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Abstract

Redox flow batteries (RFBs) that employ sustainable, abundant, and structure-tunable redox-active species are of great inter-
est for large-scale energy storage. As a vital class of redox-active species, metal coordination complexes (MCCs) possess-
ing the properties of both the organic ligands and transition metal ion centers are attracting increasing attention due to the
advantages of multielectron charge transfer, high structural tailorability, and reduced material crossover. Herein, we present
a critical overview of RFBs that employ MCCs as redox-active materials in both aqueous and nonaqueous mediums. The
progress is comprehensively summarized, including the design strategies, solubility characteristics, electrochemical proper-
ties, and battery cycling performance of MCCs. Emphasis is placed on the ligand selection and modification strategies used
to tune the critical properties of MCCs, including their redox potential, solubility, cycling stability, and electron transfer
redox reactions, to achieve stable cycled RFBs with a high energy density. Furthermore, we discuss the current challenges

and perspectives related to the development of MCC-based RFBs for large-scale energy storage implementations.

Keywords Energy storage - Redox flow battery - Metal coordination complex - Electrochemistry - Redox noninnocent

ligands

1 Introduction

The adoption of renewable energy sources, such as solar
and wind energy, provides an important opportunity to
address environmental issues associated with fossil fuels
while satisfying the increasing energy demand [1]. How-
ever, due to the intermittent nature of these renewable energy
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sources, energy storage devices are necessary to integrate
these sources into smart electricity grids [2]. Among various
energy storage technologies, redox flow batteries (RFBs)
hold greater potential for long-duration large-scale energy
storage applications, owing to their attractive features of
decoupled power and energy, high safety, long lifetime, and
good scalability [3—11]. In an RFB, the electroactive species
are stored as a solution in an outer tank and pumped through
the electrode interface, where chemical/electrochemical
energy conversion occurs (Fig. 1). RFBs are broadly clas-
sified as aqueous and nonaqueous types, depending on the
medium. One of the most important components of RFBs is
the electroactive material. Traditional electroactive materi-
als for RFBs include inorganic metal ions that have been
actively studied (e.g., vanadium RFBs, Zn-Br, and Fe-Cr
RFBs) [4, 12-20]. There has been considerable interest in
the development of abundant, sustainable, and highly struc-
turally tailorable organic electroactive materials for RFBs
[21-33]. Several comprehensive reviews have summarized
the progress related to these materials [15, 27, 34-46].
Another class of redox-active species with excellent
potential for achieving high energy density and long battery
lifetime includes metal coordination complexes (MCCs),
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which possess the properties of both metal ions and organic
ligands [37, 47-50]. By varying the organic ligand scaffold
and metals, it is feasible to tune the properties of these com-
plexes, including the solubility and redox potential. MCCs
can undergo multielectron transfer redox reactions due to the
various oxidation states of the metal center. The crossover of
the active species through the membrane is reduced owing
to the larger molecular size of MCCs. The development of
RFBs that adopt MCCs as redox-active species has been par-
tially examined in several reviews [37, 38, 40, 47, 49, 51-53].
For instance, Yu et al. [51, 52] summarized the molecular
engineering of organometallic molecules for organic redox
flow batteries (ORFBs). Liu et al. [38] discussed the relation-
ship between the physicochemical properties of redox-active
species and battery performance. Davis et al. [53] presented
a comparative review of metal-based charge carriers in non-
aqueous RFBs (NARFBs). Fu et al. [49] reviewed the appli-
cation of organometallic complexes in rechargeable battery
systems such as Li, Na, Zn, Li-S, Li-O,, and RFBs. Nota-
bly, in 2019, Toghill et al. [47] reviewed the performance of
MCC:s for nonaqueous flow batteries. While more progress
has been achieved in recent years, there appears to be no
account comprehensively summarizing the broad field of
MCC-based aqueous and nonaqueous RFBs.

In this review, we present a comprehensive review of the
development of RFBs that employ MCCs as redox-active
materials in both aqueous and nonaqueous mediums. The
main goal is to reveal the structure-performance relation-
ship of MCC systems. Since the electrochemical proper-
ties of MCCs are considerably influenced by the ligand, the
ligand development is a primary focus in this field. Hence,
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emphasis is placed on introducing the ligand selection and
modification strategies used to tune the critical properties
of MCCs, including the redox potential, solubility, cycling
stability, and reversible electron transfer redox reactions to
achieve stable cycled RFBs with a high energy density. We
begin by presenting the structure and performance metrics
of an RFB. Then, the progress of MCCs in RFBs, including
the solubility, redox potential, and battery cycling perfor-
mance, is accordingly summarized according to different
ligand types. The key challenges and research perspectives
of MCC-based RFBs are also discussed.

2 The Architecture and Performance Metrics
of Redox Flow Batteries

An RFB typically consists of external electrolyte storage
tanks, pipes, pumps, and electrochemical cells, as shown in
Fig. 1. The cell consists of two electrode compartments and
a separator. The electrodes serve as active sites for redox
reactions of dissolved redox-active species, while the sepa-
rator enables the movement of charge carriers (ions) and
prevents the crossover of electroactive species between half-
cells. Electrolytes are pumped from the outer tanks and flow
through the electrochemical cell to undergo electrochemical
reactions [10, 52, 54].

The performance of an RFB can be described by param-
eters such as energy density, power density, Coulombic effi-
ciency (CE), voltage efficiency (VE), energy efficiency (EE),
and capacity retention (CR) and utilization [35]. The energy
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density is recognized as the primary and the most important
parameter, as described in Eq. (1):

nCFV
Hy

Energy density = 1)

where n represents the number of electrons transferred
in the reaction, C is the lower concentration of either the
catholyte or anolyte, F is Faraday’s constant, V is the work-
ing voltage of the flow battery, and p, is the volume factor
[¢, =1+ (lower electrolyte concentration)/(higher electro-
lyte concentration)]. This equation indicates that the energy
density of an RFB is determined by the solubility of redox-
active species, the cell voltage, and the number of electrons
involved. Another important battery performance metric
is power density, which is the amount of power per unit
area that a battery can supply. It can be calculated by using
Eq. (2), where [ is the discharge current, V is the output
potential, and S is the active surface area of the separator.

Power density = IXTV 2)

CE, VE, and EE are also vital parameters for evaluating
RFB performance. CE is the ratio between the discharge
capacity and the charge capacity, which can be affected by
the crossover of redox species and irreversible side redox
reactions. VE is the ratio between the average discharge and
charge voltages. The mean discharge voltage can be reduced
due to a variety of overpotentials, including ohmic polariza-
tion, activation polarization, and concentration polarization.
EE equals CE times VE, which is the ratio between the dis-
charge energy and the charge energy. CR, which reflects the
cycling stability of a battery, is expressed as either a total CR
percentage after an extended cycling test or an average main-
tained capacity percentage per cycle. Capacity utilization is
the ratio between the practically achieved capacity and the
theoretical capacity of a battery and is mainly affected by the
current density, battery resistance, and the state of charge.
Notably, the battery performance parameters in an RFB are
predominantly decided by the redox-active materials. To
obtain an RFB with high performance (e.g., high energy
density, efficiency, and power density), the redox-active spe-
cies must have a high solubility, reasonable redox potential,
and sufficient stability in the redox reactions.

3 Metal Coordination Complexes for RFBs

3.1 General Properties and Classification of Metal
Coordination Complexes

A metal complex is composed of a central metal atom or
ion that is bonded to ligands, which share electrons with

the metal center. The redox reactions of MCCs depend on
the electronic nature of the metallic center and ligands.
In general, the redox process of a transition metal coor-
dination complex with innocent ligands involves only the
oxidation or reduction of the metal center, while com-
plexes bearing noninnocent ligands (e.g., dithiolenes) can
undergo both metal-based and ligand-based redox reac-
tions [55, 56]. Metal coordination complexes are com-
monly classified into metal-ligand complexes and metal-
locenes based on the ligand types [38, 51, 52]. Both metal
ligand complexes and metallocenes can be categorized
into aqueous and nonaqueous systems depending on the
solvent. In the following sections, we describe the com-
plex structure in detail and provide the main performance
metrics, including the solubility, redox potential, and bat-
tery performance, for each type of MCCs.

Interest in metal complexes for RFBs stems from their
high structural tunability, multielectron configurations
and superior stability in various redox states, and reduced
species crossover [19, 24, 47]. The judicious choice of
metals and incorporated ligands is important for opti-
mizing the redox potential and solubility of these com-
plexes. In 1982, Matsuda et al. reported an [Ru(bpy)3]2+
(bpy =bipyridine) complex as a redox-active species in
an NARFB for the first time [57]. Since then, MCCs with
various metal ion centers and ligands have been exten-
sively studied for RFBs. For the sake of easy presentation,
we group these metal complexes according to ligands in
the following discussion of the main performance metrics,
including solubility, redox potential, and battery perfor-
mance. Figure 2 shows typical ligands, including met-
allocene, bipyridine, tridentate N-donor ligands, acety-
lacetonate (acac), dithiolene, aminopolycarboxylic acid
(APCA), triethanolamine (tea), and other organic ligands.

3.1.1 Complexes with Bipyridine Ligands

Bipyridine ligands are among the earliest studied MCCs
for RFBs due to their commercial availability [58-62].
Scheme 1 shows the structures of the studied complexes
bearing pyridine derivatives, and Table 1 summarizes
their redox potential, solubility, and battery perfor-
mance. Importantly, bipyridine complexes have been
explored mostly for nonaqueous systems using organic
solvents such as acetonitrile (MeCN) and propylene
carbonate (PC), with reported solubility ranging from
0.2 to 0.8 mol L™". The electrochemical properties of
[M(bpy);]"* have been studied in detail for complexes
with metals such as Ru, Co, Fe, Cr, and Ni. These com-
plexes typically exhibit multielectron redox reactions.
The typical redox features of the complexes are shown in
Fig. 3. The chromium bipyridine complex [Cr(bpy);]**
gives rise to up to six redox waves from —2.81 to —0.56 V.
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Fig.2 Typical metal coordination complexes in RFBs

Complexes of the [M(bpy);]"* type have been explored
as catholytes, anolytes, and bipolar species. Fe-bipyri-
dine complexes are commonly used as catholytes, while
Ni-, Cr-, and Co-bipyridine complexes are usually used
as anolytes. For instance, Mun and coworkers stud-
ied the charge-discharge properties of a flow battery
employing tris(2,2'-bipyridine)iron(Il) tetrafluorobo-
rate [Fe(bpy);(BF,),] (the 1a in Table 1) and tris(2,2'-
bipyridine)nickel(II) tetrafluoroborate [Ni(bpy);(BF,),]
(the 2a in Table 1) as the catholyte and anolyte, respec-
tively [63]. A CV experiment revealed a one-electron oxi-
dation process of Fe'//Fe!! and a two-electron reduction of
Ni'/Ni® at 0.65 and — 1.66 V (vs. Ag/Ag™), respectively.
The demonstrated cell had a cell voltage of 2.2 V. Co(II)
polypyridine complexes (the 3a—e in Table 1) can produce
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open-circuit voltages close to 2 V when paired with Fe(II)
polypyridine complexes (the le—g in Table 1) [60]. As
these bipyridine complexes usually exhibit multielectron
redox reactions with a large redox potential gap, they can
be adopted as single active species in both the anode and
cathode to construct symmetric flow cells. For example,
Fe(bpy);(BF,), (the 1a in Table 1) and Ru(bpy);(BF,),
(the 2d in Table 1) produce open-circuit cell voltages of
2.4 and 2.6 V, respectively.

It is viable to modify bipyridine ligands by anchoring
functional substituents to optimize the redox potentials and
electrochemical stability of metal complexes [64]. Sanford
et al. found that incorporating perfluorinated substituents or
long aliphatic chains onto bipyridine led to the formation of
complexes with irreversible redox behavior and decreased
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1j R = CO,Me, X = BF,4~
1k R = H, 2X = SO,2~
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Scheme 1 Structures of selected bipyridine complexes

electrochemical stability. Anderson and coworkers demon-
strated that the redox potentials of Fe(bpyR);(BF,), com-
plexes can be tuned by varying the substituents (R =—CF;,
—CO,Me, —Br, —-H, —tBu, -Me, -OMe, -NH,). For example,
the redox potentials of Fe(bpy-OMe);(BF,), and Fe(bpy-
CO,Me);(BE,), are 0.49 and 1.08 V, respectively. Subse-
quent symmetric and asymmetric RFB tests have indicated
that the unsubstituted complex Fe(bpy);(BF,), exhibits bet-
ter battery performance in terms of efficiency and CR than
the complexes bearing -OMe, —CF;, and —-CO,Me substitu-
ents (the 1h—j in Table 1) [61].

In addition to their electrochemical properties, the solu-
bility of bipyridine complexes is also a crucial factor for
RFBs. To optimize the solubility of bipyridine complexes,
Sanford et al. conducted a systematic investigation of the
solubility and electrochemical properties of a series of
[Cr(bpy");]** (e.g., the 4a—d in Table 1) and [Cr(bpy’);]°
complexes of bipyridine ligands with different substitu-
ents [64]. Incorporating alkoxy substituents into bipyri-
dine enhances its solubility. Depending on the ligands, the
solubility values of the Cr’* complexes range from 0.05 to
0.71 mol L™!, while those of the Cr° complexes range from
< 0.001 5 to 210 mmol L~!. Neutral Cr’ compounds are gen-
erally less soluble than the corresponding cationic Cr’* spe-
cies. In a symmetric H-cell test, the complex 4d in Table 1
exhibited two single electron transfer redox processes in the
charging segment, implying its ability to show multielectron
transfer redox reactions.

In addition to the substituents on the bipyridine ligand,
the counter anions of bipyridine complexes can also affect
solubility. For example, Lee et al. evaluated the effect of
counter anions, including BF, ", bis[(trifluoromethyl)sulfo-
nyl]azanide (TFSI™), and bis(fluorosulfonyl)imide (FSI™), on
the solubility of Fe-bipyridine and Ni-bipyridine complexes

and found that bulky counter anions increased the solubil-
ity of the metal complexes [59]. Fe(bpy);(TFSI), (the 1b
in Table 1) exhibited the highest solubility of 0.75 mol L™
in propylene carbonate (PC), while Fe(bpy);(BF,), (the 1a
in Table 1) and Fe(bpy);(FSI), (the 1c in Table 1) showed
lower solubility values of 0.71 and 0.53 mol L™, respec-
tively. The complex 1b in Table 1 was used to construct a
symmetric H-cell with a cell voltage of 2.3 V.

As analogs of bipyridine complexes, phenanthroline com-
plexes have similar electrochemical properties and are poten-
tially useful for NARFBs [65]. An asymmetric NARFB with
a cell voltage of 1.45 V was successfully assembled by using
[Fe(phen);]>*** (the 5a in Table 1) and [Co(phen);]'***
(the 5b in Table 1) as the catholyte and anolyte, respectively
[66, 67].

There have been only a few reports on ARFBs that use
water-soluble bipyridine complexes as redox-active materi-
als. For example, Chen et al. reported asymmetric ARFBs
with an [Fe(bpy);]SO, complex (the 1k in Table 1) as the
catholyte and methyl viologen (MV) as the anolyte [71].
The complex exhibited a solubility of 0.1 mol L™! in NaCl
aqueous solution, and the flow battery had a voltage of 1.4 V,
with a CE of 99.8% and a CR value greater than 99.9% per
cycle within 215 cycles. Remarkably, Li et al. developed
asymmetric iron complexes bearing 2,2'-bipyridine-4,4'-
dicarboxylic (Dcbpy) acid and cyanide ligands (Fig. 4) [72].
The Nay[Fe"(Dcbpy);] complex bearing a bipyridine ligand
with a carboxylic substituent (the 11 in Table 1) had a solu-
bility of 0.26 mol L™! in H,O and a high redox potential of
0.95 V vs. Ag/AgCl. By introducing the —CN ligand to break
the symmetry of the complex, the asymmetric complex
M, [Fe''(Dcbpy),(CN),] exhibited an increased solubility of
1.22 mol L™, which was approximately 4.2 times higher than
that of M4[FeH(chpy)3]. As shown in Fig. 4, the fabricated
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Table 1 Redox potential, solubility, and battery performance of bipyridine complexes
Complex Redox potential (E,,) Solubility Battery performance References
Test conditions Cell voltage and cell Cyclability
type
la —2.08,—1.85,—1.65, 0.6 mol L™ in MeCN 0.1 mol L™ in 193V CR=62% (20 cycles) [58]
0.74 V vs. Ag/Ag* 0.5mol L™! TBABF,  Asymmetric
Anode: FcIN112-BF,
Flow
la, 1b,1c  —1.73,0.67 V vs. Ag/Agt  0.53,0.75,0.71 mol L™ 0.2mol L™! 1bin 24V N.A. [59]
in PC 0.5 mol L™ TEABF,/ Symmetric
PC H-cell
1d 0.98 V vs. SCE 0.34 mol L™ in MeCN, N.A. N.A. N.A. [60]
0.56 mol L™" in PC,
0.62 mol L™! in PC/EC
le, 1f, 1g 0.83 V vs. SCE 0.2,0.32,0.28 mol L™! N.A. N.A. N.A. [60]
in MeCN
2a,2b,2c  —1.66V vs. Ag/Ag* 0.68,0.86,0.81 mol L' N.A. N.A. N.A. [59]
in PC
2d —2.00,—1.80,—1.60 Vvs. 0.2 mol L™! in MeCN 0.02 mol L™! in 26V N.A. [57]
Ag/Ag* 0.1 mol L™! TEABF,/ Symmetric
MeCN Flow
3a, 3b, —1.02,-1.15Vvs.SCE 0.6 mol L™ in PC, N.A. N.A. N.A. [60]
3c, 3d —1.16,—0.86 V vs. SCE 0.68 mol L™! in PC/EC
0.49 mol L™" in PC,
0.53 mol L™! in PC/EC
0.47 mol L™" in PC,
0.5 mol L™" in PC/EC
0.27 mol L™" in PC,
0.3 mol L™ in PC/EC
3e —1.36,—0.05 V vs. Ag/ N.A. 04molL™"in 1 molL™! 345V CR=91% (200 cycles) [68]
Ag* LiTFSI/ether diglyme  Asymmetric
Anode: Li
H-cell
1h, 1i, 1j 0.49, 1.20, 1.08 V vs. Fc/ N.A. 0.025 mol L™! 1h, 1.87 V (1h) EE=84% [61, 69]
Fc* 0.2 mol L™" 1i, Asymmetric CE=96%
0.025 mol L™! 1j in Anode: VE=88%
0.5 mol L™' TEABF,/ MeObpyMe CR=40% (20 cycles)
PC BF, (1h)
N.A. (1j) EE=86%
Asymmetric CE=96%
Anode: VE=90%
CO,MebpyMeBF, CR=58% (20 cycles)
Flow 1j)
4a —0.56,—1.08,—1.65, 031 molL™'inMeCN  N.A. N.A. N.A. [64]
—2.27,-2.58,
—2.81 Vvs. Ag/Ag*
4b,4c,4d  —0.20,-0.61,—1.14,—1.6 0.13,0.62,0.54 mol L™!  0.01 mol L™! 4d in 1.1, 1.7V CE=68% [70]
7,—1.86,—2.00,—2.03 V in MeCN 0.5 mol L™! Symmetric
vs. Ag/Ag* (4b) TBABF,/MeCN H-cell
-0.17,-0.58,-1.12,— 1.6
3,—1.82,-2.0 V vs. Ag/
Ag* (4d)
1k 1.05 V vs. SHE 0.1molL™"in 1 mol L™ 0.094 mol L' in 14V CR=87% (215 cycles)  [71]
NaCl/H,0 1 mol L™ NaC/H,0  Asymmetric
Anode:
MV
Flow
11 0.95 V vs. Ag/AgCl 0.26 mol L' in H,0 N.A. N.A. N.A. [72]
Sa, 5b 0.72 V vs. Ag/Ag* (5a) 0.45mol L™!in MeCN  0.01 mol L™! 5a and 145V CE=80%, VE=48%, [66]
—1.38 V vs. Ag/Ag* (5b)  0.41 mol L™! in MeCN 5bin 0.3 mol L™ Asymmetric EE=39%
TEAPF{/MeCN Flow

FcIN112 N-(ferrocenylmethyl)-N,N-dimethyl-N-ethylammonium, TBABF, tetrabutylammonium tetrafluoroborate, TEA tetrabutylammonium,
EC ethylene carbonate, MV methyl viologen
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Scheme 2 Examples of complexes with tridentate N-donor ligands

RFB employing 0.1 mol L™! Na,[Fe''(Dcbpy),(CN),] as the
catholyte and 1,1'-bis(3-sulfonatopropyl)-4,4’-bipyridinium
(SPr-Bpy) as the anolyte delivered a cell voltage of 1.2 V
and excellent cycling performance for 6 000 cycles, with a
capacity fading rate of 0.001 58% per cycle.

3.1.2 Complexes with Tridentate N-Donor Ligands

Complexes with tridentate N-donor ligands are attractive
electroactive materials because of their high stability result-
ing from the chelating effect. Numerous tridentate N-donor
ligands have been used to construct MCCs for RFBs. Com-
mon examples of such ligands include derivatives of terpy-
ridine ligand [73], diazole-pyridine [74], pyrazole-pyridine
mixed ligand [68], bipyridylimino isoindoline (BPI) [75],
N-(quinoline-8-yl)pyridine-2-sulfonamido [76], and pyri-
dine-2,6-diimine [77, 78]. Scheme 2 shows the structures
of selected examples of such complexes. Table 2 presents the
redox potential, solubility, and cycling properties of these
complexes.

Terpyridine complexes of Fe [73], Co [74], and Ni [79]
also exhibit multielectron redox properties and have been
commonly applied in NARFBs, similar to bipyridine com-
plexes. For instance, in 2017, Toghill’s group synthesized
a series of cobalt(Il) complexes with tridentate terpyridine,
diazole-pyridine, and pyrazole-pyridine ligands (the 6a, 7b,
8b, 9 in Table 2) [74]. They found that these cobalt com-
plexes displayed high tunable solubility varying from 0.18 to
0.51 mol L™! and a tunable potential difference from 1.07 to

@ Springer

2+
R R
N—N \(\/

Gan

8aR=H, X =TFSI-
8b R = Me, X = PFg~

R

_ —|2+

12a R = OMe
12b R = tBu

1.91 V. Charge-discharge tests in an H-type cell delivered
a high CE of 89.7%-99.8%, VE of 70.3%-81.0%, and EE
of 63.1%—-80.8%. Yang et al. [68] also investigated the bat-
tery performance of the 7a, 8a, and 8b in Table 2 bearing
pyrazole-pyridine mixed ligands. Notably, the complex 8a
in Table 2 exhibited the stablest CR of about 98% after 300
cycles in a symmetric coin cell, reflecting the stable cycling
of the Co complexes.

McKenzie et al. developed a cobalt-N-(quinoline-8-yl)
pyridine-2-sulfonamido complex (the 10 in Table 2), which
exhibited much more negative potentials for the Co'/Co! and
Co'/Co™™ redox processes than the terpyridine analog. By
using this complex as a bipolar species in an H-cell setup,
alarge E_ of 1.75 V was achieved [76]. Sevov and their
coworkers attempted to develop BPI-based complexes (the
11a—f in Table 2) for NARFBs [75]. It was revealed that
MCCs with metals such as Mn and Fe are more polar and
can exhibit higher solubility than those of Zn and Ni in polar
solvents such as CH;CN. In bulk electrolysis, the two-elec-
tron-reduced forms of Ni (the 11e in Table 2), Co (the 11d
in Table 2), and Fe (the 11c in Table 2) complexes exhib-
ited no detectable loss of stored capacity over 50 charge/
discharge cycles to 100% SOC. In contrast, complexes of
early transition metals showed very rapid capacity fade. The
nickel complex offered good stability at an electrolyte con-
centration of 0.1 mol L™! without detectable precipitation or
degradation in the charged state for days.

Bis(2,6-diimine-pyridine)-based complexes (the 12 and
13 in Table 2) have been adopted as electroactive materials
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for both aqueous and nonaqueous RFBs, despite their
poor cycling stability [77, 78, 80]. Wang et al. demon-
strated a 0.93 V symmetric ARFB with the water-soluble
bis(pyridine-2,6-diimine) cobalt(Il) complex 13 in Table 2
[80]. By limiting the charge capacity to 41% of the theo-
retical value, the battery with 1 mmol L™ active species
delivered moderate efficiencies (VE=73.2%, EE=73.5%,
and CE=99.0%) and a CR rate of 89% after 100 cycles. Her-
bert demonstrated a symmetric H-cell with a bis(pyridine-
2,6-diimine) iron(II) complex (the 12a in Table 2), with a
cell voltage of 2.49 V and a CE of 99.9% [77].

3.1.3 Complexes with Acetylacetonate and Related Ligands

Transition metal complexes with acetylacetonate (acac)
ligands constitute another class of MCCs that have been
extensively studied for RFBs. Typical molecular structures
are shown in Scheme 3. Acetylacetonate complexes, in gen-
eral, exhibit multiple electron transfer processes across a
broad voltage window, making acetylacetonate complexes
promising bipolar species for symmetric NARFBs. For
instance, the complex V(acac); (the 14b in Table 3) shows
two redox couples at—1.75 and 0.45 V. In 2009, Chakra-
barti demonstrated a symmetric H-cell with a cell voltage
of 1.77 V by using a ruthenium complex Ru(acac); as the
redox-active species [81]. Subsequently, the electrochemi-
cal and charge-discharge properties of acac complexes of
V, Mn, Fe, and Cr were investigated [82—88]. In particular,
vanadium acetylacetonate [V (acac)] complexes have been
widely studied in areas such as electrochemistry on different
electrode materials [89], battery performance with various
organic solvent mediums [90], and cycling performance in
batteries with different membranes [91]. However, the decay
of the capacity was fast, mainly due to the poor chemical
stability of the vanadium acetylacetonate in the catholyte
during battery cycling.

Suttil et al. [92] conducted a systematic study of a series
of V and Cr complexes bearing substituted acac ligands
(Fig. 5) to investigate the impact of the chemical struc-
tures on the electrochemical properties, solubility, and bat-
tery performance. Their study revealed that the solubility
of the complexes in acetonitrile ranges over four orders of
magnitude (from 5.7 x 107> to 1.92 mol L™') depending on
the substituents of the acac ligands. Incorporation of polar
functional groups, such as ester, ether, and amine to acac
ligands, significantly improved the solubility of the complex
to up to 1.92 mol L™! with minimal impact on the electro-
chemical properties. In a related study, Kucharyson et al.
[93] developed descriptors to predict the standard potentials,
solubility, and cycling stability by using density functional
theory calculations. Their study suggested that the experi-
mentally determined stability was related to the percentage

of the highest occupied molecular orbital (HOMO) or lowest
unoccupied molecular orbital (LUMO).

In addition to acac complexes of V, Mn, Fe, Ru, and Cr,
the charge-discharge characteristics of the cobalt(Il) com-
plex (the 16 in Table 3) bearing an acetylacetonate-like
bis(acetylacetone)ethylenediamine ligand have been evalu-
ated in an H-type nonaqueous symmetric cell by Li et al.
This cell delivered a cell voltage of 2.0 V and a CE of 90.2%.

3.1.4 Complexes with APCA Ligands

Aminopolycarboxylic acid (APCA) reagents such as eth-
ylenediaminetetraacetic (EDTA) and diethylenetriamine-
pentaacetic acid (DTPA) constitute an important class of
industrial chelating agents that can form water-soluble di-
and trivalent metal complexes for use in ARFBs (Scheme 4
and Table 4) [94]. The electrochemical redox properties of
transition metal complexes of APCA have been well docu-
mented, especially those of Cr, Fe, Mn, and Ce complexes.

APCA complexes have been explored as redox-active
materials for RFBs. In 2002, Bae et al. [95] reported the
application of chromium-EDTA complexes (the 17b in
Table 4) in ARFB. After complexation with an EDTA
chelating agent, the Cr(III)/Cr(II) redox couple exhibited an
enhanced reaction rate, and the complex underwent a revers-
ible Cr(III)/Cr(II) redox reaction at—1.24 V vs. SCE. The
battery performance in an H-type glass cell confirmed that
the oxidized chromium-EDTA species was stable. Later, in
2011, Bae et al. [96] further studied the cycling performance
of Cr(II)-EDTA. However, the EE was less than 5% because
of the slow kinetics of the Cr(V)-EDTA/Cr(III)-EDTA redox
couple.

To improve the limited battery performance caused by
the slow kinetics of the Cr(V)-EDTA/Cr(III)-EDTA redox
couple, Marshak et al. [97] proposed the use of the PDTA-
chromium complex 18 in Table 4 (PDTA = 1,3-propylen-
ediaminetetraacetic acid) for RFB applications. As shown
in Scheme 4, this complex has a nearly octahedral geom-
etry with no vacancy for H,O coordination, a more negative
reduction potential, and improved electrode kinetics on a
glassy carbon electrode. In a flow battery test, a battery with
Cr-PDTA (1 mol L™}) as the anolyte and Fe(CN)64‘ as the
catholyte delivered a 1.62 V cell voltage, nearly 100% CE,
and 78.1% EE. When paired with the Br,/Br~ redox cou-
ple, the resulting Cr-PDTA RFB possessed a high voltage
of 2.13 V and showed negligible H, generation or capac-
ity loss. The isolated reduced Cr(II)-PDTA species had the
same pseudo-octahedral structure as Cr(IIT)-PDTA without
the coordination of water [98]. Importantly, no chemical
decomposition of the Cr(III) or Cr(II) species was detected
upon exposure to atmospheric O,. In addition to Cr-APCA
complexes, Fe-APCA electrolytes have also been explored.
A fabricated flow battery with the Fe-EDTA complex 17a in
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Table 2 Redox potential, solubility, and performance of complexes in RFBs with tridentate N-donor ligands
Complex  Redox potential Solubility Battery performance References
(Eyp) (in MeCN)
Test conditions Cell voltage and cell types Cyclability
6a —2.03,-1.15,-0.09 V vs. 0.18 mol L~! 1 mmol L™" in 0.5 mol L™ 1.07V CE=95.2% [74]
Fc/Fc* TBAPFy¢/MeCN Symmetric VE=76.8%
H-cell EE=73.0%
7b —2.01,-1.22,0.16 V vs. 0.22 mol L~! 1 mmol L™"in 0.5 mol L™ 1.37V CE=99.8% [74]
Fc/Fct TBAPF/MeCN Symmetric VE=281.0%
H-cell EE=80.8%
8b —1.37,0.54 V 0.5 mol L™ 1 mmol L™"in 0.5 mol L~! 191V CE=89.7% [74]
vs. Fc/Fe* TBAPFy/MeCN Symmetric VE=70.3%
H-cell EE=63.1%
9 —1.08,043V 0.16 mol L™! 1 mmol L™"in 0.5 mol L™! 151V CE=9%4.2% [74]
vs. Fc/Fe* TBAPFy/MeCN Symmetric VE=77.0%
H-cell EE=72.5%
Ta —1.24,0.16 V N.A. 0.4 mol L™"in 1 mol L™! 37V CR=87% (200 cycles) [68]
vs. Ag/Ag* LiTFSI/either diglyme Asymmetric
Anode: Li
H-cell
8a —1.28,0.65 V vs. Ag/Ag* N.A. 0.2mol L™"in 1 mol L™ 1.88V CE>98% [68]
LiTFSI/tetraglyme Symmetric VE =~ 78%
H-cell EE ~ 73%
CR=98% (300 cycles)
6b 4.29 V vs. Li/Li* 0.3 mol L' in 0.25mol L™ in 1 mol L™ 15V CE=98.2% [73]
1 mol L™! LiTFSI/EC/DMC Asymmetric EE=84.8%
LiTFSI/EC/ Anode: CR=80% (20 cycles)
DMC (CH,)sCH;-substituted
MVIZ*
Flow
10 —1.99,-0.265 V vs. Fc/Fc*  0.115mol L™ in  4.65mmol L™} in 1.4 mol L™!  1.75V CE=95% [76]
DMF, TEAPF¢/MeCN Symmetric CR=30% (50 cycles)
0.086 mol L™ H-cell
in DMSO, and
0.014 mol L™!
in MeCN
11 -04,-1.7,-19V (11d) 10 mmol L™ 0.1 molL™! Ilein Bulk electrolysis CR>95% (200 cycles) (11e)  [75]
0.6,—1.7,— 1.9V (11le) 55 mmol L™ 0.5 mol L' TBABF/
—1.7,-1.9V (11a) 32 mmol L™! MeCN
-0.1,-1.7,-19V (11b) 20 mmol L™
-0.2,-1.7,-1.9V (11c) 14 mmol L™
—1.7,-19V (11f) 8 mmol L'
vs. Ag/Ag*
12a, 12b —1.32,-1.59,0.90 V (12a) >0.13mol L™! 2 mmol L™! 12a, 12b in 249V CE=99.9% (12a) [77]
—1.30,—1.60, 0.86 V (12b) >0.26 mol L™! 0.4 mmol L™ TBABF,/ 246V CE=94% (12b)
vs. Fe/Fc* MeCN Symmetric
H-cell
13 0.65,—0.68 V N.A. 1 mmol L™!in 0.5 mol L™ 093V VE=73.2% [80]
vs. NHE NaCl/H,O Symmetric EE=73.5%
Flow CE=99.0%

CR=289% (100 cycles)

TBAPF 4 tetrabutylammonium hexafluorophosphate

Table 4 as the anolyte and Br™ as the catholyte delivered an
open-circuit voltage of 1.04 V and an EE of approximately
80% at a current density of 10 mA cm~2 [99]. However,
it was noted that the capacity loss was rapid because the
7-coordinated species [Fe(HZO)-EDTA]l_ formed a dimer
species in mildly alkaline conditions, thus decreasing the
redox reversibility.

To address the issue of capacity loss caused by the
formation of Fe(OH); or an oxo-bridged dimer complex,
Waters et al. proposed using a DTPA ligand that contains

@ Springer

5 carboxylate anions and 3 neutral nitrogen atoms that can
bind metals with up to 8 coordination bonds. The steric
effect induced by the ligand prevented the binding of both
H,0 and OH", hindering the formation of Fe(OH); or an
oxo-bridged dimer complex [100]. A flow battery with a
high concentration of 1.15 mol L™' K,FeDTPA (the 19a in
Table 4) as the catholyte and Cr-DTPA as the anolyte dem-
onstrated an average CE of 100.1% +0.1% and a discharge
capacity of 28.49 Ah L™! after 40 cycles, corresponding
to a capacity loss of 0.596% per day (0.029% per cycle).
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Scheme 3 Structures of selected complexes with acetylacetonate and
related ligands

The postmortem analysis showed that no decomposition
or membrane crossover of Fe-DTPA occurred, indicating
good cycling stability of Fe-DTPA species. The analogous
K,VDTPA exhibited a redox potential as low as—1.2 V
vs. Ag/AgCl and a solubility greater than 1.3 mol L™!.
When paired with the Fe-DTPA posolyte, the maximum
discharge energy density of the near neutral RFB reached
12.5 Wh L™! [100]. The charge/discharge properties of
the iron complex 21 in Table 4 bearing an ethylene-bis-
(o-hydroxyphenylglycine) ligand have been examined in

bulk electrolysis tests with a low electrolyte concentration
[101]. Ce and Mn complexes with aminopolycarboxylate
ligands such as Ce-EDTA (the 17c in Table 4) [102, 103],
Ce-DTPA (the 20 in Table 4) [104], and EDTA-Mn (the
17d in Table 4) [105] have been employed as catholytes in
RFB applications due to their high redox potentials.

3.1.5 Complexes with Dithiolene Ligands

Dithiolene ligands are well known for their noninno-
cent behavior [56]. The application of noninnocent dithi-
olene-based complexes in NARFBs can be traced back to
2014 [107]. Cappillino et al. reported the use of tris(mnt)
V(IV) (the 22 in Table 5) (mntz_ = maleonitriledithi-
olate, Scheme 5) in a nonflowing cell. In the CV test,
[V(mnt)3]2_ exhibited three reversible redox couples cor-
responding to the 47/37,37/27, and 27/1" redox reactions
at—1.41,—0.227, and 0.856 V vs. SHE. The static symmet-
ric H-cell charge/discharge experiment yielded a cell voltage
of 1.09 V, 90% CE, and 20% VE.

Hogue et al. expanded the use of dithiolate complexes
in flow cell experiments and tested dithiolene complexes
(TEA)[Fe(mnt),], (TEA),[V(mnt);], (TEA),[Co(mnt),],
(TEA),[Ni(mnt),], and (TEA),[Cu(mnt),] (the 23a—d in
Table 5) as bipolar species for NARFBs (Table 5) [55].

Table 3 Redox potential, solubility, and performance in RFBs of complexes with acetylacetonate and related ligands

Complex Redox potential (E;,, vs.  Solubility Battery performance References
Ag/Ag*
e/agh) Test conditions Cell voltage and cell Cyclability
types
14a -06,1.12V N.A. 0.1molL™'in1molL™' 1.77V EE=74% [81]
TEABF,/MeCN Symmetric H-cell
14b -1.75,045V N.A. 0.1 mol L' in 2.17V CE=73% [91]
0.5 mol L' TEABF,/ Symmetric EE=68%
MeCN Flow CR=20% (10 cycles)
l4c -25,-22, N.A. 0.05 mol L™" in 34V CE=53%-58% [85]
12,16V 0.5 mol L' TEABF,/ Symmetric H-cell EE=21%-22%
MeCN
14d -04,07V 0.6molL™'in  0.05mol L™"in L1V CE=74%-97% [83]
MeCN 0.5 mol L~! TEABF,/  Symmetric H-cell
MeCN
14e -1.0V 0.8molL™'in 0.1 mol L™ 'in 1.2V CE=99% [84]
MeCN 0.4 mol L' TEABF,/  Anode: Cr(acac), VE=53%
MeCN Flow EE=53%
CR=80% (50 cycles)
15a -241,-2.19,0.97, 1.8 mol L™! 0.05 mol L™! in 3.16 V CE=55% [92]
1.34V 0.5 mol L™! TBABF,/ Symmetric H-cell
MeCN
15b -1.96,0.15V 132molL™"  0.1molL™'inImolL™" 2.1V CE=92% [92]
TEABF,/MeCN Symmetric Flow EE=87%
16 -23,-22,-02V N.A. 0.01 mol L™"in 20V CE=90.24% [86]

0.1 mol L™! TEABFE,/
MeCN

Symmetric H-cell
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Table 4 Redox potential, solubility, and performance in RFBs of APCA-based complexes

Complex Redox potential (E,,) Solubility Battery performance References
Test conditions Cell voltage and cell Cyclability
types
17a —-0.104 Vvs.SCE  0.2mol L™! 0.2molL™"in Imol L™ 1.04V CE=92.1% [99]
in 1 mol L™! CH;COONa/H,0 Asymmetric EE=79.4%
CH;COONa/ Cathode: NaBr VE=86.2%
H,0 Flow
17b —-1.24V,093V N.A. 0.lmolL™"in ImolL™" 2.1V N.A. [95]
vs. SCE CH;COONa/H,O Symmetric
H-cell
17¢ 1.09 V vs. Ag/AgCl  N.A. 0.03 mol L™ in Asymmetric CE=81% [102]
1 mol L' H,SO,/H,0  Anode: Ce(SO,), VE=45%
Flow EE=36%
17d 0.6 V vs. SCE >1.0molL™'in ImolL™'in3molL™  1.66V CE=95% [105]
H,0 NaCl/H,O Anode: ZnCl, CR=95% (100 cycles)
Flow
18 —1.31Vvs. Ag/AgCl 1.32molL7"in 0.4 mol L™!in 1.62V CE=100% [97]
H,0 0.2 mol L™! KBF,/H,0 Asymmetric EE=80%
Cathode: VE=80%
K, Fe(CN)g CR=100% (76 cycles)
Flow
19a —0.15V vs. Ag/AgCl >1.35molL™!  1.15mol L™! 19ain 12V CE=100% [106]
in H,0 0.1 mol L~! Kbi Asymmetric EE=78%
(KBF,-Kbi) solution Anode: Cr-PDTA CR=94% (40 cycles)
Flow
19b —1.2Vvs. Ag/AgCl  >13molL™ in 1molL~! 19bin 1.1V CE=99.81% [100]
H,0 0.1 mol L~! Kbi Asymmetric VE=70.6%
(KBF-Kbi) solution Cathode: K;FeDTPA EE=70.5%
Flow
20 1.17 V vs. Ag/AgCl  N.A. 0.03 mol L™ in Asymmetric CE=92% [102]
1 mol L™' H,SO,/H,0  Anode: Ce(SO,), VE=93%
Flow EE=85%
21 —0.65 V vs. Ag/AgCl N.A. 8.06 mmol L™! in Bulk electrolysis N.A. [101]

1 mol L™! Na,SO,

50 mmol L~! borate

buffer

Kbi potassium tetraborate buffer

These complexes exhibited moderate solubility in the range
of 0.30-0.90 mol L™! in MeCN, except for (TEA)[Fe(mnt),],
which had poor solubility of 0.03 mol L~! in MeCN. The V,
Co, Ni, and Cu complexes exhibited reversible redox events,
fast diffusion coefficients and electrochemical rate constants.
In the symmetric RFB test, [(TEA),Vmnt] showed a high
VE of 95% and an EE of 60% and could be stably charged/
discharged for up to 100 cycles.

3.1.6 Complexes with Triethanolamine Ligands

Triethanolamine is a chelating agent that is commonly used
in preparing metal complexes due to its tetradentate chelat-
ing character, commercial availability, and low cost [115].
Fe complexes, in particular, have attracted considerable

research attention for their use in electrochemical deposition,
hydrogen production, and flow battery applications. As sum-
marized in Table 5 and Scheme 5, the triethanolamine com-
plexes of Fe and Co have shown encouraging performance in
AORFBs. Owing to its low redox potential (—1.05 V vs. Ag/
AgCl) and fast charge transfer rate, Fe(tea) and its derivative
complexes (the 24 in Table 5) have been used as anolytes
in basic aqueous mediums to assemble RFBs upon pairing
with catholytes such as Br,, K,Fe(CN),, Co(tea) (the 25a in
Table 5), and Co(meta-tea) (the 25d in Table 5) [113-117].

The bonds between the triethanolamine ligand and Fe ions
are weak and can break easily, causing the conversion of Fe
ions into Fe(s) with released hydrogen gas during the cycling
test. To solve this problem, Kwon et al. [117] introduced
3-[bis(2-hydroxyethyl) amino]-2-hydroxypropanesulfonic
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Table 5 Redox potential, solubility, and performance in RFBs of MCCs bearing dithiolene ligands and triethanolamine ligands

Complex Redox potential (E,,)  Solubility Battery performance References
Test conditions Cell voltage and cell Cyclability
types
22 —-1.41,-0.227, 0.53 mol L™!in 1 mmol L~" in 1.08 V CE=60%-70% [55]
0.856 V vs. Fc/Fct MeCN 0.1 mol L™} Symmetric EE=60%
TBAPF¢/MeCN Flow CR=20% (50 cycles)
23a —0.689,-2.106 V 0.03 mol L™!in N.A. 142V N.A. [55]
vs. Fe/Fct MeCN Symmetric
Flow
23b —0.375,-2.05Vvs. 0.39mol L} in 1 mmol L™" in 1.68V VE=96% [55]
Fe/Fct MeCN 0.1 mol L™! Symmetric CR=14% (50 cycles)
TBAPF,/MeCN Flow
23c -0.166,—2.083 V 0.30 mol L™" in I mmol L™ in 192V N.A. [55]
vs. Fc/Fc* MeCN 0.1 mol L7! Symmetric
TBAPF¢/MeCN Flow
23d -0.061,-1.180 V 0.91 mol L™!in 1 mmol L' in .12V CR=43% (100 cycles) [55]
vs. Fe/Fe* MeCN 0.1 mol L™ Symmetric
TBAPF/MeCN Flow
24a —0.86 V vs. SHE N.A. 0.2 mol L™! FeCl,, 1.34V VE=80% [108]
0.2mol L' FeCl;,  Asymmetric CE=280%-90%
2 mol L™! triethanol-  Cathode:
amine, and 3 mol L™! Na,Fe(CN),
NaOH/H,0 Flow
24b —1.03 Vvs. Ag/AgCl  N.A. 0.6 mol L™! in 1.16 V EE=61.1% [109, 110]
4 mol L' KOH/H,0 Asymmetric CR=89% (100 cycles)
Anode: Co(TiPA)
Flow
24c —1.11 V vs. Ag/AgCl  1.33mol L' in 0.5 mol L™"in 143V CE=99.8% [111]
1 mol L~! KOH/ 4 mol L™ KOH/H,0 Asymmetric EE=72.8%
H,O Cathode: CR=99.9% (250
K,Fe(CN)g cycles)
Flow
24d,25b —1.1,—0.14 V vs. Ag/  0.081 mol L™' 24d, 0.65 mol L™ 24d, 096V CE=98% [112]
AgCl 1.5mol L' 25bin 0.8 mol L™'25bin  Asymmetric VE=78%
5.0mol L™' KOH/ 5 mol L™! KOH/H,0 Flow CR=89% (100 cycles)
H,0
25a —0.11 Vvs. Ag/AgCl  >081 molL™'in  0.5mol L™'in 097V CE=99% [112,113]
5 mol L™' NaOH/ 4molL™' NaOH/  Asymmetric VE=62%
H,0 H,0 Cathode: Fe(tea)
Flow
25¢ —0.07 V vs. Ag/AgCl  >0.8 mol L 'in 0.8 mol L' in 096V CR=283% (100 cycles) [109]
4.0mol L™' KOH/ 4.0 mol L™' KOH/H,0 Asymmetric
H,0 Anode: Fe(DIPSO)
Flow
25d —0.12 V vs. Ag/AgCl 0.7 mol L™!in 0.05 mol L™!in 093V CE=99% [114]
5mol L™! NaOH/ 5 mol L™! NaOH/ Asymmetric EE=71%
H,0 H,0 Anode: VE=71.7%
[Fe(tea)(OH)]~ CR=90% (30 cycles)
Flow

tea triethanolamine

acid (DIPSOH;), which can form a stronger coordinating
bond. By using a 0.5 mol L~! Fe-DIPSO complex (the 24b
in Table 5) as the anolyte and K, Fe(CN), as the catholyte,
an RFB performed better, with a discharge capacity of
14.4 Ah L™!, a power density of 93.2 mW cm~2, a CE of

95%, and a decay rate of 0.12% per cycle over 100 cycles.

@ Springer

The cycling stability of the same system was enhanced
by adjusting the pH and the concentrations of both elec-
trolytes [110]. Additionally, they also tested an RFB with
Fe(DIPSO)/Co(DIPSO), which showed a capacity loss rate
of 0.025 Ah L™! per cycle [109].
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Scheme 6 Structures of complexes 26-35

Although the DIPSO complex 24b in Table 5 has an
stronger coordinating bond, it is expensive and has a mod-
erate redox potential. To address these issues, Kwon’s
group introduced an Fe complex (the 24c in Table 5),
which is more durable and cost-effective. This complex
exhibited a low redox potential of —1.11 V (vs. Ag/
AgCl) and a high solubility of 1.33 mol L™ in 1 mol L~}
KOH solution. The fabricated RFB (on pairing with
K,[Fe(CN)4]) showed an average capacity of 11.7 Ah L,
an EE of 72.8%, a CE of 99.8%, and a CR rate of 99.9%
within 250 cycles.

3.1.7 Complexes with Other Ligands

A considerable number of other MCCs have also been stud-
ied for RFBs, such as dipicolinic acid-chromium complexes
[118], azamacrocyclic iron complexes [119], imino-pyridine
iron [120], bis-trimetaphosphate cobalt and vanadium com-
plexes [121], bis-hydroxyiminodiacetate vanadium [122],
nickel(II)-1,4,8,11-tetrathiacyclotetradecane [123], Ni(Il)-
chelated tetradentate azamacrocyclic complexes [124],
nickel bispicolinamide complexes [125, 126], and cerium-
containing complexes [127]. The structures, redox poten-
tials, solubility, and cycling properties of these complexes
are presented in Scheme 6 and Table 6.
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Table 6 Redox potential, solubility, and performance in RFBs of complexes 26-35
Complex Redox potential (E;,)  Solubility Battery performance References
Test conditions Cell voltage and cell ~ Cyclability
types
26 —0.71 V vs. SHE 0.71mol L™'in H,0  0.13 mol L' in 1.07V CE=99.5% [118]
1 mol L™' KC/H,0 Asymmetric EE=85%
Cathode: CR=73% (120
K,Fe(CN)g¢ cycles)
Flow
27 —0.27 V vs. NHE 0.11 mol L™ in 1 mmol L~} in Bulk electrolysis CE=100% [119]
(pH=12.8) (pH=12) H,0 1.0 mol L' KCV/
H,0
28 —1.79,—-1.51,0.78 V. 0.1 molL™"in MeCN 0.05mol L™!in 229V CE=93% [120]
vs. Ag/Ag* 0.5 mol L™} Symmetric VE=90%
TEABF,/MeCN Flow EE=84%
CR=91% (15 cycles)
29a,29b 0.55,—1.87 Vvs.Fe/  1.09 mol L7, 1 mmol L=! 29a, 24V N.A. [121]
Fc* 0.77 mol L™ in 29bin 0.5mol L™ Asymmetric
MeCN TBAPF/MeCN Flow
30 0.3 Vvs. SHE N.A. 10 mmol L' in - CR=75% (40 cycles) [122]
0.4 mol L™! Symmetric
TEAPF/DMSO Flow
31 1.11,-0.80 Vvs.Fe/  0.62molL™"inEC/ 0.3 molL™'in 191V CE=83% [123]
Fct PC I mol L™} LiPF¢/ Symmetric CR=50% (55 cycles)
EC/PC H-cell
32 0.74,—1.81 V (32d) 0.4 (32c),0.8 mol L' 0.01mol L™!32din  2.55V N.A. [124, 129]
vs. Fe/Fc* (32d)in 1.0 mol L™ 1 mol L™! TEABF,/ Symmetric
TEABF,/EC/PC EC/PC H-cell
33 0.62,—2.04 V (33a) N.A. 1.04 mmol L™ 2.54 V (33b) N.A. [125, 126]
0.62,—1.92,-2.54V 33b in MeCN Bulk electrolysis
(33b) with 0.1 mol L™!
0.73,0.59,—1.89,-235V TBAPF,
(33¢c)
vs. Ag/Agt 33d-g (N.A.)
34 1.02 V vs. Fe/Fct 0.6 mol L™"in MeCN  0.05 mol L™ in 1.86 V CE=99% [127]
0.5 mol L™! Asymmetric VE=84%
Zn(OTf),/MeCN Anode: CR=73% (50 cycles)
Zn(0TY),
Flow
35 0.58 V vs. Fc/Fct >2.5mol L™ in 0.05 mol L™ in 234V CE=75% [127]
MeCN 0.5 mol L™! Asymmetric CR=20% (7 cycles)
TEABF,/MeCN Anode: V(acac);

Flow

OTf trifluoromethanesulfonate

The chromium complex 26 in Table 6 bearing a dipico-
linic acid ligand has a solubility of 0.7 mol L™! in water and
has a reversible reduction wave at—0.71 V vs. SHE. When
paired with the ferrocyanide catholyte K,[Fe(CN)q], the
resulting neutral asymmetric ARFB exhibited a cell volt-
age of 1.07 V [118]. The iron complex of the imino-pyridine
ligand (the 28 in Table 6) underwent multiple reversible
redox reactions over a wider voltage window [120, 128] and
displayed two reversible reduction events and one oxidation
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event with redox potentials of —1.79,—1.51, and 0.78 V,
respectively. The fabricated symmetric RFB exhibited a cell
voltage of 2.29 V with 93% CE, 84% EE, and a capacity
decay rate of 0.61% per cycle at 5 mA cm™>.

An NARFB (in MeCN) that utilizes
[Co™M(P,0,),]*3~ (the 29a in Table 6) as the catholyte
and [VI"(P,0,),]*~*~ (the 29b in Table 6) as the anolyte
was reported by Stauber et al. [121]. The chelation of
the trimetaphosphate ligand provided the advantages of
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unfavorable ligand dissociation, good oxidative stability,
and minimal crossover of active species. The solubility of
the metaphosphate complexes in polar organic mediums
was improved by pairing with the highly lipophilic PPN*
[bis(triphenylphosphine)iminium] cation. The assembled
static H-cell showed a high cell voltage of 2.4 V and a CE
greater than 90% over 100 cycles. Vanadium bis-hydroxy-
iminodiacetate (the 30 in Table 6) has also been explored
as a new electrolyte [122]. Oh’s group investigated the
electrochemical and cycling performance of nickel(I)-
1,4,8,11-tetraazacyclotetradecane (the 31 in Table 6) [129]
and nickel(II)-1,4,8,11-tetrathiacyclotetradecane (the 32 in
Table 6) [123] in symmetric RFBs. Davis et al. proposed a
series of picolinamide nickel complexes (the 33 in Table 6)
with a large redox potential separation between positive and
negative waves as redox carriers for NARFBs [125, 126].
Cerium-containing complexes (the 34 and 35 in Table 6)
have also been adopted to construct high-cell-voltage
NARFBs. These results indicated that Ni and Ce complexes
are promising catholytes for assembling RFBs with high cell
voltages due to their high cathodic redox couples, although
the battery performance, including their efficiencies and CR,
is uncompetitive with that of other commonly employed
complexes.

In addition to the aforementioned work on soluble
complexes, there have been studies exploring the applica-
tions of polymeric coordination complexes in RFBs in the
form of nanoparticles [130, 131]. For example, Carretero-
Gonzalez’s group synthesized 1D coordination polymers of
Mn and Fe by using chloranilic acid (CA-H) as the organic
ligand. These polymers formed stable slurries containing
up to 100 g L~! solid particles in aqueous mediums. The
1D iron coordination polymer {[Fe(CA)(H,0),]H,0}, was
used as anolyte and catholyte in a symmetrical cell by using
a low-cost size exclusion cellulose membrane as the separa-
tor. The assembled cell delivered a reversible capacity value
of 225 mAh L~! at a current density value of 20 mA g~! for
50 cycles (~ 12 days) at neutral pH. In addition, as a unique
type of metal-oxygen cluster formed by covalently linking
transition metal atoms and oxygen atoms, polyoxometa-
lates (POMs) exhibit appealing features, including multiple
electrons, reversible redox capabilities, and low permeabil-
ity for RFBs [132, 133]. Three main types of structures,
namely Keggin, Dawson, and Lindqvist types, have been
applied in RFBs. For instance, Friedl et al. demonstrated
an RFB with the Keggin-type POM materials, which uti-
lized [SiW,0,0]*" as the anolyte and [PV ,0,,]°" as the
catholyte [132]. EIS studies revealed a high electron trans-
fer of 1x 1072 cm s~ for [SiW,0,,]*", and the assembled
RFB could also be stably cycled for 14 days with a CE of
94%. Although low-temperature studies on ARFBs are lim-
ited, Lu and coworkers reported a class of heteropoly acid
negolyte HPOMs with exceptionally fast redox kinetics

(6.8%1073 cm s™!) and a low freezing point (—35 °C) for
low-temperature RFBs [133]. The HPOM-vanadium RFB
demonstrated a high EE of 81.82% at 100 mA cm~2 and
stable cycling over 450 cycles at 300 mA cm ™2 at room tem-
perature. At low temperatures (— 20 °C), the RFB delivered
a high capacity of 79.6 Ah L™! at 160 mA cm™2 over 800
cycles (over 1 200 h) without capacity decay, demonstrat-
ing record stability and power density (282.4 mW cm™2) for
low-temperature RFBs.

3.2 Metallocene-Based Complexes in RFBs

Metallocenes are among the most studied MCCs for RFBs,
and they consist of two cyclopentadienyl (Cp) ligands bound
to a metal center on opposite sides [52]. The chemical and
coordination reactivity of metallocene is primarily deter-
mined by the p-orbitals in the Cp rings and d-orbitals of the
metal center. The physical and electrochemical properties
of metallocene complexes can be adjusted by incorporating
functional groups on the Cp rings, making them suitable
as electroactive materials for both nonaqueous and aqueous
RFBs.

3.2.1 Metallocenes in NARFB Systems

Scheme 7 and Table 7 provide an overview of the structures
and properties of typical metallocenes studied for NARFBs.
Among various metallocenes, ferrocene (the 36a in Table 7,
Fc) and its derivatives have garnered considerable interest
for use in NARFBs due to their high electrochemical stabil-
ity and reversibility, favorable redox potentials, and flexible
structure tunability of physical and chemical properties [48].
In addition to ferrocene, cobaltocene (the 36b in Table 7)
also shows appealing cycling properties as an anolyte in
NARFBs.

The feasibility of Fc as a catholyte species was initially
explored in an Li/Fc semiflow battery [134]. The ferrocene/
ferrocenium redox couple displayed high electrochemi-
cal reversibility and stability in aprotic solvents, making
it an appropriate charge storage catholyte. Subsequently,
Hwang et al. demonstrated NARFBs with ferrocene and
cobaltocene derivatives as active species. However, these
metallocenes exhibited limited solubility of approximately
0.1-0.5 mol L™! in MeCN or PC, precluding their practical
applications.

To improve the solubility of ferrocene, Wang and cow-
orkers synthesized the ferrocene derivatives 37 in Table 7
with an ionic-charged tetraalkylammonium pendant on
the cyclopentadienyl ring and a counter anion, such as
PF,~ and TFSI", resulting in enhanced solubility [135,
136]. Solvation chemistry studies using nuclear mag-
netic resonance (NMR) and density functional theory
(DFT) calculations demonstrated that the ionic pendant
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Scheme 7 Structures of selected metallocenes examined for NARFBs

intensified the interactions between the solvent and the
complex, thereby significantly increasing the solubil-
ity. The positively charged tetraalkylammonium pendant
also affected the redox potential, with the complex 37a in
Table 7 showing a 0.23 V positive shift in the redox poten-
tial compared to the original ferrocene without deteriora-
tion of the redox reversibility. Intriguingly, counter anions
can also significantly impact the solubility and electro-
chemical performance of ferrocenes [137]. Similar strate-
gies involving functional groups on the Cp ring to adjust
the redox potential, solubility, melting point, and molecu-
lar size have also been adopted by other groups. The Fc
derivatives studied for NARFBs include Fc-COCH; (the
38 in Table 7) [138], Fc-DIPP (the 39 in Table 7) [139],
DMFc (the 40a in Table 7) [140-142], Fc-Br (the 40b in
Table 7) [143], Fc-ODG (the 41 in Table 7) [144], [Fc,]
(the 42 in Table 7) [145], and Fc-based polymer (the 43
in Table 7) [146].

Researchers have also developed ferrocene-based bipo-
lar redox-active compounds by linking the ferrocene unit
covalently to an anolyte component. Some examples of the
reported bipolar molecules include ferrocene/fullerene (the
44 in Table 7) [147], ferrocene/phthalimide (the 45-47 in
Table 7) [148-150], and ferrocene/anthraquinone (the 48 in
Table 7) [151]. The battery performance of these compounds
has been evaluated, with Xu et al. [150] reporting a series
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of bipolar redox-active molecules based on phthalimide and
ferrocene moieties that show fast mass, charge transfer kinet-
ics, and high solubility in MeCN. The fabricated symmetric
flow battery delivered a stable cycling CR of 99.8% per cycle
and an EE of 77.0% over 50 cycles at 20 mA cm™2.

3.2.2 Metallocenes in ARFB Systems

Scheme 8 and Table 8 summarize the structures and prop-
erties of typical metallocenes studied for ARFBs. Although
unmodified ferrocene has minimal water solubility, it is pos-
sible to increase its solubility in aqueous solution by function-
alizing the Cp ring with hydrophilic groups [152—155]. For
instance, Liu and coworkers developed highly water-soluble
(ferrocenylmethyl) trimethylammonium chloride (FcNCl,
the 49 in Table 8) and N,-ferrocenylmethyl-N,, N;, N,, N,,
N,-pentamethylpropane-1,2-diaminium dibromide (FcN,Br,,
the 50 in Table 8) by introducing a strongly hydrophilic
tetraammonium pendant to the cyclopentadienyl ring of fer-
rocene, as displayed in Fig. 6 [152]. When paired with MV
anolyte, the fabricated RFB had a theoretical energy density
of 45.5 Wh L™" and delivered an CR rate of 99.99% per cycle
after 700 cycles. The Aziz group synthesized bis[(3-trimeth-
ylammonio)propyl]-ferrocene dichloride (the 51 in Table 8),
which exhibited a high solubility of 2 mol L™! in H,0 and
realized an RFB [with 1.3 mol L™! of the 51 in Table 8 paired
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Table 7 Performance of metallocenes for NARFBs

Complex Redox potential Solubility Battery performance References
Test conditions Cell voltage and cell ~ Cyclability
types
36 3.7V (36a),2.0 V N.A. 0.05 mol L™! 36a in 1.7V VE=90% [48]
(36b), vs. Li/Li* 0.5 mol L™! LiPF¢/ Asymmetric EE=85%
DMEF, 0.05 mol L™! 36b  Flow CE=95%
in 0.5 mol L™! LiTESI/ CR=70% (30 cycles)
DOL
37 347V (37a),3.44V  1.73 mol L™! (37a) 0.85 mol L™! 37a in 347V CE=95% [137]
(37b), 3.49 V (37¢), 1.71 mol L' (37b) 1.2 mol L™! LITSVEC/  Asymmetric VE=92%
3.45V (37d) vs. 0.4 mol L™! (37¢) PC/EMC, 0.38 mol L™!  Anode: Li EE=88%
Li/Li* 0.63 mol L™! (37d) 37d in 1.2 mol L™! H-cell (37a) CR=280% (500
2.08 mol L' (37¢) LiClO/EC/PC/EMC 345V cycles) (37a)
/EC/PC/EMC Asymmetric CE=98%
Anode: Li VE=95%
H-cell (37d) EE=93%
CR=90% (500
cycles) (37d)
38 0.2 V vs. Fc/Fc* 0.81, 1.0 mol L™! 0.1 mol L™!in 3.65V CE=99% [138]
LiPF; in PC 1.0 mol L' LiPF/PC  Asymmetric CR=75% (400
Anode: Li cycles)
H-cell
39 —1.69 V vs. Fe/Fct 0.561 mol L™! in 0.03 mol L™! in 142V CE=99% [139]
MeCN 0.5 mol L™! LiTFSI/ Asymmetric VE=71%
MeCN Cathode: DMPZ EE=70%
Flow CR=285% (50 cycles)
40a,40b 3.15V (40a) 3mol L™!in 0.05 mol L™! in 3.15V (40a) CE=95% [140, 143]
vs. Li/Lit EC:DEC (40a) 1 mol L™! LiC1O/ Asymmetric CR=80% (1 000
0.219 V (40b) EC:DEC (40a) Anode: Li cycles) (40a)
vs. Ag/Ag* H-cell
41 -0.06,0.12 V 45mol L' in DME  0.05 mol L™! in 1.88 V CE=88% [144]
vs. Fe/Fc* 1.1molL™'in MeCN 0.5 mol L™' TBABF,/  Asymmetric CR=80% (100
MeCN Anode: N-butyl- cycles)
phthalimide
Flow
42 0.15 V vs. Ag/Agt 2 mol L™!in diglyme 0.1 mol L™!in 0.85V CE=99.868% [145]
0.1 mol L™! LiTFSI Asymmetric
(MeCN/diglyme) Anode: PDI
H-cell
43 0.27 V vs. Ag/Agt 10 mmol L' in 0.01 mol L™"in 0.1 M 095V CE=98% [146]
0.1 mol L™' LiBF,/ LiBF,/MeCN Asymmetric VE=92%
MeCN Anode: poly-viologen EE=90%
Flow CR=50% (50 cycles)
44 -1.26,02V 0.12mol L™ in 1 mmol L™" in 131V CR=40% (100 [147]
vs. Ag/Ag* ortho-dichloroben- 0.1 mol L™' TBABF,/  Asymmetric cycles)
zene ortho-dichlorobenzene = Anode: C60
H-cell
45 0.07,—1.87V 0.3 mol L™ in 0.lmol L™ in I molL™" 1.94V CE=97.3% [148]
vs. Fc/Fe*t 1.0 mol L~! TBABF,/1,3-dioxolane  Symmetric
TBABF,/DOL H-cell
46 0.01,—-1.97V 0.81 mol L™"in 0.6mol L™'in I molL™" 198V CE=97.8% [149]
vs. Fc/Fc* 1.0 mol L~! TBABF,/DOL Symmetric
TBABF,/ DOL H-cell
47 0.17,-1.87V 2.21 mol L7!in 0.05 mol L™" in 2.04V CE=94.6% [150]
N=4 vs. Ag/Ag® MeCN 1.0 mol L™! TEATFSI/ ~ Symmetric VE=81.4%
DMF Flow EE=77.0%

CR=90% (50 cycles)
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Table 7 (continued)
Complex Redox potential Solubility Battery performance References
Test conditions Cell voltage and cell ~ Cyclability
types

48 0.03,-1.39,—2.03V 0.017 mol L™ in 0.01 mol L™! in 142V CE=90.8% [151]

vs. Ag/Ag* DMF 0.1 mol L™! TEATFSI/  Symmetric EE=81.8%

DMF Flow CR=66.8% (100
cycles)

DOL 1,3-dioxolane, EMC methyl ethyl carbonate, DEC diethyl carbonate, DMF N,N-dimethylformamide, PDI perylene diimide derivative

with bis-(trimethylammonio)propyl viologen (BTMVP-Vi)]
with an unprecedented stable CR of 99.994 3% per cycle. The
ferrocene-based bipolar compound 52 in Table 8 containing a
cathode ferrocene moiety and an anode bipyridinium moiety
showed a solubility of 1.2 mol L™! in water and delivered a
symmetric RFB with a cell voltage of 0.7 V and impressive
CR of 75% after 4 000 cycles. Chen et al. [156] developed
six water-soluble ferrocene derivatives (the 53 in Table 8)
functionalized with cationic tetraalkylammonium groups of
varying chain lengths to investigate how the catholyte struc-
ture might impact battery lifetime. In addition, sulfonate-
substituted ferrocenes such as the 54-57 in Table 8 have also
shown promising cycling performance in ARFBs [157-160],
as summarized in Table 8. Xu et al. [161] developed a strategy
to obtain water-soluble Fc-based catholytes by simply mix-
ing Fc derivatives and p-cyclodextrins (f-CDs) through host-
guest inclusion. This approach has the potential to be applied
to other families of redox-active metal complexes for AORFB
applications.

Ferrocene derivatives with a leaving group at the a or
P positions are potentially unstable at higher temperatures
since they can undergo elimination and substitution reac-
tions in a nucleophilic solvent [157, 162, 163]. Hence,
Borchers et al. [164] developed a ferrocene-containing
methacrylamide copolymer electrolyte (the 58 in Table 8)
with a C3 spacer between the leaving group and ferrocene.
A flow battery using the ferrocene-containing polymer as

the catholyte and BTMAP-Vi as the anolyte demonstrated
a stable cycling behavior over 100 cycles at ambient tem-
perature and elevated temperatures (60 °C), with an aver-
age CE greater than 99.8% through all cycling experiments.
Additionally, Luo and coworkers systematically studied the
decay mechanism of the Fc catholytes 49a—c in Table 8 in
AORFBs [155]. Both the half-cell and full-cell flow battery
tests showed that the cycling stability was in the order of
49a < 49b <49c.

4 Conclusions and Perspectives

The increasing demand for large-scale storage of renewable
energy sources calls for low-cost and high-performance
energy storage devices. RFBs have shown excellent prom-
ise in satisfying these requirements, particularly with the use
of MCCs as energy-bearing materials. Significant progress
has been made in the development of MCC-based RFBs. In
aqueous systems, certain MCCs, such as ferrocenes, have
demonstrated a solubility greater than 3 mol L' and stable
cycling performance, retaining over 99% capacity retention
after 500 cycles. In nonaqueous systems, batteries with a
cell voltage as high as 3.4 V have been demonstrated despite
most cell studies being conducted with a static H-cell con-
figuration, and the long cycling stability was generally poor.
Despite these advances, there are still critical challenges that
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Scheme 8 Structures of metallocenes applied in ARFBs
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Table 8 Performance of metallocenes in ARFBs

Complex Redox potential Solubility Battery performance References
structure — —
Test conditions Cell voltage and cell Cyclability
types
49a 0.61 V vs. NHE 4 mol L™ in H,O 0.7 mol L™" in 1.06 V EE=65% [152]
2.0 mol L™! NaCl/ Asymmetric CR=81% (500 cycles)
H,0 Anode: MV
Flow
49b 0.44 V vs. NHE 2.6 mol L™ in H,0 0.5 mol L 'in 082V CR=97% (500 cycles) [155]
1.0 mol L' NH,Cl/  Asymmetric
H,0 Anode:
(NPr),VCl,
Flow
49c 0.37 V vs. NHE 23mol L7'inH,0 0.5mol L™'in 0.75V CR=99% (500 cycles) [155]
1.0mol L™' NH,C1  Asymmetric
Anode:
(NPr),VCl,
Flow
50 0.61 V vs. NHE 3.1mol L7'inH,0 0.5mol L™!in 1.06 V EE=70% [152]
2.0 mol L™! NaCl/ Asymmetric
H,0 Anode: MV
Flow
51 0.39 V vs. SHE 1.9mol L'inH,0 1.3 mol L7} in H,0 075V CR=98.58% (250 [153]
Asymmetric cycles)
Anode:
BTMVP-Vi
Flow
52 -0.54,0.15V 12molL™'inH,0 0.5mol L™ 0.7V CE=99.8%-100% [154]
vs. Ag/AgCl in1.0 mol L™! NaCl/ ~ Symmetric CR=75% (4 000
H,0 Flow cycles)
53 0.28 V vs. SHE 3.1molL7'inH,0 1.5molL~'in 0.66 V CR=94.23% (400 [156]
2.0 mol L™! NaCl/ Asymmetric cycles)
H,0 Anode:
BTMAP-Vi
Flow
54 0.13 V vs. Ag/AgCl  25mol L™'inH,0  0.021 mol L™"in 118V EE=68.8% [157]
0.5 mol L™ Na,SO,/  Asymmetric CE=100%
H,0 Anode: ZnSO, CR=97.5% (1 000
Flow cycles)
55 0.652 V vs. Ag/AgCl 0.3 mol L™!in 0.03mol L™in 1 1.1V EE=60% [158]
I mol L™! NaNO;  mol L™! NaNO, Asymmetric CE=99%
ethylene Anode: CR=25% (100 cycles)
2,7-AQDS
Flow
56 0.605 V vs. SCE 2 mol L™} in H,0 0.3 mol L™t in 0.6V EE=20% [160]
0.5mol L' H,SO,/  Asymmetric
H,0 Anode:
2,7-AQDS
Flow
57 0.38 V vs. Ag/AgCl  0.41 mol L™'in H,0 0.2 mol L™} in ~14V CE=98.33% [159]
0.5 mol L™'Na(l, Asymmetric EE=83.19%
NH,CI/H,O Anode: ZnBr, VE=284.60%
Flow CR=92.55% (100
cycles)
58 0.52Vvs. Ag/AgCl  >1molL™'inH,0 0.29 mmol L~'inH,0 0.78V CE=99.88% [164]
Asymmetric CR=90% (100 cycles)

Anode: BTMAP-Vi
Flow

2,7-AQDS anthraquinone-2,7-disulfonic acid, (NPr),VCl, 1,1'-bis[3-(trimethylammonio)propyl]-4,4"-bipyridinium tetrachloride
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formance of the 0.5 mol L™! FecNCI/MV AORFB at 60 mA cm™2. d

Polarization and power density curves of the FENCI/MV AORFB at
0.5 and 0.7 mol L', Reproduced with permission from Ref. [152].
Copyright © 2015, American Chemical Society
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Fig. 7 Redox potential comparison of iron-based complexes with anionic and neutral ligands

need to be addressed in both aqueous and nonaqueous RFBs
to enable practical large-scale applications.

The first challenge in MCC-based RFBs is to improve
their energy density to compete with organic or inorganic
RFB systems. The main reason for the lower energy density
is the lack of suitable MCCs with high volumetric capac-
ity and suitably low or high redox potential. Developing
highly soluble MCCs at both charge and discharge states
is crucial, and this can be achieved through strategies such

@ Springer

as modifying ligands with hydrophilic/hydrophobic func-
tional groups, optimizing the counterions, using asymmet-
ric molecular structures, and introducing hydrotropes. It is
also important to optimize the redox potential of MCCs to
optimize the use of the stable electrochemical window of
the solvents. The redox potential of MCCs is closely associ-
ated with the electron-donating or electron-accepting feature
of organic ligands, as illustrated in Fig. 7 by the variation
in redox potentials of iron complexes with ligands. The
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incorporation of electron-withdrawing and electron-donating
groups on the ligand can also tune the redox potential of the
complex. Effective utilization of MCCs that can undergo
multielectron redox reactions could also help to maximize
the energy density of RFBs.

The second challenge faced by MCC-based RFBs is the
need to improve their long-term cycling stability. Most of
the reported MCCs have been demonstrated at only low
concentrations (mostly lower than 1.0 mol L") with infe-
rior capacity retention rates. The stability of MCCs can
be optimized by increasing the chelating effect between
the ligand and metal ion center, thereby enabling a stabler
cycling performance. Characterizing the cycled electrolyte
using UV-Vis, NMR, CV, and liquid chromatography-mass
spectrometry (LC-MC) techniques can help identify the
degradation mechanisms of MCCs. This information can
guide structural optimization and identify suitable support-
ing salt and solvent systems to reduce undesirable side reac-
tions. The cycling stability of MCC-based RFBs is not only
determined by the physicochemical properties of the active
species but also influenced by the membranes, electrodes,
and flow channels of the battery. It is important to develop
membranes with high selectivity and conductivity, elec-
trodes with high reaction activity, and flow channels with
low-pressure drops to improve the long-term stability of the
battery.

Reducing the capital cost is another challenge for MCC-
based RFBs. To implement large-scale commercial RFB sys-
tems, low capital costs are needed, which mainly stem from
the active materials, cell stack components (such as bipolar
plates, membranes, and electrodes), and other expenses. The
current cost of MCC materials is relatively high and not
competitive with those of pure organic or inorganic counter-
parts. To address this issue, earth-abundant metal elements
such as Fe, Co, and Mn can be adopted as redox-active metal
centers, and more cost-effective routes for ligand production
should be developed. Additionally, using inexpensive flow
battery components, including membranes, electrodes, and
other components, is equally important to reduce the capital
cost of MCC-based RFBs.

Currently, research on MCC-based RFBs is flourishing,
presenting both challenges and opportunities. MCCs consti-
tute a promising class of active species, significantly extend-
ing the selection range of chemistry used in both aqueous
and nonaqueous electrolytes. It is highly recommended to
design and explore robust MCCs to facilitate the develop-
ment of both aqueous and nonaqueous RFBs. This review
aims to inspire more research on MCCs to overcome exist-
ing challenges, making RFB an environmentally benign,
reliable, and cost-effective storage/conversion technology.
With continued research and development, MCC-based
RFBs have the potential to play a crucial role in meeting

the increasing demand for large-scale energy storage in a
sustainable and cost-effective manner.
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