kinetics of the 
Cr3 + /Cr2 + redox reaction [89 ]. Silicic acid etching 
was used to create a dense nanoporous structure on 
CC, leading to a high average EE of 81.3% at 140 mA
cm−2 in Fe–Cr ARFBs [90 ]. Similarly, silicon 
dioxide-modified GF with rich oxygen-containing 
functional groups and defect sites showed VE of 
86.27% and EE of 79.66% with minimal capacity 
decay [91 ]. Moreover, benefiting from studying 
rayon- or polyacrylonitrile-modified CF, the elec- 
trochemical performance of Fe–Cr ARFBs had the 
potential to be further improved [78 ]. 

Electrolyte optimization 
Another promising aspect to improving the perfor- 
mance of Fe–Cr ARFBs is to modify the electrolyte. 
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hang et al . reported that an optimal electrolyte
omprising 1.0 M FeCl2 , 1.0 M CrCl3 and 3.0 M HCl
chieved EE of 81.5% and 73.5% at 120 and 200 mA
m−2 , respectively [92 ]. Cr3 + in acidic aqueous
olution exists in three coordination structures:
r(H2 O)6 3 + , Cr(H2 O)5 Cl2 + and Cr(H2 O)4 Cl2 + 

93 ]. The first has much lower electrochemical
ctivity, leading to ion imbalance and capacity loss in
e–Cr ARFBs [94 ]. Optimizing the electrolyte com-
osition to increase the content of Cr(H2 O)5 Cl2 + 

nd Cr(H2 O)4 Cl2 + can improve performance. Fe–
r ARFBs using 1 M FeCl2 + 1.3 M CrCl3 + 3 M
Cl electrolyte (E-1.3Cr) achieved a high EE of
4.51% at 80 mA cm−2 [95 ]. Another approach
nvolves increasing chloride ion concentration in
he electrolyte. Compared with NaCl and potas-
ium chloride (KCl), lithium chloride was found
o be the most effective additive, achieving an EE
f 83.07% and a CE of 97.83% [96 ]. Chelating
gents like diethylenetriaminepentaacetic acid have
lso improved solubility and stability of metal ions,
chieving a remarkable CE of 100.0 ± 0.2% at 50 mA
m–2 at pH = 9 and a discharge power density of
16 mW cm–2 [97 ]. 

embrane improvement 
afion membrane is a cation-exchange membrane
hat has a wide range of applications in Fe–Cr ARFBs
ue to its high ionic conductivity and excellent
hemical stability. However, Nafion membrane suf-
ers from serious reactive ion cross-contamination,
eading to decreased CE and capacity loss during the
attery operation. Wang et al. prepared a series of
ulfonated PBI membranes with precisely controlled
ulfonation degree, which can effectively inhibit the
rossover of Fe3 + and Cr3 + , showing a capacity de-
ay of only 1.11% per cycle [98 ]. So far, few studies
n non-fluorinated ion exchange membrane mate-
ials in Fe–Cr ARFB systems have been reported.
ne type of covalent organic framework, sulfonated
chiff base network type (SSNW), was selected to
odify sulfonated polyimide (SPI) to develop an
PI/SSNW composite separator with size exclusion
ffect, which delivers the decreased active ion per-
eability, exhibiting great application potential in
e–Cr ARFBs [99 ]. Furthermore, sulfonic acid and
minium groups containing ionic covalent organic
olymer membrane also facilitate the inhibition of
on penetration, demonstrating a capacity decay of
.77% per cycle, which was significantly lower than
hat of recast Nafion (0.85%) [100 ]. The Grotthuss
echanism affects proton transport, and size exclu-
ion and Donnan exclusion are used to elucidate the
echanism of ion selectivity in the membrane [3 ].
hen designing the membrane for flow batteries,

uch as Fe–Cr ARFBs, which are plagued by the
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ligand-crossing issue, the focus should be on endow- 
ing the membranes with excellent ionic conductivity 
and ionic selectivity to construct flow batteries with 
high efficiency and low capacity decay. 

Flow battery design 
The conventional flow-through structure for earlier 
RFBs is detrimental to the uniform flow of elec- 
trolyte, which in turn leads to low EE. The advent of
flow-field structure successfully combats this issue 
and exhibits a high EE of 79.6% at 65 °C in Fe–Cr
ARFBs [101 ]. In the flow battery field, the appli- 
cation of 3D modelling can determine the optimal 
combination of channel and land dimensions, and 
machine learning (ML) can predict more efficient 
flow channel designs. Zhou and co-workers applied 
a 3D electrochemical flow-coupled model to de- 
termine the optimal flow channel spacing of 4 mm 

for the Fe–Cr ARFB system and developed an ML 

model with high prediction accuracy (R2 > 0.88) 
[102 ]. In addition, a multitasking ML model with 
higher prediction accuracy (R2 > 0.92) was devel- 
oped to relate Fe–Cr ARFB characteristics to EE, 
CE and capacity [103 ]. 

Other A-S half-iron ARFBs 
Manganese is the 12th most abundant element, mak- 
ing it a cost-effective choice for ARFBs. Although 
the Fe3 + /Fe2 + //Mn3 + /Mn2 + redox pair provides 
a net voltage of only 0.79 V (Equation 24 ), the high
solubility of these metal precursors enhances energy 
density and electrolyte stability in Fe–Mn ARFBs. 
In 2020, Archana et al. demonstrated that MSA com- 
plexation stabilizes Mn3 + by increasing molecular 
volume and reducing molecular collisions. Under 
optimal conditions (4 M MSA, Nafion 117, 30 °C), 
the battery maintained over 95% CE and almost no 
capacity decay after 100 cycles at a current density 
of 7 mA cm−2 [20 ]. Wu et al. found that Cl− com-
plexation prevents manganese dioxide precipitation 
caused by manganese disproportionation, thereby 
supporting electrolyte reversibility (Fig. 6 b) [104 ]. 
The assembled Fe–Mn battery achieved a high 
current density of 160 mA cm−2 with a projected 
cost of only $10.3 kWh−1 , significantly lower than 
comparable Fe ARFB systems. 

Fe2+ + Mn3+ � Fe3+ + Mn2+ 

E0 = 0 . 79 V (24) 

Similar efforts in Fe–V ARFBs have employed iron 
single atoms as redox catalysts loaded on graphene 
electrodes, achieving lower overpotential and higher 
EE [105 ]. Li et al. conducted extensive research on
electrolyte optimization for aqueous Fe–V ARFBs, 
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etermining the general parameters for electrolyte
uids based on temperature stability [21 ]. Further-
ore, membrane advancements, such as 15- μm
hick HCl-doped PBI membranes, further improved
ischarge capacity and reduced operating costs of
e–V ARFBs [106 ]. 
Sulfur-based systems have also gained traction

ue to their low cost and high theoretical capacity.
e–S ARFBs offer excellent safet y and flexibilit y.
ong et al. developed a neutral Fe–S ARFB using
olysulfides and high-concentration ferrocyanide
s a redox pair, achieving 96.9% CE (Fig. 6 c) af-
er 1500 cycles at 20 mA cm−2 and maintaining
E > 97% and EE > 80% in a 10-cell stack for
42 cycles (50 days) at 34 A [22 ]. Zou et al. de-
eloped an alkaline Fe–S ARFB with enhanced CE
nd stability. By leveraging the multi-ion effect, they
ncreased [Fe(CN)6 ]4 − solubility up to 1.52 M,
nabling stable cycling of an Fe–S ARFB with 1.3 M
Fe(CN)6 ]4 − for over 3152 h, achieving nearly
00% CE and a low capacity decay rate (0.11% per
ay) [107 ]. 
Organic redox couples have recently emerged

s promising anolytes for iron-based ARFBs. An-
hraquinone disulfonic acid (AQDS) has great
otential for application in ARFBs due to its sta-
ility, solubility and redox potential. Yang et al. first
eported an Fe–AQDS ARFB using ferric sulfate (a
teel mi l l byproduct, $0.10/kg) and AQDS ($3/kg),
emonstrating extraordinary longevity [23 ]. With
heir cost-effectiveness and charge-storage capa-
ilities, Fe–AQDS ARFBs hold great potential in
erving as a low-cost solution for large-scale energy
torage. 

UMMARY AND OUTLOOK 

urrently, all-vanadium RFBs represent the most
ommercially advanced large-scale energy stor-
ge technology, with China having built the world’s
argest peaking power station at 175 MW/700 MWh.
owever, the instability in the supply and price of
anadium metal significantly limits the broader com-
ercialization of all-vanadium systems. In contrast,

ron-based flow batteries offer a more economically
iable alternative, benefiting from the natural abun-
ance, low cost and low toxicity of iron—features
hat make them particularly appealing for grid-
cale deployment. Early attempts to commercialize
ron-based systems, such as the Fe–Cr flow battery
riginally developed by Thaller, were explored by
everal companies during the 1980s and early 20 0 0s.
urrently, the only iron-based systems approaching
ommercialization are the all-iron (Fe–Fe) systems
eveloped by companies such as ESS and VoltStor-
ge. In addition, megawatt-scale demonstration
Page 16 of 22
platforms based on Fe – Zn ARFBs (in Canada and 
China) and Fe–V ARFBs (in Saudi Arabia) have 
been installed, highlighting the strong potential of 
these systems for future commercialization. Despite 
this progress, several technical challenges remain—
namely, iron corrosion, zinc ion crossover and 
excessive hydrogen evolution. These issues signifi- 
cantly affect EE and cycle life and must be addressed 
to advance iron-based ARFBs from laboratory-scale 
research to industrial-scale deployment. Further- 
more, reducing the cost of system installation and 
battery management infrastructure is essential for re- 
alizing the full cost advantages of iron-based ARFBs 
and supporting their path to commercialization. 

Recent research efforts have focused on alter- 
native iron-based chemistries to overcome these 
limitations. Table 3 summarizes key iron-based 
ARFBs discussed in this review and their perfor- 
mance characteristics. Advancements in iron-based 
redox couples, including Fe2 + /Fe3 + and Fe0 /Fe2 + , 
are helping to improve electrochemical reversibility 
and efficiency. Efforts to integrate hybrid redox 
systems have further enhanced voltage stability and 
cycling performance. The use of high-surface-area 
porous carbon electrodes and electrocatalysts has 
significantly improved reaction kinetics and charge 
transfer efficiency. Innovative fabrication tech- 
niques, including 3D printing and carbon modifica- 
tions, have further enhanced battery performance. 
Ligand-stabilized iron complexes and pH-tunable 
formulations have mitigated HER and metal precip- 
itation issues, extending battery lifespan. Addition- 
ally, advanced electrolyte engineering and additives 
have played a crucial role in suppressing dendrite 
growth and improving ion solubility. The develop- 
ment of ion-selective, low-resistance membranes, 
such as AEMs and modified polymeric separators, 
has minimized ion crossover and enhanced chemical 
stability for long-term performance. 

Despite these advancements, iron-based ARFBs 
sti l l face major challenges that hinder their com- 
mercial viability. In acidic all-iron ARFBs and 
other deposition-based systems, HER and dendrite 
formation remain critical barriers to achieving 
long-term cycling stability and high CE. These 
issues lead to capacity loss, increased cell resistance 
and potential safety concerns. In A-S iron ARFBs, 
managing crossover effects and maintaining elec- 
trolyte stability over extended cycles is a challenge. 
Ligand degradation, ion crossover and electrolyte 
viscosity changes affect overall battery efficiency 
and reliability. 

While laboratory-scale studies have demon- 
strated promising performance, most research is 
sti l l conducted on single-flow cells under controlled 
conditions. Translating these advancements into 



Natl Sci Rev, 2025, Vol. 12, nwaf218

Ta
bl
e 
3.
 
Su
m
m
ar
y 
of
 
th
e 
pe
rfo

rm
an
ce

 
ch
ar
ac
te
ris
tic
s 
of
 
ty
pi
ca
l i
ro
n-
ba
se
d 
AR

FB
s.
 

Ty
pe
s o

f 
iro

n-
ba
se
d 

AR
FB

s 
R
ed
ox

 
co
up
le
s 

El
ec
tro

ly
te
 

El
ec
tro

de
 

M
em

br
an
e 

Ba
tte
ry
 
ty
pe

 

C
yc
lin
g 
lif
e (

h 
or
 
cy
cl
es
) 

C
ur
re
nt
 
de
ns
ity

 

(m
A 
cm

-2
 

) 
EE

 
(%

) 
C
E(
%
) 

C
ap
ac
ity

 

re
te
nt
io
n 

(%
) 

C
ap
ac
ity

 
de
ca
y 

ra
te
 

(%
/c
yc
le)

 
R
ef
 

Ac
id
ic
 
al
l-i
ro
n 

Fe
2 +

 

/F
e0
 

Fe
2 +

 

/F
e3
 + 

Fe
C
l 2 
–2
5 
vo
l.%

 

D
M
Ac

 

C
F 

+ 
Fe

 
sh
ee
t 

Pe
rfl
uo
rin

at
ed

 

su
lfo

ni
c a

ci
d 

m
em

br
an
e 

Si
ng
le
 
ce
ll 

16
6 
h 

10
 

N
/A

 
95

 
95
.5
9 

N
/A

 
[4
2 ]

 

Ac
id
ic
 

iro
n–

zi
nc

 

Zn
2 +

 

/Z
n0

 

Fe
2 +

 

/F
e3
 + 

Fe
–P

y–
T
IR
O
N
 

G
F 

Fu
m
as
ep

 

FA
P-
45
0 

Si
ng
le
 
ce
ll 

32
5 
h 

40
 

60
 

94
 

N
/A

 
N
/A

 
[5
8 ]

 

Al
ka
lin
e 

iro
n–

zi
nc

 

Zn
(O

H
) 4
 

2 −
/Z

n0
 

[F
e(
C
N
) 6
 

]4
 
− /

Fe
(C

N
) 6
 

]3
 
−

[Z
n(
O
H
) 

(E
D
TA

) 
(O

H
2 )

4 ]
3 −

C
F 

SP
EE

K
 

10
-c
el
l fl
ow

 

st
ac
k 

95
0 
h 

40
 

82
.3
5 

97
.8
6 

N
/A

 
N
/A

 
[5
9 ]

 

N
eu
tra

l 
iro

n–
zi
nc

 

Zn
2 +

 

/Z
n0

 

Fe
2 +

 

/F
e3
 + 

Zn
2 +

 

–B
r−

C
F 

N
afi
on

 
21
2 

3-
ce
ll 
flo
w
 
st
ac
k 

60
0 
cy
cl
es
 

30
 

86
.7
 

99
.9
 

87
.1
 

N
/A

 
[6
4 ]

 

Ac
id
ic
 
iro

n–
tin

 
Sn

2 +
 

/S
n0

 

Fe
2 +

 

/F
e3
 + 

0.
5 
M

 

Sn
C
l 2 

+ 
3.
0 M

 

H
C
l a
nd

 

1.
0 
M

 

Fe
C
l 2 

+ 
3.
0 M

 

H
C
l 

C
F 

+ 
ca
rb
on

 

cl
ot
h 

N
afi
on

 
Si
ng
le
 
ce
ll 

70
0 
cy
cl
es
 

20
0 

78
 

99
 

N
/A

 
0.
96

 
[1
3 ]

 

N
eu
tra

l 
iro

n–
tin

 

Sn
2 +

 

/S
n0

 

[F
e(
C
N
) 6
 

]4
 
− /

Fe
(C

N
) 6
 

]3
 
−

0.
05

 
M

 

Sn
2 +

 

+ 
3 
M

 

KC
l a
nd

 

0.
2 
M

 

[F
e(
C
N
) 6
 

]3
 −

+ 
3 M

 

KC
l 

C
F 

N
afi
on

 
21
2 

Si
ng
le
 
ce
ll 

12
0 
cy
cl
es
 

10
 

N
/A

 
97

 
60
.8
 

0.
51

 
[1
4 ]

 

Iro
n–

le
ad

 
Pb

2 +
 

/P
b0

 

Fe
2 +

 

/F
e3
 + 

1 
M

 

Fe
SO

4 
+ 
1.
68

 
M

 

H
2 S
O

4 

G
F 

Po
ro
us
 

PV
D
F-
H
FP

 

m
em

br
an
es
 

Si
ng
le
 
ce
ll 

20
0 
cy
cl
es
 

20
 

87
.2
 

98
.1
 

N
/A

 
N
/A

 
[7
7 ]

 

Iro
n–

ca
dm

iu
m
 

C
d2

 + /
C
d0

 

Fe
2 +

 

/F
e3
 + 

1.
0 
M

 

Fe
C
l 2 

+ 
0.
5 

M
 

C
dS
O

4 
+ 
3.
0 M

 

H
C
l 

G
F 

N
afi
on

 
21
2 

Si
ng
le
 
ce
ll 

10
0 
cy
cl
es
 

12
0 

80
.2
 

98
.7
 

99
.8
7 

N
/A

 
[1
6 ]

 

Page 17 of 22



Natl Sci Rev, 2025, Vol. 12, nwaf218

Ta
bl
e 
3.
 
Co
nt
in
ue
d 

Ty
pe
s o

f 
iro

n-
ba
se
d 

AR
FB

s 
R
ed
ox

 
co
up
le
s 

El
ec
tro

ly
te
 

El
ec
tro

de
 

M
em

br
an
e 

Ba
tte
ry
 
ty
pe

 

C
yc
lin
g 
lif
e (

h 
or
 
cy
cl
es
) 

C
ur
re
nt
 
de
ns
ity

 

(m
A 
cm

-2
 

) 
EE

 
(%

) 
C
E(
%
) 

C
ap
ac
ity

 

re
te
nt
io
n 

(%
) 

C
ap
ac
ity

 
de
ca
y 

ra
te
 

(%
/c
yc
le)

 
R
ef
 

Iro
n–

co
pp
er
 

C
u2

 + /
C
u0

 

Fe
2 +

 

/F
e3
 + 

1.
8 
M

 

C
uC

l 2 
+ 
0.
01

 
M

 

Bi
2 O

3 
+ 
2.
4 
M

 

C
aC

l 2 
+ 
2.
4 
M

 

H
C
l a
nd

 
1.
5 
M

 

Fe
C
l 2 

+ 
0.
01

 
M

 

Bi
2 O

3 
+ 
3 
M

 

H
C
l 

G
F 

+ 
ca
rb
on

 

pa
pe
r 

N
afi
on

 
11
7 

Si
ng
le
 
ce
ll 

10
 
cy
cl
es
 

20
 

35
.2
4 

89
.18

 
N
/A

 
N
/A

 
[1
7 ]

 

Al
ka
lin
e a

ll-
iro

n 
Fe
-N

T
M
PA

2 /
Fe
-N

T
M
PA

2 

[F
e(
C
N
) 6
 

]4
 
− /

Fe
(C

N
) 6
 

]3
 
−Fe

- N
T
M
PA

2 
an
d 

Fe
–C

N
 

C
ar
bo
n 
pa
pe
r 

N
afi
on

 
21
2 

Si
ng
le
 
ce
ll 

10
 
0 0

 
cy
cl
es
 

20
 

87
 

10
0 

96
 

0.
00
13

 
[8
0 ]

 

Iro
n– ch
ro
m
iu
m
 

C
r3
 + /

C
r2
 + 

Fe
2 +

 

/F
e3
 + 

E-
1.
3C

r 
C
F 

N
afi
on

 
21
2 

Si
ng
le
 
ce
ll 

11
0 
cy
cl
es
 

80
 

84
.51

 
97
.0
2 

N
/A

 
N
/A

 
[9
5 ]

 

Iro
n– m
an
ga
ne
se
 

M
n3

 + /
M
n2

 + 

Fe
2 +

 

/F
e3
 + 

5 
m
L 
of
 
1 
M

 

M
nS
O

4 
+ 
3 
M

 

H
2 S
O

4 
+ 
5 
m
L 

of
 
1 
M

 

Fe
C
l 3 

+ 
3 
M

 

H
C
l 

C
F 

SP
EE

K
 

Si
ng
le
 
ce
ll 

28
0 
cy
cl
es
 

N
/A

 
∼5

0 
10
0 

10
0 

N
/A

 
[1
04

 ] 

Iro
n–
va
na
di
um

 
V3

 + /
V2

 + 

Fe
2 +

 

/F
e3
 + 

1.
5 
M

 
V3

 + 
+ 
2 
M

 

H
C
l a
nd

 
1.
5 
M

 

Fe
2 +

 

+ 
2 
M

 
H
C
l 

C
F 

M
eta

 -P
BI

 

m
em

br
an
e 

Si
ng
le
 
ce
ll 

10
 
cy
cl
es
 

80
 

∼8
0 

N
/A

 
N
/A

 
0.
3 

[1
06

 ] 

Iro
n–

su
lfu

r 
S 2

 

2 −
/S

2 −

[F
e(
C
N
) 6
 

]4
 
− /

 

Fe
(C

N
) 6
 

]3
 
−

2.
0 
M

 
K
2 S

 
in
 
0.
5 
M

 

KO
H
 
an
d 
1.
0 
M

 

K
4 [
Fe
(C

N
) 6
 

] +
 

1.
0 
M

 

N
a 4
 

[F
e(
C
N
) 6
 

] 
in
 
0.
5 
M

 
KO

H
 

C
F 
an
d 

su
lfu

riz
ed

 
N
i 

fo
am

 

el
ec
tro

de
 

K
+ -
ex
ch
an
ge

 

N
21
2 

3-
ce
ll 
flo
w
 
st
ac
k 

31
35

 
h 

20
 

N
/A

 
10
0 

N
/A

 
0.
01
66

 
[1
07

 ] 

Iro
n–

AQ
D
S 

Fe
SO

4 /
Fe

2 (
SO

4 )
3 

AQ
D
S/
AQ

D
SH

2 

0.
67

 
M

 

Fe
SO

4 
+ 
0.
33

 
M

 

AQ
D
S 

+ 
2 
M

 

H
2 S
O

4 

M
ul
ti-
w
al
l 

ca
rb
on

 

na
no

tu
be
- 

m
od

ifi
ed

 

G
F 

N
afi
on

 
21
2 

Si
ng
le
 
ce
ll 

50
0 
cy
cl
es
 

20
0 

N
/A

 
99
.6
3 

N
/A

 
0.
0 0

 
0 
07
6 

[2
3 ]

 

Page 18 of 22



Natl Sci Rev, 2025, Vol. 12, nwaf218

p  

i  

r  

F  

d  

c  

s
 

r  

s

M
u
A  

a  

e  

s  

a  

a  

b  

p  

r  

b  

c  

c  

p  

p  

e  

m  

m  

o

F
m
F  

t  

c  

fl  

p  

f  

r  

u  

a  

c  

C  

f  

r  

c  

t  

a

N
B  

h  

 

ilot-scale systems introduces additional complex-
ties, including optimizing flow stack design, flow
ate control and large-scale electrolyte management.
actors such as electrode architecture, flow field
istribution, and electrolyte replenishment signifi-
antly influence real-world battery performance and
calability. 
To bridge the gap between laboratory-scale

esearch and practical deploy ment, f uture studies
hould focus on the following key areas. 

aterials innovation and mechanistic 

nderstanding 

dvancements in materials science are crucial for
ddressing challenges such as electrolyte stability,
lectrode kinetics and membrane selectivity. Re-
earch should focus on developing novel ligands and
dditives to enhance Fe-ion solubility, suppress HER
nd prevent dendrite formation. For all-iron flow
atteries, electrolyte engineering is particularly im-
ortant to mitigate HER, which competes with iron
edox reactions. Additionally, optimizing carbon-
ased electrodes through surface modifications or
atalyst coatings can enhance charge transfer effi-
iency. Membrane improvements, including AEMs,
roton exchange membranes and intrinsic micro-
orous polymers, aim to reduce ion crossover and
xtend cycle life [108 ]. Understanding ion transport
echanisms and selectivity behav iour w ithin these
embranes is crucial for optimizing performance
ver extended cycles. 

low battery system design and 

anufacturing 

low system design significantly influences mass
ransport, pressure distribution and overall electro-
hemical efficiency. Optimizing parameters such as
ow field patterns (e.g. serpentine, interdigitated,
arallel), flow rate and temperature control is critical
or stable operation. Efficient flow distribution
educes polarization losses and enhances reactant
tilization. Additional design improvements, such
s RC compartments and catalyst-loaded separators,
an mitigate side reactions like HER, improving
oulombic efficiency. The use of 3D-printed flow
rames enables precise customization of flow fields,
educing manufacturing costs [109 ]. ML models
an dynamically optimize flow dynamics and opera-
ional parameters to maximize system performance
nd longevity [110 ]. 

ew electrochemistry explorations 
eyond conventional Fe2+ /Fe3+ redox chemistry,
ybrid redox couples could improve energy den-
Page 19 of 22
sity and cycling stability. Integrating iron species 
with vanadium, organic molecules or halogens 
could expand the electrochemical operating win- 
dow. Decoupled hybrid architectures separating 
charge storage from electrochemical conversion 
may enhance efficiency and operational flexibility. 
Further studies on alternative iron redox species 
and complexation strategies could unlock new elec- 
trolyte formulations with improved solubility and 
electrochemical stability. 

Interdisciplinary strategies 
Advanced characterization techniques, such as 
synchrotron X-ray tomography [111 ], Raman spec- 
troscopy, Fourier transform infrared spectroscopy 
and X-ray fluorescence microscopy [112 ], provide 
real-time insights into HER, dendrite formation and 
redox kinetics. Artificial intelligence (AI)-driven 
approaches can accelerate material discovery by pre- 
dicting optimal electrolyte additives, electrode mate- 
rials and membrane compositions. High-throughput 
electrochemical testing platforms can rapidly evalu- 
ate material combinations, expediting the develop- 
ment of next-generation iron-based ARFBs. 

Iron-based ARFBs hold immense potential 
as a cost-effective and scalable energy storage 
solution, but significant advancements are sti l l 
required to achieve commercial competitiveness 
with vanadium-based systems. Addressing funda- 
mental challenges related to electrolyte stability, 
dendrite formation, ion crossover and large-scale 
system integration wi l l be critical for their future
development. Despite these challenges, iron-based 
ARFBs have strong potential for low-cost long- 
duration energy storage applications. By leveraging 
interdisciplinary approaches—including mate- 
rials science, electrochemistry, fluid dynamics, 
advanced characterization techniques and AI-driven 
optimization—researchers can accelerate the path 
toward practical and commercially viable iron-based 
ARFBs. Overcoming these barriers wi l l unlock a 
sustainable, high-performance and low-cost energy 
storage technology capable of supporting the global 
transition to renewable energy. Future commercial- 
ization efforts wi l l require advancements in materials 
optimization, system design and pilot-scale valida- 
tion to bridge the gap between laboratory research 
and real-world deployment. Increased collabora- 
tion between academia, industry and government 
initiatives could accelerate the path toward market 
adoption. 

FUNDING 

This work was supported by the Australian Research Council 
through its Future Fellowship, Discovery, and Linkage Programs. 



Natl Sci Rev, 2025, Vol. 12, nwaf218

A
B  

Y  

t  

o  

t  

o

C

R
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

UTHOR CONTRIBUTIONS 

.L. initiated and conceptualized the project. X.P., C.H. and
.Z. contributed to brainstorming the content and discussing
he organization of the paper. C.H., Y.Z. and S.Z. drafted the
riginal manuscript. X.P., B.L., L.W., J.N. and M.S.K. contributed
o revising the manuscript. All authors approved the final version
f the manuscript. 

onflict of interest statement. None declared. 

EFERENCES 

1. Li Z and Lu YC. Material design of aqueous redox flow bat-
teries: fundamental challenges and mitigation strategies. Adv
Mater 2020; 32 : e2002132. 

2. Rahman A, Farrok O, Haque MM. Environmental impact of re-
newable energy source based electrical power plants: solar,
wind, hydroelectric, biomass, geothermal, tidal, ocean, and os-
motic. Renew Sustain Energy Rev 2022; 161 : 112279. 

3. Li L, Zhang X, Lu Y et al. Recent advances and future perspec-
tives of membranes in iron-based aqueous redox flow batter-
ies. Energy Mater Adv 2024; 5 : 0118. 

4. Noack J, Skyllas-Kazacos M, Thaller L et al. History of flow bat-
teries. In: Roth C, Noack J, Skyllas-Kazacos M (eds). Flow Bat-
teries: From Fundamentals to Applications . Hoboken: Wiley-
VCH, 2023, 29–52. 

5. Belongia S, Wang X, Zhang X. Progresses and perspectives of
all-iron aqueous redox flow batteries. Adv Funct Mater 2024;
34 : 2302077. 

6. Zhang H and Sun C. Cost-effective iron-based aqueous redox
flow batteries for large-scale energy storage application: a re-
view. J Power Sources 2021; 493 : 229445. 

7. Dinesh A, Olivera S, Venkatesh K et al. Iron-based flow batter-
ies to store renewable energies. Environ Chem Lett 2018; 16 :
683–94. 

8. Huan Z, Sun C, Ge M. Progress in profitable Fe-based flow bat-
teries for broad-scale energy storage. Wiley Interdiscip Rev:
Energy Environ 2024; 13 : e541. 

9. Noack J, Wernado M, Roznyatovskaya N et al. Studies on
Fe/Fe redox flow batteries with recombination cell. J Elec-
trochem Soc 2020; 167 : 160527. 

10. Xie Z, Su Q, Shi A et al. High performance of zinc-ferrum re-
dox flow battery with Ac−/HAc buffer solution. J Energy Chem
2016; 25 : 495–9. 

11. Ling R, Zhu Z, Peng K et al. Dual-function electrolyte addi-
tive design for long life alkaline zinc flow batteries. Adv Mater
2024; 36 : e2404834. 

12. Xie C, Duan Y, Xu W et al. A low-cost neutral zinc-iron flow
battery with high energy density for stationary energy storage.
Angew Chem Int Ed 2017; 56 : 14953–7. 

13. Zhou X, Lin L, Lv Y et al. A Sn-Fe flow battery with excellent rate
and cycle performance. J Power Sources 2018; 404 : 89–95. 

14. Chen H, Wang Z, Zhang S et al. A low-cost neutral aqueous
redox flow battery with dendrite-free tin anode. J Electrochem
Soc 2021; 168 : 110547. 
Page 20 of 22
15. Zeng YK, Zhao TS, Zhou XL et al. A novel iron-lead redox flow
battery for large-scale energy storage. J Power Sources 2017; 
346 : 97–102. 

16. Zeng YK, Zhao TS, Zhou XL et al. A low-cost iron-cadmium
redox flow battery for large-scale energy storage. J Power
Sources 2016; 330 : 55–60. 

17. Kabtamu DM, Lin GY, Chang YC et al. The effect of adding Bi3 + 

on the performance of a newly developed iron-copper redox 
flow battery. RSC Adv 2018; 8 : 8537–43. 

18. Gong K, Xu F, Grunewald JB et al. All-soluble all-iron aqueous 
redox-flow battery. ACS Energy Lett 2016; 1 : 89–93. 

19. Zeng YK, Zhou XL, An L et al. A high-performance flow-field
structured iron-chromium redox flow battery. J Power Sources
2016; 324 : 738–44. 

20. Archana KS, Suresh S, Ragupathy P et al. Investigations on 
new Fe-Mn redox couple based aqueous redox flow battery. 
Electrochim Acta 2020; 345 : 136245. 

21. Li B, Li L, Wang W et al. Fe/V redox flow battery electrolyte
investigation and optimization. J Power Sources 2013; 229 : 
1–5. 

22. Long Y, Xu Z, Wang G et al. A neutral polysulfide/ferricyanide 
redox flow battery. iScience 2021; 24 : 103157. 

23. Yang B, Murali A, Nirmalchandar A et al. A durable, inexpen- 
sive and scalable redox flow battery based on iron sulfate and
anthraquinone disulfonic acid. J Electrochem Soc 2020; 167 : 
060520. 

24. Zhu F, Guo W, Fu Y. Functional materials for aqueous redox 
flow batteries: merits and applications. Chem Soc Rev 2023; 
52 : 8410–46. 

25. Lin K, Chen Q, Gerhardt MR et al. Alkaline quinone flow battery. 
Science 2015; 349 : 1529–32. 

26. Zhang S, Gao S, Zhang Y et al. All-soluble all-iron aqueous re-
dox flow batteries: towards sustainable energy storage. Energy
Storage Mater 2025; 75 : 104004. 

27. Mouselly M, Alawadhi H, Senthilkumar ST. Current status of 
ferro-/ferricyanide for redox flow batteries. Curr Opin Elec-
trochem 2024; 48 : 101581. 

28. Hruska L and Savinell R. Investigation of factors affecting per- 
formance of the iron-redox battery. J Electrochem Soc 1981; 
128 : 18–25. 

29. Energy Advanced Research Projects Agency. Energy Storage 
Systems (ESS): Iron Flow Battery . https://arpa-e.energy.gov/
programs-and-initiatives/search-all-projects/iron-flow-
battery (16 June, date last accessed). 

30. Song J. Commercialization of all-iron redox flow-battery sys- 
tems. In: Roth C, Noack J, Skyllas-Kazacos M (eds). Flow Bat-
teries: From Fundamentals to Applications . Hoboken: Wiley- 
VCH, 2023, 1127–44. 

31. Song Y, Zhang K, Li X et al. Tuning the ferrous coordina-
tion structure enables a highly reversible Fe anode for long- 
life all-iron flow batteries. J Mater Chem A 2021; 9 : 26354–
61. 

32. Song Y, Yan H, Hao H et al. Simultaneous regulation of solva-
tion shell and oriented deposition toward a highly reversible 
Fe anode for all-iron flow batteries. Small 2022; 18 : e2204356. 

http://dx.doi.org/10.1002/adma.202002132
http://dx.doi.org/10.1016/j.rser.2022.112279
http://dx.doi.org/10.34133/energymatadv.0118
http://dx.doi.org/10.1002/adfm.202302077
http://dx.doi.org/10.1016/j.jpowsour.2020.229445
http://dx.doi.org/10.1007/s10311-018-0709-8
http://dx.doi.org/10.1002/wene.541
http://dx.doi.org/10.1149/1945-7111/abcf50
http://dx.doi.org/10.1016/j.jechem.2016.02.009
http://dx.doi.org/10.1002/adma.202404834
http://dx.doi.org/10.1002/anie.201708664
http://dx.doi.org/10.1016/j.jpowsour.2018.10.011
http://dx.doi.org/10.1149/1945-7111/ac39db
http://dx.doi.org/10.1016/j.jpowsour.2017.02.018
http://dx.doi.org/10.1016/j.jpowsour.2016.08.107
http://dx.doi.org/10.1039/C7RA12926B
http://dx.doi.org/10.1021/acsenergylett.6b00049
http://dx.doi.org/10.1016/j.jpowsour.2016.05.138
http://dx.doi.org/10.1016/j.electacta.2020.136245
http://dx.doi.org/10.1016/j.jpowsour.2012.11.119
http://dx.doi.org/10.1016/j.isci.2021.103157
http://dx.doi.org/10.1149/1945-7111/ab84f8
http://dx.doi.org/10.1039/D3CS00703K
http://dx.doi.org/10.1126/science.aab3033
http://dx.doi.org/10.1016/j.ensm.2025.104004
http://dx.doi.org/10.1016/j.coelec.2024.101581
http://dx.doi.org/10.1149/1.2127366
https://arpa-e.energy.gov/programs-and-initiatives/search-all-projects/iron-flow-battery
http://dx.doi.org/10.1039/D1TA07295A
http://dx.doi.org/10.1002/smll.202204356


Natl Sci Rev, 2025, Vol. 12, nwaf218

nd complexes 
4; 161 : A1662. 
olyte additives 
s for iron/iron 

ride redox flow 

; 163 : A5118–

mbarakaran D 
ode in an all- 
 Sel 2022; 7 : 

 agent and ra- 
hem 2003; 14 : 

e temperature 
ergy 2022; 19 : 

ments to the 
x-flow battery. 

D X-ray tomog- 
ration for high 

 factors affect- 
ctrochem Soc

gn strategy to 
ard highly re- 
mall 2024; 20 : 

odifications in 
ian J 2023; 18 : 

ance of iron- 
d graphite felt 

erformance of 
 in all-iron re- 

rived nitrogen- 
rease the effi- 
; 878 : 114577. 
coatings con- 
ater 2025; 37 : 

 toward highly 
; 487 : 150592. 
n plating in an 

th C, Noack J, 
o Applications . 

braneless re- 
nstration with 

l) based mem- 
ll applications? 

 for the all-iron 

 batteries with 

ry under $100 
41–5. 
-effective zinc- 

kinetics of an 
g electrolytes. 

ultifunctional 
t, high perfor- 
rage 2024; 86 : 

istry for zinc- 
03607. 
design for long 
 

e water trans- 
ater Interfaces

g lifespan and 

 structure and 
 zinc–iron flow 

cle life neutral 
. Energy Stor-

posite carbon 
Rep 2022; 12 : 

n flow battery 
nergy storage. 

 by boron dop- 
 batteries. Adv

rid redox flow 

 : e275. 
ator enables a 
3; 62 : 676–84. 
ane for neutral 
358 : 190–4. 
re perspective 
w Chem Int Ed

 for long-term 

00492. 
erials and flow 

ces 2020; 450 : 
227613. 
33. Hawthorne KL, Wainright JS, Savinell RF. Studies of iron-liga
for an all-iron flow battery application. J Electrochem Soc 201

34. Noack J, Berkers M, Ortner J et al. The influence of some electr
on the electrochemical performance of Fe/Fe2 + redox reaction
redox flow batteries. J Electrochem Soc 2021; 168 : 040529. 

35. Manohar AK, Kim KM, Plichta E et al. A high efficiency iron-chlo
battery for large-scale energy storage. J Electrochem Soc 2016
25. 

36. Chullipparambil Balakrishnan J, Pulikkotti Peter M, Davis Ko
et al. Improvement in the performance of an Fe/FeII electr
iron redox flow battery by the addition of ZnII ions. Chem
e202201222. 

37. Liu S, Ellars CE, Edwards DS. Ascorbic acid: useful as a buffer
diolytic stabilizer for metalloradiopharmaceuticals. Bioconjug C
1052–6. 

38. Zhang Q and Song Y. Electrochemical analysis of electrolyt
and composition for all-iron redox flow battery. Int J Green En
1285–9. 

39. Jayathilake BS, Plichta EJ, Hendrickson MA et al. Improve
coulombic efficiency of the iron electrode for an all-iron redo
J Electrochem Soc 2018; 165 : A1630–8. 

40. Furquan M, Ali S, Hussaini SR et al. Electrolyte additives and 3
raphy study of all iron redox flow batteries in a full-cell configu
capacity retention. Energy Fuels 2024; 38 : 4699–710. 

41. Hawthorne KL, Petek TJ, Miller MA et al. An investigation into
ing the iron plating reaction for an all-iron flow battery. J Ele
2015; 162 : A108. 

42. Yang J, Yan H, Zhang QA et al. A universal additive desi
modulate solvation structure and hydrogen bond network tow
versible Fe anode for low-temperature all-iron flow batteries. S
e2307354. 

43. Wu M, Fang M, Nan M et al. Recent advances for electrode m
flow batteries: properties, mechanisms, and outlooks. Chem As
e202201242. 

44. Dinesh A, Anantha MS, Santosh MS et al. Improved perform
based redox flow batteries using WO3 nanoparticles decorate
electrode. Ceram Int 2021; 47 : 10250–60. 

45. Anantha MS, Anarghya D, Hu C et al. Electrochemical p
graphene oxide modified graphite felt as a positive electrode
dox flow batteries. J Appl Electrochem 2021; 51 : 331–44. 

46. Anarghya D, Anantha MS, Venkatesh K et al. Bermuda grass de
doped carbon as electrocatalyst in graphite felt electrode to inc
ciency of all–iron redox flow batteries. J Electroanal Chem 2020

47. Boz EB, Bondre A, de Bruijne R et al. Conductive polymer 
trol reaction selectivity in all-iron redox flow batteries. Adv M
e2414596. 

48. Song Y, Yan H, Cong Z et al. Surface engineered carbon felt
reversible Fe anode for all-iron flow batteries. Chem Eng J 2024

49. Petek TJ, Hoyt NC, Savinell RF et al. Slurry electrodes for iro
all-iron flow battery. J Power Sources 2015; 294 : 620–6. 

50. Savinell RF, Sinclair N, Shen X et al. Fe/Fe flow battery. In: Ro
Skyllas-Kazacos M (eds). Flow Batteries: From Fundamentals t
Hoboken: Wiley-VCH, 2023, 791–818. 

51. Bamgbopa MO, Shao-Horn Y, Hashaikeh R et al. Cyclable mem
dox flow batteries based on immiscible liquid electrolytes: demo
all-iron redox chemistry. Electrochim Acta 2018; 267 : 41–50. 
Page 21 o
52. Maiti J, Kakati N, Lee SH et al. Where do poly(vinyl alcoho
branes stand in relation to Nafion

R ©
for direct methanol fuel ce

J Power Sources 2012; 216 : 48–66. 
53. Sinclair N, Vasil M, Kellamis C et al. Membrane considerations

hybrid flow battery. J Electrochem Soc 2023; 170 : 050516. 
54. Selverston S, Nagelli E, Wainright J et al. All-iron hybrid flow

in-tank rebalancing. J Electrochem Soc 2019; 166 : A1725. 
55. Gong K, Ma X, Conforti KM et al. A zinc-iron redox-flow batte

per kWh of system capital cost. Energy Environ Sci 2015; 8 : 29
56. Zhang H, Sun C, Ge M. Review of the research status of cost

iron redox flow batteries. Batteries 2022; 8 : 202. 
57. Zhang Y, Henkensmeier D, Kim S et al. Enhanced reaction 

aqueous Zn-Fe hybrid flow battery by optimizing the supportin
J Energy Storage 2019; 25 : 100883. 

58. Tippayamalee P, Pattanathummasid C, Chanajaree R et al. M
asymmetric bi-ligand iron chelating agents towards low-cos
mance, and stable zinc-iron redox flow battery. J Energy Sto
111295. 

59. Zhi L, Liao C, Xu P et al. New alkalescent electrolyte chem
ferricyanide flow battery. Angew Chem Int Ed 2024; 63 : e2024

60. Ling R, Zhu Z, Peng K et al. Dual-function electrolyte additive 
life alkaline zinc flow batteries. Adv Mater 2024; 36 : 2404834.

61. Liu X, Zhang H, Duan Y et al. Effect of electrolyte additives on th
fer behavior for alkaline zinc-iron flow batteries. ACS Appl M
2020; 12 : 51573–80. 

62. Chen Z, Li T, Xie C et al. A neutral zinc-iron flow battery with lon
high power density. ACS Energy Lett 2024; 9 : 3426–32. 

63. Yang J, Yan H, Hao H et al. Synergetic modulation on solvation
electrode interface enables a highly reversible zinc anode for
batteries. ACS Energy Lett 2022; 7 : 2331–9. 

64. Yang M, Xu Z, Xiang W et al. High performance and long cy
zinc-iron flow batteries enabled by zinc-bromide complexation
age Mater 2022; 44 : 433–40. 

65. Saupsor J, Sangsawang J, Kao-Ian W et al. Compressed com
felt as a negative electrode for a zinc-iron flow battery. Sci
21156. 

66. Yuan Z, Duan Y, Liu T et al. Toward a low-cost alkaline zinc-iro
with a polybenzimidazole custom membrane for stationary e
iScience 2018; 3 : 40–9. 

67. Zhu F, Hu Z, Guo W et al. Electron-deficient sites constructed
ing induce homogenous Zn deposition in alkaline zinc-iron flow
Funct Mater 2024; 34 : 2405815. 

68. Jeena CB, Elsa PJ, Moly PP et al. A dendrite free Zn-Fe hyb
battery for renewable energy storage. Energy Storage 2022; 4

69. Chen H, Kang C, Shang E et al. Montmorillonite-based separ
long-life alkaline zinc-iron flow battery. Ind Eng Chem Res 202

70. Chang S, Ye J, Zhou W et al. A low-cost SPEEK-K type membr
aqueous zinc-iron redox flow battery. Surf Coat Technol 2019; 

71. Xiong P, Zhang L, Chen Y et al. A chemistry and microstructu
on ion-conducting membranes for redox flow batteries. Ange
2021; 60 : 24770–98. 

72. Huang H, Zhu Y, Chu F et al. Low-cost zinc-iron flow batteries
and large-scale energy storage. Chem Asian J 2023; 18 : e2023

73. Zhou X, Lin L, Lv Y et al. Elucidating effects of component mat
fields on Sn-Fe hybrid flow battery performance. J Power Sour
f 22

http://dx.doi.org/10.1149/2.0761410jes
http://dx.doi.org/10.1149/1945-7111/abf5a3
http://dx.doi.org/10.1149/2.0161601jes
http://dx.doi.org/10.1021/bc034109i
http://dx.doi.org/10.1080/15435075.2021.1990067
http://dx.doi.org/10.1149/2.0451809jes
http://dx.doi.org/10.1021/acs.energyfuels.3c04842
http://dx.doi.org/10.1149/2.0591501jes
http://dx.doi.org/10.1002/smll.202307354
http://dx.doi.org/10.1002/asia.202201242
http://dx.doi.org/10.1016/j.ceramint.2020.09.225
http://dx.doi.org/10.1007/s10800-020-01490-5
http://dx.doi.org/10.1016/j.jelechem.2020.114577
http://dx.doi.org/10.1002/adma.202414596
http://dx.doi.org/10.1016/j.cej.2024.150592
http://dx.doi.org/10.1016/j.jpowsour.2015.06.050
http://dx.doi.org/10.1016/j.electacta.2018.02.063
http://dx.doi.org/10.1016/j.jpowsour.2012.05.057
http://dx.doi.org/10.1149/1945-7111/acced2
http://dx.doi.org/10.1149/2.0281910jes
http://dx.doi.org/10.1039/C5EE02315G
http://dx.doi.org/10.3390/batteries8110202
http://dx.doi.org/10.1016/j.est.2019.100883
http://dx.doi.org/10.1016/j.est.2024.111295
http://dx.doi.org/10.1002/anie.202403607
http://dx.doi.org/10.1002/adma.202404834
http://dx.doi.org/10.1021/acsami.0c16743
http://dx.doi.org/10.1021/acsenergylett.4c01424
http://dx.doi.org/10.1021/acsenergylett.2c00560
http://dx.doi.org/10.1016/j.ensm.2021.10.043
http://dx.doi.org/10.1038/s41598-022-25763-5
http://dx.doi.org/10.1016/j.isci.2018.04.006
http://dx.doi.org/10.1002/adfm.202405815
http://dx.doi.org/10.1002/est2.275
http://dx.doi.org/10.1021/acs.iecr.2c03672
http://dx.doi.org/10.1016/j.surfcoat.2018.11.028
http://dx.doi.org/10.1002/anie.202105619
http://dx.doi.org/10.1016/j.jpowsour.2019.227613


Natl Sci Rev, 2025, Vol. 12, nwaf218

ntine flow field 
6–45. 
 battery based 

on-lead single- 
ate electrode. 

s structure in 
-cost iron-lead 

lyacrylonitrile- 
y performance. 

nce of a novel 
 268 : 121–8. 
n complex for a 
. Nat Commun

tion redox flow 

2101798. 
m flow batter- 

electrocatalyst 
 : 127855. 
chemistry with 
flow batteries. 

d graphite felt 
x flow battery. 

site electrode 
ansp 2024; 3 : 

electrode with 
eries. J Energy

 kW scale low 

 Green Energy

odified carbon 
flow batteries. 

trodes for iron 

lt electrode by 
ctrochim Acta

lyte concentra- 
 battery. Appl

rCl3 ·6H2 solu- 
. 

redox reaction 

capacity iron–

dditives in the 
ure. ACS Appl

hromium redox 

nge membrane 
x flow battery. 

mposite mem- 
um redox flow 

1 (iCOP) compos- 
x flow battery. 

1 tructured iron- 
–44. 

1  analysis on 
interdigitated 
J 2024; 496 : 

1 rformance pre- 
es. Nanoscale

1 ation of Mn3 + 

022; 5 : 14646–

1 e films for cat- 
tteries. Mater

1 batteries with 
 capacity loss. 

1 ttery endowed 
ces 2024; 591 : 

1 mbranes with 
onversion and 

1 roach to vana- 
. 

1 x flow battery: 
03. 

1  for recharge- 
mall Methods

1  regulation of 
trode surface. 

© hina Science Publishing & Media Ltd. This is an Open Access article distributed under the terms of the Creative 
C y/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original 
w

74. Sun J, Zheng M, Luo Y et al. Three-dimensional detached serpe
design for redox flow batteries. J Power Sources 2019; 428 : 13

75. Zhang Z, Jiang F, Wu K et al. Research on iron-lead semi-flow
on 3D solid electrode. Acta Chim Sinica 2022; 80 : 56–62. 

76. Jiang W, Jiang F, Zhang J et al. Novel strategy for cathode in ir
flow battery: electrochemically modified porous graphite pl
J Energy Storage 2024; 80 : 110274. 

77. Zhang J, Lejarazu-Larrañaga A, Yang F et al. Tailoring porou
non-ionic polymer membranes using multiple templates for low
single-flow batteries. Energy Mater 2024; 4 : 400042. 

78. Zhang H, Tan Y, Li J et al. Studies on properties of rayon-and po
based graphite felt electrodes affecting Fe/Cr redox flow batter
Electrochim Acta 2017; 248 : 603–13. 

79. Sanz L, Lloyd D, Magdalena E et al. Description and performa
aqueous all-copper redox flow battery. J Power Sources 2014;

80. Nambafu GS, Hollas AM, Zhang S et al. Phosphonate-based iro
cost-effective and long cycling aqueous iron redox flow battery
2024; 15 : 2566. 

81. Sun C and Zhang H. Review of the development of first-genera
batteries: iron-chromium system. ChemSusChem 2022; 15 : e20

82. Huang M. Application and future development of iron-chromiu
ies. ACE 2025; 123 : 24–30. 

83. Ahn Y, Moon J, Park SE et al. High-performance bifunctional 
for iron-chromium redox flow batteries. Chem Eng J 2021; 421

84. Xie C, Yan H, Song Y et al. Catalyzing anode Cr2 + /Cr3 + redox 
bimetallic electrocatalyst for high-performance iron-chromium 

J Power Sources 2023; 564 : 232860. 
85. Liu Y, Xu J, Lu S et al. Titanium nitride nanorods array-decorate

as highly efficient negative electrode for iron-chromium redo
Small 2023; 19 : e2300943. 

86. Niu Y, Zeng S, Wu G et al. Preparation of N-B doped compo
for iron-chromium redox flow battery. Green Energy Intell Tr
100158. 

87. He Z, Chen Z, Meng W et al. Modified carbon cloth as positive 
high electrochemical performance for vanadium redox flow batt
Chem 2016; 25 : 720–5. 

88. Niu Y, Liu Y, Zhou T et al. Insights into novel indium catalyst to
cost, high cycle stability of iron-chromium redox flow battery.
Environ 2025; 10 : 410–21. 

89. Liu Y, Niu Y, Guo C et al. Nitrogen-doped bismuth oxide-m
cloth as a bifunctional electrocatalyst for iron-chromium redox 
Energy Fuels 2024; 38 : 12202–11. 

90. Niu Y, Guo C, Liu Y et al. Fabrication of highly effective elec
chromium redox flow battery. Nano Res 2024; 17 : 3988–96. 

91. Chen N, Zhang H, Luo X-D et al. SiO2 -decorated graphite fe
silicic acid etching for iron-chromium redox flow battery. Ele
2020; 336 : 135646. 

92. Wang S, Xu Z, Wu X et al. Analyses and optimization of electro
tion on the electrochemical performance of iron-chromium flow
Energy 2020; 271 : 115252. 

93. Cheng DS, Reiner A, Hollax E. Activation of hydrochloric acid-C
tions with N-alkyfamines. J Appl Electrochem 1985; 15 : 63–70

The Author(s) 2025. Published by Oxford University Press on behalf of C
ommons Attribution License ( https://creativecommons.org/licenses/b
ork is properly cited. 
Page 22 o
94. Cheng DS and Hollax E. The influence of thallium on the 
Cr3 + /Cr2 + . J Electrochem Soc 1985; 132 : 269–73. 

95. Wu M, Nan M, Ye Y et al. A highly active electrolyte for high-
chromium flow batteries. Appl Energy 2024; 358 : 122534. 

96. Ye Y, Wu M, Nan M et al. The influence of inorganic salt a
electrolyte on iron-chromium flow batteries at room temperat
Energy Mater 2024; 7 : 4200–6. 

97. Waters SE, Robb BH, Marshak MP. Effect of chelation on iron-c
flow batteries. ACS Energy Lett 2020; 5 : 1758–62. 

98. Wang Y, Geng K, Tan Q et al. Highly ion selective proton excha
based on sulfonated polybenzimidazoles for iron-chromium redo
ACS Appl Energy Mater 2022; 5 : 15918–27. 

99. Zhang S, Wang G, Jing Y et al. A novel sulfonated polyimide co
brane containing covalent organic frameworks for iron-chromi
battery application. Ind Eng Chem Res 2025; 64 : 5995–6003. 

00. Wang Q, Song P, Zhang Y et al. Ionic covalent organic polymer 
ite membranes with enhanced efficiency for iron-chromium redo
J Membr Sci 2025; 722 : 123914. 

01. Zeng Y, Zhou X, An L et al. A high-performance flow-field s
chromium redox flow battery. J Power Sources 2016; 324 : 738

02. Zhou T, Liu Z, Yuan S et al. Machine-learning assisted
coupled fluid-dynamics and electrochemical processes in 
channel for iron-chromium flow batteries. Chem Eng
153904. 

03. Niu Y, Heydari A, Qiu W et al. Machine learning-enabled pe
diction and optimization for iron-chromium redox flow batteri
2024; 16 : 3994–4003. 

04. Wu J, Yang J, Leong ZY et al. A method to inhibit disproportion
for low-cost Mn-Fe all-flow battery. ACS Appl Energy Mater 2
51. 

05. Huang J, He G, Huang K et al. Atomic iron on porous graphen
alyzing the VO2 + /VO2 + redox couple in vanadium redox flow ba
Today Phys 2023; 35 : 101117. 

06. Lee W, Kwon BW, Jung M et al. Iron-vanadium redox flow 

polybenzimidazole membranes: high coulomb efficiency and low
J Power Sources 2019; 439 : 227079. 

07. Zou H, Xu Z, Xiong L et al. An alkaline S/Fe redox flow ba
with high volumetric-capacity and long cycle-life. J Power Sour
233856. 

08. Zuo P, Li Y, Wang A et al. Sulfonated microporous polymer me
fast and selective ion transport for electrochemical energy c
storage. Angew Chem Int Ed 2020; 59 : 9564–73. 

09. Thiam BG, El Ansary Y, Marbouh M et al. A low-cost design app
dium redox flow test cell. Electrochim Acta 2024; 494 : 144481

10. Lu M-Y, Yin C, Ma Q et al. Flow field structure design for redo
developments and prospects. J Energy Storage 2024; 95 : 1123

11. Tang F, Wu Z, Yang C et al. Synchrotron X-ray tomography
able battery research: fundamentals, setups and applications. S
2021; 5 : 2100557. 

12. Zhang Y, Hu A, Xia D et al. Operando characterization and
metal dissolution and redeposition dynamics near battery elec
Nat Nanotechnol 2023; 18 : 790–7. 
f 22

http://dx.doi.org/10.1016/j.jpowsour.2019.04.106
http://dx.doi.org/10.1016/j.est.2023.110274
http://dx.doi.org/10.20517/energymater.2023.113
http://dx.doi.org/10.1016/j.electacta.2017.08.016
http://dx.doi.org/10.1016/j.jpowsour.2014.06.008
http://dx.doi.org/10.1038/s41467-024-45862-3
http://dx.doi.org/10.1002/cssc.202101798
http://dx.doi.org/10.54254/2755-2721/2025.19567
http://dx.doi.org/10.1016/j.cej.2020.127855
http://dx.doi.org/10.1016/j.jpowsour.2023.232860
http://dx.doi.org/10.1002/smll.202300943
http://dx.doi.org/10.1016/j.geits.2024.100158
http://dx.doi.org/10.1016/j.jechem.2016.04.002
http://dx.doi.org/10.1016/j.gee.2024.04.005
http://dx.doi.org/10.1021/acs.energyfuels.4c01739
http://dx.doi.org/10.1007/s12274-023-6324-4
http://dx.doi.org/10.1016/j.electacta.2020.135646
http://dx.doi.org/10.1016/j.apenergy.2020.115252
http://dx.doi.org/10.1007/BF00617741
http://dx.doi.org/10.1149/1.2113807
http://dx.doi.org/10.1016/j.apenergy.2023.122534
http://dx.doi.org/10.1021/acsaem.4c00542
http://dx.doi.org/10.1021/acsenergylett.0c00761
http://dx.doi.org/10.1021/acsaem.2c03471
http://dx.doi.org/10.1021/acs.iecr.4c04715
http://dx.doi.org/10.1016/j.memsci.2025.123914
http://dx.doi.org/10.1016/j.jpowsour.2016.05.138
http://dx.doi.org/10.1016/j.cej.2024.153904
http://dx.doi.org/10.1039/D3NR06578B
http://dx.doi.org/10.1021/acsaem.2c03075
http://dx.doi.org/10.1016/j.mtphys.2023.101117
http://dx.doi.org/10.1016/j.jpowsour.2019.227079
http://dx.doi.org/10.1016/j.jpowsour.2023.233856
http://dx.doi.org/10.1002/anie.202000012
http://dx.doi.org/10.1016/j.electacta.2024.144481
http://dx.doi.org/10.1016/j.est.2024.112303
http://dx.doi.org/10.1002/smtd.202100557
http://dx.doi.org/10.1038/s41565-023-01367-6
https://creativecommons.org/licenses/by/4.0/

	INTRODUCTION
	FUNDAMENTAL PRINCIPLES FOR IRON-BASED REDOX ELECTROCHEMISTRY
	Fe0/Fe2+ redox couple
	Fe2+/Fe3+ redox couple
	Design principles of iron-based ARFBs

	PROGRESS AND CHALLENGES OF IRON-BASED ARFBS
	D-D all-iron ARFBs
	D-D half-iron ARFBs
	Fe-Zn ARFBs
	Other D-D half-iron ARFBs
	A-S all-iron ARFBs
	A-S half-iron ARFBs
	Fe-Cr ARFBs
	Other A-S half-iron ARFBs

	SUMMARY AND OUTLOOK
	Materials innovation and mechanistic understanding
	Flow battery system design and manufacturing
	New electrochemistry explorations
	Interdisciplinary strategies

	FUNDING
	AUTHOR CONTRIBUTIONS
	REFERENCES

