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Abstract

Increasing the volumetric energy density of redox flow batteries beyond that of
the archetypal all-vanadium system requires the development of highly soluble charge
carriers that can store multiple electrons per charge cycle. In this review article we
will describe the design and performance of a range of new charge carriers for flow
batteries, with an emphasis on those with multi-electron redox properties. These
include fullerene derivatives, multifunctional organic systems, metal coordination
complexes, and polyoxometalates. Our discussion will include an evaluation of the
fundamental physical and electrochemical properties of the charge carriers and their
impact on battery performance and energy density.
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batteries, energy density

1. Introduction

High-capacity, cost effective and durable electrochemical energy storage technolo-
gies are necessary to satisfy the growing uptake of intermittent renewable sources
and maintain stable electrical-grid systems [1]. In this regard, redox flow batteries
(RFBs) are ideally suited and have attracted considerable attention. RFBs differ from
conventional batteries in that redox-active molecules, termed charge carriers, are
dissolved into electrolyte and are stored in reservoirs external to the electrochemical
cell. The charge carrier-containing electrolyte is pumped through electrodes in the
electrochemical cell to charge/discharge the battery. Upon charge, energy is stored as
the positive electrolyte (also termed catholyte or posolyte) is oxidised and the nega-
tive electrolyte (also termed anolyte or negolyte) is simultaneously reduced. Upon
discharge, energy is released as the redox reactions are reversed. The electrolytes are
separated in the cell by a membrane or separator, which allows transfer of charge-
balancing counterions but prevents crossover of charge carriers to the opposite
half-cell, thus preventing self-discharge. Figure 1 shows a schematic of a generic RFB
under discharge conditions.

The distinctive design of RFBs allows decoupling of energy and power, and
therefore facile scale-up to high capacities [3]. Capacity can be enhanced by simply
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Schematic of a generic RFB under discharge conditions. Electrolytes are stored in reservoirs and are pumped
through the electrochemical cell to charge and discharge the battery. Upon discharge the charge carriers in the
positive electrolyte are reduced while those in the negative electrolyte ave oxidised. Polarity is reversed to allow the
opposite redox reactions to occur upon charge. Reproduced from [2] with permission from the Royal Society of
Chemistry.

increasing the volume of electrolyte in the reservoirs, without the need to modify

the electrochemical cell, while power is determined by the cell design (e.g. electrode
surface area etc). Furthermore, in contrast to conventional batteries such as the
lithium-ion battery (LIB), RFBs avoid the intercalation and deintercalation of redox-
active molecules between the electrolyte and solid electrode material. Instead, redox
reactions occur via solution phase charge carriers at the electrode surface. This under-
pins the long operational lifetimes of RFBs (15-20 years), making them particularly
suited to grid-scale energy storage.

Historically, RFBs have relied on charge carriers based on metals such as iron, chro-
mium, zinc, or cerium, dissolved in aqueous electrolyte [4]. The earliest investigations
were conducted by the National Aeronautics and Space Administration (NASA) in the
1970s. Their most notable development was the iron-chromium RFB which used Fe**/
Fe’* and Cr*"/Cr’* in the positive and negative electrolytes respectively [5]. Scale-up
and commercialisation of the system were hindered by several technical challenges
including the slow electron transfer kinetics of cr**/Cr [4]. Today, the most commer-
cially advanced RFB system is the symmetric, all-vanadium RFB developed by Skyllas-
Kazacos and co-workers in the late 1980s [6, 7]. The charge carriers in the system are
VO,"/VO* (V**/V*) in the positive electrolyte and V**/V** in the negative electrolyte.
Vanitec lists 33 companies commercialising all-vanadium RFBs [8] and several plants
have been installed globally. The largest electrochemical energy storage plant in the
world is forecast to be a200 MW/800 MWh all-vanadium RFB and is under construc-
tion by Ronge Power of China [3].
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Despite their advantages for grid-scale energy storage, commercial uptake of
the all-vanadium RFB is dwarfed by that of LIBs due to several drawbacks. Firstly,
the cost of the all-vanadium RFB was estimated at $500 kWh™ in 2014 [9], which
far exceeds the target of $100 kWh™' set by the US Department of Energy [10], and
the ever decreasing cost of LIBs estimated at $156 kWhin 2020 [11]. Secondly, the
energy density of the all-vanadium RFB is an order of magnitude lower than LIBs [2].
The limited solubility of vanadium sulphate in aqueous solution and the cell voltage of
approximately 1.3 V (dictated by the difference in redox potential between the reac-
tion at the positive and negative electrode), limits the energy density to 25-35 Wh L™
[12]. While lower energy densities are generally more tolerable for stationary rather
than portable applications, there is a demand to enhance RFB energy density to cut
cost, reduce space requirements and access new markets.

Energy density is a measure of the energy output per unit volume of total electro-
lyte and is defined in Eq. (1);

VaCF
Energy density = n% (€Y)

where 7 is the number of electrons transferred per molecule in the charge/
discharge redox reaction, Vg is the average cell voltage, C is the concentration of
charge carrier in the electrolyte, and F is the Faraday constant. The division by two
accounts for the necessity for two volumes of electrolyte for a given energy output
(positive and negative electrolyte). Furthermore, fast electron transfer kinetics and
high stability of the charge carrier are crucial to achieve high power density and long
cycle and calendar life. In this regard, charge carriers underpin the energy density and
performance of RFBs, and strongly influences the overall cost and sustainability too.

As indicated in Eq. (1), an effective strategy to enhance the energy density of RFBs
is to increase the value of #. This is achieved by designing carriers capable of being
reversibly reduced/oxidised by multiple electrons per molecule. So called multi-
electron charge carriers have a second advantage in that they can often be applied
in symmetric systems, where the same charge carrier in different oxidation states is
used in the positive and negative electrolyte. In the event of charge carrier transport
through the membrane to the opposite half-cell (termed crossover), capacity fade is
easily regenerated in symmetric systems as demonstrated in the all-vanadium RFB
[12]. Conversely, asymmetric systems, which use a different charge carrier in the posi-
tive and negative electrolyte, often suffer from permanent capacity losses.

In the last two decades, research has shifted from metal-based charge carriers in
aqueous solution to a new generation of charge carriers with tuneable physical and
electrochemical properties to include inorganic, organic, and hybrid materials. In an
effort to increase V., there has been a growing interest in the development of non-
aqueous electrolytes with wide windows of electrochemical stability [13]. Research
has focused on designing charge carriers with high solubility in the chosen solvent,
and rich electrochemistry at extreme potentials to maximise C, # and V, respec-
tively. While each of these properties are paramount to enhance energy density, here,
we focus on recent advances in the development of multi-electron charge carriers.

Figure 2 shows the components of a typical laboratory-scale RFB used for assess-
ing the performance of charge carriers. Electrolyte is circulated via tubing between
the reservoirs and electrochemical cell (typically powered by a peristaltic pump).
Within the electrochemical cell, electrolyte is flowed through high surface area

3



Redox Chemistry - From Molecules to Energy Storage

B Flow field ™
' Flow frame

I l Electrode
|

|

|

|

|

|

|

|

|

1 Membrane
\

\ Gaskets

Figure 2.

Schematic of a typical laboratory-scale RFB used for assessing the performance of charge carriers. Battery
components include the membrane/separatoy, electrodes, gaskets, flow frames, flow fields, current collectors, end
plates, tubing”™, pump®, and electrolyte reservoirs™. * not pictured in schematic.

electrodes where the redox reactions occur upon charge/discharge. The electrodes are
typically composed of a carbon-based material such as graphite felt and are electri-
cally connected to the current collectors and external circuit. The flow field (available
in several configurations) ensures consistent flow of electrolyte to the porous
electrode while minimising pressure drop across the cell.

The membrane/separtor divides the two half-cells and should be highly conductive,
selective, and stable towards the electrolyte. High ionic conductivity is key to reduce
ohmic resistance and thereby enable high power densities to be achieved. Membranes
should allow transport of inert salts while preventing crossover of charge carriers,
which can lead to capacity fade and reduced coulombic efficiency. Membranes/separa-
tors can be broadly classified as porous separators (separating based on size) and ion
exchange membranes (separating based on charge). Identifying the most appropri-
ate membrane/separator for novel RFB systems, where the chemistry is not fully
understood, can be challenging. This is particularly true in the case of non-aqueous
RFBs because very few commercially available membrane/separators have adequate
performance in organic solvents [14]. Membranes present a barrier towards commer-
cialisation for many next-generation RFBs since their inadequate performance reduces
energy efficiency and they contribute up to 20% of the battery cost [15].

2. Organic charge carriers

There is a growing interest in the development of organic charge carriers as
alternatives to metal-centred species, due to their tuneable properties and natural
abundance of their elemental building blocks (C, H, N and O). Organic charge
carriers investigated to date include nitroxide radicals such as 2,2,6,6-tetramethylpi-
peridinyloxyl (TEMPO), carbonyls such as fluorenone, benzophenone, phthalimides,
quinones and anthraquinones, heterocyclic aromatics such as viologens, phenazines
and phenothiazine, and cationic radicals such as dialkoxybenzenes and cycloprope-
nium, to name a few. Figure 3 showcases a ‘potential map’ of organic charge carriers
developed for next-generation RFBs in recent years. We direct the interested reader to
consult review articles for further reading on organic charge carriers [13, 16-19].
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Figure 3.

Schematic showing the structure of organic charge carriers investigated for RFBs and the potential region in which
they are redox-active. Orange bars indicate species that undergo one-electron redox reactions while those with blue
bars ave multi-electron charge carriers.

Several organic charge carriers such as viologens, quinones and phenazines, undergo
two-electron redox reactions and have been investigated for RFBs. However, the
n-conjugated cage structure of fullerene gives it uniquely rich electrochemical proper-
ties compared to other organic redox-active molecules. It can be reversibly reduced by
up to six electrons at negative redox potentials, making it a desirable charge carrier for
the negative electrolyte in RFBs. Without molecular modification, fullerene is nonpolar
and unable to partake in hydrogen bonding, meaning its solubility in many solvents
is poor [20]. Consequently, fullerene was first investigated as a charge carrier in RFBs
as a bifunctional molecule where ferrocene groups (Fc) were covalently grafted to a
Ceo fullerene cage [21]. The functionalisation significantly enhanced the solubility of
fullerene in ortho-dichlorobenzene (0DCB) from 0.037 M [22] to 0.12 M for the tetra-
adduct of CeoFc. The ferrocene groups served as the redox centre for the positive electro-
lyte, while the multi-electron redox processes of fullerene were accessed in the negative
electrolyte. To balance the redox processes of fullerene, multiple ferrocene moieties were
grafted to Cgp (x = 1-4, where x indicates the number of ferrocene groups). The redox
processes of the positive and negative electrolyte were separated by approximately 1.3 V
and 1.8 V for the first and second reduction of Ce, respectively. Figure 4 shows the struc-
ture of the fullerene-ferrocene bifunctional charge carriers, termed CgoFc, and the redox
reactions occurring in the positive and negative electrolytes upon charge in the RFB.

The performance of CgoFc charge carriers with x = 2-4 were investigated by
galvanostatic cycling in coin cells. Charge carriers were assessed in symmetric and
asymmetric configurations where indene-Cg, bis-adduct was used as negative elec-
trolyte. The coil cells were successfully cycled for 100 charge-discharge cycles but
experienced considerable capacity fade which was attributed to three causes: (1) the
low volume of electrolyte (~1 mL) in the coin cell assemblies meant that a significant
proportion of capacity fade was attributed to electrolyte soaking into the absorbent
glass fibre separator, (2) significant membrane crossover, which was alleviated
by using the symmetric system rather than an analogous asymmetric system with
indene-Cgg bis-adduct negative electrolyte, (3) degradation of CeoFc charge carriers,
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Figure 4.

Schematic showing the redox reactions of CgoFc (bis-adduct) in a symmetric non-aqueous RFB. Upon charge,
CeoFc in the positive electrolyte undergoes a two-electron oxidation centred at the two ferrocene moieties.
Simultaneously, CgoFc in the negative electrolyte is reduced by two electrons at the fullerene core to a dianion. The
reverse reactions occur upon discharge.

which was not explored in detail. Considering the rich electrochemistry and plentiful
opportunities for functionalisation of fullerene, there is great scope for development
of new fullerene-based charge carriers in the future.

The concept of combining two redox-active components into one bifunctional
molecule was first demonstrated by Schubert and co-workers, who tethered TEMPO
and phenazine moieties to a single molecule [23]. Upon charge, TEMPO was oxidised
to an oxoammonium cation in the positive electrolyte while phenazine was simulta-
neously reduced to a dianion in the negative electrolyte. As shown in Figure 5, the
bifunctional charge carrier contains two TEMPO groups (red) per phenazine (blue)
in order to balance its two-electron redox chemistry. Both redox groups were cova-
lently bonded via a water-soluble triethylene glycol linker (black), yielding a single
charge carrier with V¢ of 1.2 V when applied in a symmetric RFB. The molecular
engineering has a two-fold benefit in that it allows for its application in a symmetric
system and enhances the saturation concentration in aqueous electrolyte beyond that
of non-functionalised TEMPO and phenazine.

The advantage of symmetric systems in minimising capacity fade upon crossover
can also be achieved by using a mixture of the positive and negative charge carriers in
each half-cell. To justify the synthetic effort of bifunctional charge carriers, they must
show advantageous properties compare to a mixture of the two individual redox-
active molecules. In the two examples highlighted above, the bifunctional charge
carriers have greater solubility than the individual redox-active groups and therefore a
great theoretical energy density is achieved.
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Figure 5.

Schematic showing the structure, redox reactions and cyclic voltammogram of a TEMPO-phenazine bifunctional
charge carrier. Figure was adapted with permission form [21] copyright © 2016, American Chemical Society.

3. Coordination complex charge carriers

Transition metal coordination complexes are promising candidates for non-
aqueous RFBs as they are often stable over multiple oxidation states and their
properties are tuneable [24]. The first metal coordination complex to be investi-
gated as charge carrier for non-aqueous RFBs was the ruthenium bipyridine (bpy)
complex, [Ru(bpy);] 2+ [25]. Bpy ligands not only solubilise the metallic cation,
they also provide additional redox activity to the molecule. In a symmetric system
the Ru**/Ru** transition was targeted in the positive electrolyte while the bpy-cen-
tred reduction was targeted in the negative electrolyte. The redox processes were
separated by 2.6 V, allowing for a high V.., but poor coulombic and voltage effi-
ciencies were observed upon cycling. Within the last decade a range of metal-ligand
combinations have been investigated to include nickel, cobalt, iron, vanadium, and
chromium metal centres and acetylacetonate, terpyridine and dithiolene ligands to
name a few [24]. Ligand design can have a remarkable impact of the charge carrier
solubility, stability and redox properties and is therefore a key research focus for
optimisation of metal coordination complexes. We direct the interested reader to
two recent reviews for a more thorough examination of metal coordination com-
plexes in RFBs [24, 26].

The chromium-centred bpy coordination complex, [Cr(bpy)s]** is of particular
note due to its six one-electron reversible redox processes over a 2 V window
(see Figure 6) [27]. The three most positive redox couples were attributed to the
Cr*/Cr**, Cr**/Cr** and Cr!*/Cr° transitions, while the three most negative redox
processes were ascribed to reduction of the three bpy ligands. The authors sought to
enhance solubility in acetonitrile through ester-functionalisation of the bpy ligands.
The complex functionalised with the most polar and flexible R group (2-(2-methoxye-
thoxy)ethyl) showed the most promising redox properties and solubility and was
selected for battery testing. Galvanostatic cycling in a H-cell showed poor cycling
stability when charged by three electrons but relatively stable performance when
charged by two. The saturation concentration of both the neutral and 3+ complexes
was tested and as anticipated the solubility was dramatically reduced in the neutral
form. Despite the promising multi-electron redox properties of [Cr(bpy)s]**, the poor
solubility of the neutral complex (0.21 M in acetonitrile) and inadequate stability
upon cycling, meant that the energy density of the system was limited to 10.2 Wh L™,
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Figure 6.

Structure and cyclic voltammogram of functionalized [Cr(bpy),]** coordination complex investigated for
symmetric non-aqueous RFBs. Figure was adapted with permission form [25] copyright © 2015, American
Chemical Society.

4. Polyoxometalate charge carriers

Polyoxometalates (POMs) are a class of discrete metal-oxide nano clusters com-
posed of early transition metals (group 5 and 6) in their highest oxidation states.
They can be represented by the general formula [X,M,,O,]"" where X is a hetero atom
(usually P, Si, Ge, As) and M is a transition metal (typically V', Mo®* or W®*). Their
vast structural diversity, excellent stability and rich electrochemistry has seen their
investigation for many energy conversion and storage technologies [28].

The earliest work on POM-based charge carriers for RFBs was conducted by
Anderson and co-workers, who used the tri-vanadium substituted silicotungstate
Keggin, K¢H[SiV3WyOy0] (SiV3Wy), in a symmetric aqueous system [29]. The POM
undergoes a three-electron reduction centred at the vanadium metals and a further
two, two-electron reduction processes centred at the tungsten metals. The vanadium-
centred redox processes were separated from those of the tungsten by 0.8 V allowing
for the application of SiV3;Wy in a symmetric system. Prior to galvanostatic cycling,
the charge carrier was reduced to [SiV3;WsO4]"" by bulk electrolysis to generate
the fully charged negative electrolyte. Galvanostatic cycling in a 5 cm” RFB showed
coulombic efficiency of >95% and modest capacity fade of <2% after 100 cycles
(0.02% per cycle). Following 100 cycles, the electrolyte solution was recovered and
used in a fresh cell with a new membrane. Full cell performance was restored sug-
gesting that any capacity losses observed were not the result of POM degradation.
Given the saturation concentration of SiV;Wy in water of 0.45 M, the three-electron
redox reaction upon charge/discharge and V¢ of approximately 0.8 V, the theoretical
volumetric energy density was calculated to be 14.5 Wh L', While the energy density
is half that of the all-vanadium RFB, this publication pioneered a new class of charge
carrier with stable multi-electron redox processes.

Lu and Xiang extended the library of POM-based charge carriers to include the
cobalt-centred tungstic acid, Hs[CoW1,040] (CoWs,) [30]. Similarly to SiV3Wo, the
tungsten-centred redox processes of the POM were targeted in the negative elec-
trolyte (two, two-electron reduction processes), while in this case, the one-electron
oxidation of the central cobalt atom from 2+ to 3+ was targeted in the positive electro-
lyte. The separation of the cobalt- and tungsten-centred redox processes allowed for
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alarger Vo of 1.25V (0.8 V for SiVsWs). However, the positive electrolyte required
four equivalents of CoWj, to balance the four-electron redox process occurring in the
negative electrolyte. The laboratory-scale flow battery achieved coulombic efficiency
>98% and good capacity retention over 30 cycles. Given the saturation concentration
of CoWy, in water of 0.8 M, the theoretical volumetric energy density was calculated
to be 16.8 Wh L' (accounting for necessary balance of POM equivalents in the posi-
tive and negative electrolyte).

Stimming and colleagues sought to maximise the rich electrochemistry of POMs
by designing a asymmetric RFB with different POM-based charge carriers in the
positive and negative electrolyte [31]. They investigated an asymmetric aqueous RFB
using [PV404,]° (PVyy) and [SiW1,040]* (SiWy,) as charge carriers for the positive
and negative electrolyte respectively. PVy, is reversibly reduced by seven electrons in
a single process at a relatively positive redox potential of 0.60 V vs. standard hydrogen
electrode (SHE). The cyclic voltammogram of SiWj; has two reversible one-electron
reduction processes with redox potentials of 0.01 V and — 0.21 V vs. SHE. SiW;,
can be reduced by a further two-electrons but only the first two one-electron redox
couples are accessible without significant hydrogen evolution. Consequently, a flow
cell was assembled with two equivalents of SiWy, (7 = 2) to balance the multi-electron
redox process of PVy, (n = 4). Prior to galvanostatic cycling, PV, was reduced by
the addition of hydrazine to attain the discharged positive electrolyte. With an
average V¢ of approximately 0.8 V and limited solubility of PVy, (demonstrated
at 0.3 M), the theoretical energy density was calculated to be 13 Wh L™, Successful
charge-discharge cycling was demonstrated in a 25 cm” flow cell and later upscaled
to a 1400 cm’ system, which remained stable of a 3 month period [32]. This provided
arare example of a next-generation RFB systems being tested at scale for extended
periods of time. Capacity fade was attributed to the reoxidation of reduced POMs
from trace oxygen which could be avoided with an airtight setup.

A step change in energy density came from the work of Cronin and co-workers
where Lig[P;W15040] (P,Wig) was reversibly reduced by 18 electrons in aqueous acidic
conditions [33]. The authors found that the electrochemical properties of P,W;g was
highly dependent on pH and concentration and that reversible reduction by 18 elec-
trons was only achievable at concentrations >100 mM under acidic conditions. Paired
with HBr/Br, positive electrolyte, the asymmetric RFB demonstrated a V¢ of 1.25V
equating to a practical energy density of 225 Wh L. Extrapolated to the saturation
concentration of P,Wjg in water of 1.9 M, and assuming equivalent concentrations are
achievable in the presence of supporting electrolyte, the authors calculate a theoreti-
cal energy density of 51000 Wh L. It should be noted that while the saturation
concentration of HBr/Br; is reported in the literature to be very high [34], the authors
appear not to account for the volume of positive electrolyte in the energy density
calculation.

RFBs based on aqueous electrolyte, such as those highlighted above, are limited
to a maximum Vg of ca. 1.5V, beyond which, electrolysis of water occurs. Without
targeted modification, the solubility of POMs in non-aqueous solvent is limited. In
an effort to enhance the solubility of SiV;Ws in non-aqueous solvent, Anderson and
co-workers conducted metathesis of the potassium counter cations to tetrabutyl-
ammonium (TBA) [29]. The TBA analogue of SiV3;W, was soluble in acetonitrile,
propylene carbonate and methanol, but the redox processes became electrochemically
irreversible in propylene carbonate, and was not explored further.

Barteau and colleagues were the first to report the application of POMs as charge
carrier in non-aqueous RFBs [35]. They investigated the lithium salt of the Keggin
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phosphomolybdate, Li;[PMo;,040] (PMoy,), in acetonitrile with lithium trifluoro-
methanesulfonate (LiTf) supporting electrolyte. PMoy, undergoes two, one-electron
quasi-reversible reductions centred at —0.21 V and — 0.57 V vs. Ag/Ag*. For appli-
cation in a symmetric system, the PMoy, electrolyte was first electrochemically
reduced by one-electron to generate the discharged positive and negative electrolyte.
Galvanostatic cycling was conducted with a one-electron redox reaction upon charge/
discharge. As stated by the authors, this system does not exploit the full capabilities
of POMs as multi-electron charge carriers nor the wide electrochemical stability
window of non-aqueous solvents. Coulombic efficiency of 68% was achieved, which
was substantially lower than that achieved for aqueous POM-based RFB. The low
coulombic efficiency was attributed to crossover of the POM through the membrane,
a common cause of inefficiency in non-aqueous RFBs. The saturation concentration
of PMoy, in acetonitrile is relatively high at 0.8 M, but with only a one-electron redox
reaction and Ve of 0.35V, the theoretical volumetric energy density was calculated to
be38 WhL™

While PMoy; can be reversibly reduced by two electrons in acetonitrile, the authors
report the advantage of dimethylformamide (DMF) solvent in enhancing the elec-
trochemical properties of the charge carrier [36]. In DMF, PMoy; can be reduced by
an additional two electrons, enhancing the number of electrons transferred in the
charge/discharge redox reaction to two and increasing V¢ to 0.45 V. The saturation
concentration of PMoy, in DMF was reported to be 1.2 M, enhancing the theoretical
energy density to 14.5 Wh L™ Barteau and co-workers later expanded the inves-
tigation to include an asymmetric RFB with PMoy, as charge carrier in the positive
electrolyte and P,Wyg in the negative electrolyte [36]. The systems had a V¢ of 1.3V
and the number of electrons transferred upon charge/discharge increased to four,
thereby further enhancing energy density.

The first example of significant molecular engineering of POMs to enhance solu-
bility in non-aqueous solvent came from Matson and co-workers who investigated
polyoxovanadate (POV) alkoxide clusters of the general formula V40;(OR)1; (where
R = CHj, C,Hs) [37]. These materials display four one-electron redox couples over
a potential range of 2 V, enabling their application in a symmetric system with
two-electron transfer upon charge/discharge. Upon charge the POV undergoes a
two-electron reduction at the negative electrode concurrently with a two-electron
oxidation at the positive electrode. The research was extended to investigate alter-
native organic functionalisation of the POV surface. Introduction of a tridentate
tris(hydroxymethyl)methane (TRIOL) ligand, increases solubility in acetonitrile to
0.6 M and retains the charge carriers cycling stability [38]. In a separate study, the
solubility of POVs was increased by replacing several surface alkoxy groups with
ethers, R = C,H,OCHj3;, C,H,OC,H; [39]. Clusters with a mixture of alkoxide and
ether groups showed an impressive solubility of 1.2 M in 0.1 M [TBA][PF] in aceto-
nitrile. While the increased solubility in organic solvent and multi-electron redox
chemistry is promising for enhanced energy density, preliminary testing of the
alkoxide-ether functionalised POVs in a laboratory-scale RFB showed steady capac-
ity fade. Cyclic voltammetry of electrolytes following 30 cycles in a RFB indicated
partial degradation of the POV clusters. For further reading on POV-based charge
carriers for RFBs, we direct readers to a recent review article [40].

The concept of organofunctionalisation of POMs to enhance solubility in non-
aqueous solvent was expanded in a recent publication, to include organic-inorganic
hybrid POMs [41]. A phosphotungstate Keggin was hybridised with phenyl siloxane
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moieties to produce TBA;[PWy;059(SiC¢Hs),0)] (PWy;SiPh). Hybridisation enhanced
solubility in acetonitrile by two orders of magnitude (0.6 M) compared to the parent
POM (<1 mM). Similarly to POVs, PW;;SiPh displays four one-electron redox couples
over a potential range of 2 V. Prior to galvanostatic cycling the electrolyte was reduced
by bulk electrolysis to attain the discharged positive and negative electrolyte for
application in a symmetric system. Upon charge, PWy;SiPh undergoes a two-electron
reduction at the negative electrode concurrently with a two-electron oxidation at

the positive electrode. The laboratory-scale RFB achieved high coulombic efficiency
of >98% but capacity fade was observed. Similarly to Stimming and colleagues, the
capacity fade was attributed to reoxidation of the reduced POM by trace oxygen in
the electrolyte. Capacity fade was shown to be recoverable by bulk reduction of the
electrolytes to the desired oxidation state. Organic-inorganic hybridisation is appli-
cable to a broad range of POM geometries and elemental compositions, unlocking

the possibility for the development of multi-electron charge carriers across a wide
potential range (Figure 7).

Yan and colleagues explored the use of a sulphur-templated Wells-Dawson POM,
TBA4[S;W3506,] (S;Wig), as charge carrier in both symmetric and asymmetric
non-aqueous RFBs [42]. In the asymmetric system benzophenone was chosen as the
negative electrolyte. Benzophenone undergoes a reversible one-electron reduction
with redox potential of —1.75 V vs. Ag*|Ag (see Figure 3), while S,W;g can be revers-
ible reduced by one, one, then two electrons with redox potentials of 0.23, —0.15
and — 0.49 V vs. Ag’|Ag. In the asymmetric RFB, four equivalents of benzophenone
were used to balance the four-electron redox process of S;Wjg. Although not stated by
the authors, reduction of S;Wjg to generate discharged positive electrolyte (or reduc-
tion of benzophenone to generate charged negative electrolyte) would have been
necessary prior to galvanostatic cycling. The flow cell cycled successfully with V. of
1.54 V. Based on the saturation concentration of S;Wg in acetonitrile of 0.11 M, the
theoretical energy density was calculated to be 9.4 Wh L™,
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Inorganic
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( Negative > 7~ = Electrolyte Electrolyte
| electrolyte Reservoir L . . Resatyole
|l
€
S|
%
ol
[
=
=1 -
o | Positive
l ) L electrolyte
N e e — — — —
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Figure7.

Structure, cyclic voltammogram and RFB schematic of PW11SiPh, an organic-inorganic hybrid POM charge
carrier. Figure was adapted with permission form [41] Copyright © 2021, American Chemical Society.
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5. Conclusions

The use of multi-electron charge carriers is an effective approach to enhance the
energy density of next-generation RFBs. Polyoxometalates stand out as a particularly
promising class of materials due to their remarkably rich and reversible electrochemi-
cal properties. This is elegantly demonstrated by the 18-electron reversible reduction
of P,Wy, yielding an asymmetric RFB with practical energy density of 225 Wh L
Organofunctionalisation of polyoxometalates is a valuable strategy to enhance solubility
in non-aqueous solvent and for the tuning of redox properties and chemical stability.
Other multi-electron charge carriers, such as metal-coordination complexes and bifunc-
tional molecules, are realised through targeted molecular design and synthesis. Their
rich electrochemical properties allow for their application in symmetric RFBs, thereby
reducing the risk of capacity fade by membrane crossover. The bifunctional charge car-
riers also benefit from higher solubility than the isolated redox-active molecules.

Increasing the number of electrons transferred per molecule is a valuable strat-
egy to enhance the energy density of RFBs. However, this parameter should not be
targeted in isolation and should be considered alongside solubility, redox potential
targeting, stability, cost and sustainability. In addition, the development of charge
carriers for next-generation RFBs requires consideration of the flow cell assembly
used for testing. Charge carrier performance depends on components such as mem-
brane and tubing, and on the testing conditions such as flow rate, current density, and
voltage thresholds. The lack of standardisation in testing conditions make it challeng-
ing to compare the performance of charge carriers.

The research reviewed here focuses on the development of novel charge carriers
to enhance RFB performance. Most testing is conducted at low concentrations and
in laboratory-scale RFBs. As the research matures, testing at scales more representa-
tive of the commercial product and detailed techno-economic analysis of the charge
carrier-containing electrolyte will be required. Assessment of the costs of charge
carriers, sustainability, safety, and practicality of synthesis will become increasingly
important in the development of commercially viable next-generation RFBs.
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