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Abstract: Renewable energy sources have been a topic of ever-increasing interest, not least due to
escalating environmental changes. The significant rise of research into energy harvesting and storage
over the years has yielded a plethora of approaches and methodologies, and associated reviews of
individual aspects thereof. Here, we aim at highlighting a rather new avenue within the field of
batteries, the (noaqueous) all-organic redox-flow battery, albeit seeking to provide a comprehensive
and wide-ranging overview of the subject matter that covers all associated aspects. This way, subject
matter on a historical perspective, general types of redox-flow cells, electrolyte design and function,
flow kinetics, and cell design are housed within one work, providing perspective on the all-organic
redox-flow battery in a broader sense.
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1. Introduction

Humankind has experienced many boosts in quality of life over the course of its
existence, paired with unprecedented technological advances. Arguably, the harnessing
of energy has been pivotal to our growth, as is the ability to collect and store energy for
on-demand use [1,2]. Although the dominant source of energy over the past century has
originated from fossil fuels, a switch towards renewable energy sources is imminent [3]. As
the collection of solar, wind, and hydroelectric energy is well-developed, the bottleneck for
now lies in the storage thereof, as the demand is often not synchronized with the energy
production. Redox flow batteries (RFBs) offer a scalable technological and economical
solution to the intrinsic intermittency of renewable energy sources [4-7]. The unique feature
of this technology is that energy storage and energy conversion are decoupled, in effect
requiring a scale-up of the electrolyte volume only in order to increase the energy storage
capacity [8]. This promising application was first conceptualized in the early 1970s when
the first prototype from NASA was built and patented [9], though early hints of modern
flow batteries were observed in 1949 when Kangro identified liquid redox electrolytes for
possible energy storage [10]. A concept introduced in 1986 [11] and the related patent
registered for all-vanadium redox-flow batteries in 1988 [12] by Skyllas-Kazacos were,
arguably, a clear indication of its true potential.

The scrupulous development of vanadium redox systems jump-started modern RFB
technology [13-16], which is nowadays in full pursuit of viable alternatives with fast
responsiveness, a high output energy density, low costs, and a long lifetime [17]. Despite
the ubiquity of vanadium redox systems, the electrochemical core of the technology remains
modular, and therefore, the possibility of other redox chemistries commercially replacing
them is looming [18]. The challenges in replacing vanadium can be divided into those
physical (e.g., hydrostatics, compressed air, and high-speed flywheels) or chemical in
nature (e.g., electrical double layers, solution/membrane resistance, and electron transfer
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kinetics) [19,20]. Among other candidates, organic systems preoccupy a special place
due to an almost infinite combinatorial diversity of organic structures, limited only by
one’s imagination and the framework of contemporary organic synthesis [21]. The design
flexibility grants a two-fold advantage: the battery-relevant properties of target redox
molecules can be modified in various manners, and the influence of said properties in
the context of operating conditions can be better understood [22]. The dynamic nature
of the flow cell necessitates such flexibility, as favorable physicochemical properties of
redox electrolytes and compatibility of the cell components with the molecular system
(electrolyte, solvent, supporting electrolyte, membrane, electrode) are key to their overall
performance [6,16,18]. At the current stage of research and development, however, the
main challenge for redox electrolytes is the charge/discharge cycling stability, defining the
longevity of resulting battery prototypes.

This review addresses aspects of various kinds, covering cell designs, electrolyte
design principles and their operating conditions, and the influences of cell components
on the battery system. Our goal is to provide an overview that offers insights into the
many aspects affecting the overall battery performance all at once, hoping it may not only
prove useful as a general starting guide, but that this work will also alert seasoned battery
researchers to promising methodologies or sources of performance failure.

2. Description of General Redox-Flow Cell Types

Due to the complex diversity of redox-flow cells with respect to their chemistries, and
their different setups, it is difficult to categorize and relate them to and distinguish them
from comparable energy storage devices (e.g., fuel cells; see Figure 1A) [23-26]. In this
section, a general definition of flow batteries will be given, along with general descriptions
of flow cell types regarding their terminology and their manifold setups.

Figure 1. (A) Schematic of a hydrogen fuel cell with irreversible gas electrodes and (B) a lithium-ion
battery (LIB).

2.1. General Definition of a Redox-Flow Cell

For a general comparison, we emphasize a definition for redox-flow cell setup types
as follows. Therefore, an energy storage device can be called a flow cell if:

(A) At least one reversible redox process takes place. Accordingly, a hydrogen fuel cell
is not a redox-flow cell in the “classic” high-temperature solid-oxide fuel cell (SOFC) [27,28]
or the “classic” low-temperature proton-exchange-membrane fuel cell (PEMFC) setups [29],
since their conversion of hydrogen and oxygen to water is irreversible. However, there
are exceptions: unitized reversible fuel cells (URFC) or reversible regenerative fuel cells
(RFC) are capable of operating both as fuel cells and as electrolyzers, and could therefore
be categorized as redox-flow cells of a special type. A more detailed description will be
given in Section 2.3. (hybrid redox-flow cells) [30].

(B) One or more fluid transport systems to and from an external storage compartment
have to be present in order to enable a separation between energy storage and energy
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conversion (charge and discharge of the cell). For example, a lithium-ion battery (see
Figure 1B) is not a flow cell because all battery components (electrolyte, active material,
current collector, separator) are confined in the cell housing without any interaction with
an outside cell tank.

(C) At least one redox active species (RAS) has to be dissolved or dispersed in a
liquid carrier.

2.2. Definition and Terminology of Possible Redox-Flow-Cell Setups

Despite the above-mentioned delimitation, a large number of different cell setups
have been introduced. Related to organic catholyte, anolyte, and bipolar electrolytes (see
Section 3), these can be in general divided in the first place into aqueous (AqRFBs) and non-
aqueous or all-organic redox-flow batteries (AORFBs). Furthermore, depending on their
transport medium, on the given fluid mechanics, and on the nature of the electrodes, redox-
flow cells can be divided into four basic types: all-liquid redox-flow batteries (ALRFBs),
semi-solid redox-flow batteries (SSRFBs), hybrid redox-flow batteries (HRFBs), and single-
flow batteries (SFB). These four basic types can be further classified by their cell separation
techniques and membrane setups. They range from having no separation membrane to
having up to three separation membranes in parallel (Figure 2) [31]. As shown later, more
than three membranes cannot be recommended, as no additional positive effects occur.
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Figure 2. Overview and terminology over general flow cell setups for both aqueous and non-aqueous
REFBs, classified by the cell setup and the number of used membranes.

2.3. General Cell Types

All-liquid redox-flow cell

The ALREB cell [32] represents the most widely used and widespread cell design. This
setup consists of a cell in which the anolyte and catholyte sides are either not separated (see
single flow cell below), or physically separated from each other by one or more (up to three)
separating membrane. On both sides of the membrane, all electrolyte components—charged
and discharged redox-active species and supporting electrolytes—are completely dissolved
in the selected solvent. The anolyte or catholyte sides can each have one or two separate stor-
age tanks, depending on whether separation of the oxidized and reduced forms of anolyte
and catholyte is necessary. However, since the redox species are completely dissolved €n the
electrolyte, cross-contamination through the membrane separator can be a major challenge,
and several strategies have been devised to overcome this problem [33-37]. A schematic
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representation of an all-liquid redox-flow cell is shown in Figure 3A. The most well-known
design is the all-vanadium RFB with its many iterations to improve energy density and
longevity over the years [11,38—-46].

A

Figure 3. Different flow cell types: (A) all-liquid redox-flow battery (ALRFB) with separated anolyte
and catholyte; (B) semi-solid redox-flow battery (SSRFB) consisting of an anolyte and a catholyte with
solid active material particle dispersions; (C) hybrid redox-flow battery (HRFB) with solid anode;
(D) HRFB with gas conversion cathode; (E) a single flow battery (SFB) with insoluble charged active
material plated on cathode and anode. Anolyte and catholyte have the same composition.

Semi-solid redox-flow cell

A possible approach to minimize or even completely avoid the above-mentioned cross
contamination problem is to use redox active particle dispersions within the anolyte and/or
the catholyte formulation. In this case, the anolyte and the catholyte compartments are
separated from each other by a well-defined size exclusion separator with significantly
smaller pore diameters compared to the particles. This special setup is known as the SSRFB
and can also be connected to one or two storage tanks for the anolyte and catholyte disper-
sion, respectively. A graphical representation is shown in Figure 3B. This cell design allows
easy adaptation of other energy storage technologies, e.g., the lithium-ion battery. Cathode
materials such as lithium iron phosphate (LFP), LiCoO, (LCO), and LiNig 33C00 33Mn 3302
(NMC111); and anode materials such as graphite, LisTisO1, (LTO), and silicon (Li/Si) are
used in combination with separators (e.g., Celgard® 2022) [47-51]. In addition to redox-active
inorganic particle dispersions, low-molecular and polymer dispersions are also used in
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combination with, for example, dialysis membranes for size separation. Exemplary systems
are polyhydroquinones and polyimides dispersed in water and 10-methylphenothiazines
(MPT) and thioxanthones (THA) dispersed in acetonitrile [52,53]. However, in addition
to the benefit of reducing or suppressing cross-contamination, the semi-solid flow system
faces other challenges. These include high viscosities of the electrolyte dispersions, limited
redox kinetics resulting from slow charge transport from the interior of the particles to the
surface, partial deposition of particle agglomerates in the storage tanks during long storage,
and clogging of the membrane surface [52,54,55]. The influence of these challenges will be
discussed in more detail in Section 4.

Hybrid redox-flow cell

In contrast to the two full flow cell types mentioned above, HRFCs consist partly
of a redox-flow cell and partly of a different energy storage technology. Additionally,
they allow for easy adaptation, as explained for semi-solid redox-flow cells above. In
general, two types are possible: solid reversible anode/cathode (Figure 3C) and reversible
gas cathode/anode (Figure 3D) [31]. In the latter one, hydrogen is mainly used as an
energy storage medium, and as mentioned at the beginning of this section, this type
of hybrid redox-flow cell is also called a regenerative fuel cell (RFC). While hydrogen
can be reversibly converted on the cathode side, inorganic and organic redox species
are utilized in the anolyte compositions. Known examples of such anolyte compositions
contain vanadium, iron, manganese, cerium, and bromine as inorganic redox species, or,
e.g., 1,2-dihydrobenzoquinone-3,5-disulfonic acid as the organic redox species (BQDS, see
Scheme 1) [56-61]. Hydrogen-based RFCs enable very high energy densities. For example,
Rubio-Garcia et al. were able to achieve an energy density of 45 Wh L~! in an Hy/V hybrid
redox-flow system [62].

o) OH
o 2 HyO* + 2e° OH
HO OH HO on + HO
\ﬁ\\o o’*ﬁ/ \ﬁ\\o o’*ﬁ/
o) o) o) o)

Scheme 1. Reversible redox reaction of 1,2—dihydrobenzoquinone—3,5—disulfonic acid (BQDS) as
the anolyte component in redox-flow [61].

Overall, HRFCs with gas cathode are a clever combination of the fuel cell and the redox
flow concept, enabling the use of the high-energy storage medium hydrogen and gaseous
energy storage media in general. However, this concept also bears major drawbacks: Some
of these include the use of platinum, rhodium, or palladium as catalysts, which makes cell
construction more expensive and more dependent on rare materials. Then, the conversion
and storage of hydrogen poses a significant safety risk, especially for grid-connected
large-scale stationary plants.

HRFCs with solid anodes can be generally divided into two types, namely, HRFCs
with a solid anode where the metal is plated and redox-targeting HRFCs where an active
material is present as a stationary solid in a storage tank. In the case of HRFCs with classic
solid anodes, zinc metal anodes with Ce3* | Ce** and Fe2* | Fe3*, and lithium metal in com-
bination with the Fe?* | Fe?* redox couple, are widely investigated in the literature, leading
to high energy densities [63-65]. A combination of both types is presented by Zhu et al. He
introduced a concept which utilized Li metal as the anode and LFP as the cathode. The
LFP is present as the stationary solid in the storage tank and is reversibly oxidized and
reduced by the two-stage redox mediator 2,3,5,6-tetramethyl-p-phenylenediamine (TMPD)
dissolved in the catholyte solution flowing through the cell. A theoretical energy density
of 1023 Wh L~ is possible with a given porosity of the LFP of about 50%. Additionally, a
Coulombic efficiency close to 100% was achieved [66].

In general, HRFCs with solid anodes offer the advantage that the anolyte, and the
catholyte, being present and applicable in solid form in at least one oxidation state. This
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therefore minimizes the need for high solubility of both oxidation states in the catholyte
and in the anolyte composition to achieve high energy densities, up to 500 W h L1 [67-70].

However, redox processes inevitably use redox mediators. These often have low
solubility, and therefore, large volumes of electrolyte must be pumped through the cell for
complete redox conversion. Considering the energy consumption of the pumps during
charge and discharge, this leads to a significant reduction in the overall efficiency of
the system, especially if a high flow rate is used. Zou and co-workers investigated the
influence of pump loss on a 35 kW all vanadium redox-flow battery system. They found
that the energy efficiency of the stack increases continuously with the increase in flow,
but with an increase in flow, the required power consumption of the pump also increases
quadratically [71]. Therefore, selecting the right flow rate can effectively reduce the energy
loss. Furthermore, HRFC with solid anodes also have the disadvantage that they do not
represent a complete decoupling of conversion cell and storage. Therefore, a separate
scaling of energy and power, which normally is the unique selling point of the redox-flow
technology, is only possible to a limited extent.

Single flow cell

In order to simplify a redox-flow cell to a minimum of components, membrane-less
cell concepts with one common electrolyte have been developed, also known as single flow
cells (Figure 3E). The single flow cell concept can be realized if both redox-active species are
insoluble in their charged states, deposited on current collectors, and afterwards provide
electronic conductivity. The most investigated system is based on the nickel-hydroxide||zinc
alkaline flow battery (Scheme 2) [72-74].

discharge
2NiOOH + 2H,0 + 260 =—————= 2Ni(OH), + 20H positive electrode
charge
discharge
Zn + 40H [Zn(OH), > + 2e negative electrode
charge

Scheme 2. Redox reactions of the nickel—hydroxide||zinc—alkaline—flow —system for the positive
electrode in the anolyte compartment (above) and the negative electrode in the catholyte compart-
ment (below).

Turney et al. showed that energy densities of up to 20.9 W h L~! can be achieved with
the abovementioned nickel-hydroxide||zinc-alkaline-system [75].

Another method to realize the SFB concept is to use a multiphase liquid electrolyte.
This consists of an emulsion whose non-aqueous phase (e.g., finely dispersed droplets of
an organic solvent) contains in high concentrations the other redox-active species in their
charged forms. At equilibrium, the aqueous phase provides only very low concentrations
of the charged form, which significantly reduces its activity within the electrolyte and thus
largely reduces crossover. This concept was investigated by Naar et al. and involves in
their case a zinc metal anode and a graphite current collector on the cathode side [76]. In
addition, an electrolyte emulsion was used consisting of 95% water and 5% polybromide.
The aqueous phase contains zinc bromide as a zinc source and supporting conducting
salt, and the polybromide phase consists of bromine and N-ethyl-N-methyl pyrrolidinium
bromide (MEP) as a bromine complexing agent (BCA).

In the aqueous phase, the bromine concentration ranges from 37-85 mM/L, depending
on the overall bromine concentration, and therefore, zinc corrosion is largely reduced. An
additional side effect is the mitigated formation of zinc dendrites [76].

In general, the concept of the SFB features involves easy and low-cost setup with
one common electrolyte, one circular pump system with one tank, and no membranes.
However, it is rarely found in the literature. A couple of examples are the PbO;||Zn and
the I ||Zn system [77,78].
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Aside from the above-mentioned advantages of the SFB, the single flow battery faces
a big disadvantage. As described earlier for the hybrid redox-flow cells, separate scaling
of energy and power for single flow systems with one solid electrode is only possible to a
limited extent.

2.4. Cell Separation Techniques and Membrane Configurations

The above-mentioned flow cell types can be built without separation membranes
and with one or more separation membrane, depending on the cell chemistry and cell
geometry [79]. All possible separation techniques and membrane setups are displayed in
Figure 4A-D using a “modified” DANIELL-cell model. In this section, only charge-exclusion
membranes are discussed and not size-exclusion separators (see Section 4.1.3), as the latter
has no beneficial effects in a multi-membrane setup.

.
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Figure 4. Different numbers of ion exchange membranes and their functionality explained on a
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DANIELLE-cell-like model during discharge: (A) Setup with no membranes, realized by laminar flow,
which prevents cross-stream diffusion, and therefore, intermixing of the anolyte and the catholyte.
(B) Setup with one ion exchange membrane (here an anion exchange membrane (AEM)). This
represents the most common setup. (C) Setup with two membranes. One AEM und one CEM. This
setup is used when the electrolyte compositions of the anolyte and catholyte are different and the
non-redox active counter-ions each have opposite charges. (D) Setup with three membranes with a
symmetrical membrane arrangement (either AEM/CEM/AEM or CEM/AEM/CEM). This setup is
used to highly suppress crossover of the RAS.

Zero membrane configuration

A “zero-membrane” configuration can be realized when either only one electrolyte
composition is present, as in the single flow cell example (see Section 2.3), or when the
geometric cell setup creates a laminar flow with cross-stream diffusion of the anolyte and
catholyte; see Figure 4A [80]. To enable laminar flow in the cell, several conditions must
be fulfilled:

The flow velocities of analyte and the catholyte must be as equal as possible. Further-
more, the flow rate must be slow and uniform. Point-like turbulent spots that always grow
in size with downstream movement and finally merge to form a continuously turbulent
region should be prevented [81]. Therefore, particle dispersions, as described for the semi-
solid redox-flow type, are not suitable for a zero-membrane setup. Additionally, surfaces
inside the cell and the pipe system should be smooth and without hard edges. This setup
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requires very precise cells, and also requires at all-times a constant flow through the cell to
maintain separation by laminar flow.

Single-membrane configuration

In the single-membrane configuration, anolyte and catholyte are separated by one
membrane (see Figure 4B), be it a size-exclusion or charge-exclusion membrane [79]. For
cation exchange membranes (CEMs), the most known example is the all-vanadium redox-
flow cell, where derivatives of polystyrene sulfonic acid cation exchange membranes are
used [11,12,82].

For anion exchange membranes (AEMs), which are frequently used in AORFBs,
the most common membranes are based on Nafion [83-85]. Next to that, micro- and
meso-porous membranes consisting of polymer networks or metal organic frameworks
(MOFs) [86] are often utilized as size-exclusion membranes for redox active polymer so-
lutions and dispersions [87]. In the case of the above-mentioned DANIELL-cell model,
one RAS is reduced and plated to the electrode, whereas the other will be oxidized and
dissolved. The common counterion (in this case the sulfate anion) migrates through the
AEM to ensure charge balance in the anolyte and the catholyte compartment.

Dual-membrane configuration

In dual-membrane configuration, the anolyte and the catholyte are separated by two
membranes, which in turn are separated by a third flow chamber; see Figure 4C [79]. The
cell is designed with one anion exchange membrane and one cation exchange membrane.
For the third chamber, a non-redox-active electrolyte is required, which has its own tank
and pumping system.

This setup is used when the electrolyte compositions of the anolyte and catholyte are
different and the non-redox active counter-ions each have opposite charges. To illustrate
it using the DANIELL cell setup, a tetrahydroxyzincate-based ([Zn(OH)4]%7) electrolyte is
used on the cathode side, which contains Na* as non-redox active counter-ion (Figure 4C).
If the cell is discharged, [Zn(OH),]?~ is formed, and the remaining Na* ions diffuse through
the cation exchange membrane in the center chamber. On the anion side, Cu is plated
during the discharge process, and the remaining sulfate ion diffuses through the anion
exchange membrane into the center chamber. Both processes increase the concentration of
NaSOy in the third non-redox active electrolyte.

This setup highly suppresses crossover of the RAS, due to a third chamber, and it
allows a very strong pH gradient between the anolyte and the catholyte. The latter can
lead to a large increase in cell voltage. A typical example is given by the zincate-cerium
REFB [79]. Redox reactions in the anolyte and catholyte compartment are shown in Figure 5.
It shows an exceptionally high cell voltage (3.08 V), a high voltage efficiency (91%), and
high Coulombic efficiency (98%) at 5 mA/cm?. In general, the disadvantage of a dual-
membrane configuration is the utilization of an expensive double membrane system using
an additional tank and pumping system. Furthermore, double membrane systems exhibit
a huge ohmic drop; therefore, the above-mentioned system show a round-trip energy
efficiency of 89% at 5 mA cm 2 charge—discharge current density [79].

charge
[Zn(OH), > + 2¢€ Zn + 40H  negative electrode
discharge
charge
2 Ce3*+ Hy,0 Ce,0% + 2H* + 2e  positive electrode
discharge

Figure 5. Reactions of the zincate-cerium redox-flow system for the negative electrode in the catholyte
compartment (above) and the positive electrode in the anolyte compartment (below).

Triple-membrane configuration
In the triple-membrane configuration, a symmetric membrane arrangement is used.
The setup can either be AEM/CEM/AEM or CEM/AEM/CEM (e.g., arrangement AEM/
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CEM/AEM,; see Figure 4D) [79]. A particularly outstanding feature of the two above-
mentioned configurations is that they can be used universally. The anolyte and the catholyte
can each consist of positively charged redox active ions and their negatively charged non-
redox active counter-ions or vice versa. A combination of positively and negatively charged
RAS is also possible. All combinations are illustrated in Figure 6A-D, exemplified by the
triple membrane configuration AEM/CEM/AEM. A similar scheme can be constructed
for the triple-membrane combination CEM/AEM/CEM. Another feature of the triple-
membrane configuration is the ability to separate redox-pairs and their counter ions from
each other. In the example of the DANIELL cell model in Figure 4D, the sulfate anion and
the nitrate anion also remain separate from each other. In all cases, these configurations
are able to suppress crossover of the RAS. However, examples are rarely shown in the
literature, and none of them are commercially used due to the high cost of two additional
membranes and two additional pumping circuits. Furthermore, two additional membranes
represent two additional resistances, as can be noted for every multi-membrane system
that is connected in series with the total resistance of the cell, and these negatively affect
the kinetics of the entire cell.

R
J A
C
AEM
Redox active Cation Redox active Anion @ Non-redox active Cation 9 Non-redox active Anion

Figure 6. Overview of all possible redox pair combinations, exemplified by the triple membrane
configuration AEM/CEM/AEM, during the discharge process (anolyte on the right and catholyte on
the left, respectively). The redox active ions are shown as cubes and non-redox active ions as spheres.
(A): the RAS are positively charged in the anolyte and in the catholyte; (B): the RAS are negatively
charged in the anolyte and in the catholyte; (C): the RAS within the anolyte is positively charged and
that within the catholyte, negatively charged; (D): the RAS within the anolyte is negatively charged
and within the catholyte, positively charged.

2.5. Summary

A variety of cell setups and special configurations are possible, as shown previously.
The three most important factors are:
1.  Type and number of membranes.

2. The nature, geometry, and surface area of the electrodes.
3. Geometry of the cell body, which strongly affects the electrolyte flow.
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The setup is largely related to the choice of anolyte and catholyte composition. Polarity,
number of phases, aggregate state of individual phases to each other, solvents, conduct-
ing salts, and the nature of the RAS used. The latter will be discussed in detail in the
following section.

3. Electrolytes and Electrochemical Behavior
3.1. Introduction

Over the past decade, many studies have been dedicated to overcoming the drawbacks
of conventional metal-based redox-flow systems by employing all-organic substrates as
an inexpensive, safe, and sustainable alternative [88]. A transfer to non-aqueous solvents
enables widening of the electrochemical window, and expanding operation to sub-zero
temperatures and thus potentially higher energy densities. However, although the access to
organic redox-active compounds is broad, thanks to the contemporary synthetic chemist’s
toolbox, we have to keep in mind that accessibility, toxicity, and durability also need to
achieve widespread sustainable energy. Most notably, opening RFBs up to organics opens
up to a plethora of solvents, each with its own limitations [89]. One major contributing
factor to increasing theoretical energy densities is the increase in the potential stability
window for many organic solvents compared to water [90]. Since the first report on
the concept on non-aqueous flow batteries in 1984 [91], however, the large number of
contributions seems to have converged to a select few promising organic media to consider
for AORFBs, fairly independent of changes in the electrolyte structure (Figure 7).

| Solvent considerations |

Diethyl carbonate Acetonitrile Diethyl carbonate
Acetonitrile Dichloromethane Dimethoxyethane

= DMF o Dioxolane ) Acetonitrile

(1] Dioxolane Dimethoxyethane Dioxolane
Dichloromethane DMF DMF
Dimethoxyethane Diethyl carbonate Dichloromethane

Figure 7. General considerations for choice of solvent for application in all-organic redox-flow
batteries. Other parameters that are less limiting (or irrelevant even in some of the highlighted
cases) but may be considered include freezing point/boiling point temperatures, and solvent redox
potentials. Toxicity was compiled from the LD50 values for rats reported in MSDSs.

Under strong consideration in general are polarity, with respect to the solubility
of electrolytes and their charged states; viscosity, pertaining to the required circulation
energy and mass transfer control from the electrode surfaces; and toxicity [92,93]. Another
parameter one could take into consideration is the proficiency of the solvent to contribute
to radical stabilization, which is related to the dipolarity /polarizability (not to be confused
with polarity) of the electrolyte [94,95]. Nevertheless, although the solvent contribution can
be tailored, the extent of stabilization is primarily dependent on the ionization potential
of the redox events, with more stable radical ions being less sensitive to any solvent
changes, making the issue more suitable for discussion in the molecular engineering of
electrolytes below.

Out of these popular choices for solvent, acetonitrile is to date the most widely used,
owing to its overall performance in these categories, and due to its relatively low corrosive-
ness and high physical resemblance to water. Nevertheless, though a fitting solvent system
is essential for the durability of the RFB, ultimately, it is the electrolyte that makes up the
final RFB characteristics within the solvent boundaries. Their chemical design involves
several non-linearly related considerations for acquiring maximum energy density (e.g.,
synthetic costs, solubility of neutral and charged states, number of electrons passed, and
cycling stability), making optimization a challenge, but the field as a whole open to signif-
icant advances. In this section, we provide an overview of pivotal non-aqueous organic
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electrolyte designs, and from them collect essential contributing strategies to aid in future
electrolyte design (Figure 8).
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Figure 8. Pivotal chemical structures in the domain of organic (A) anolytes, (B) bipolar electrolytes,
and (C) catholytes. We note that through its widespread use in organics, and its similarity thereto,
ferrocene has been included as an exception. A1l = N-methylphthalimide [96,97], A2 = quinoxa-
line [98], A3 = anthraquinone [99], A4 = benzophenone [100], A5 = viologen [101,102], A6 = azoben-
zene [103,104]. B1 = N-ferrocenylphthalimide [105], B2 = 1,4-diaminoanthraquinone [106,107],
B3 = thianthrene [108], B4 * = 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO) in ionic liquid [109],
B5 = 2-phenyl-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide [110,111], B6 = 1,5-diphenyl-3-isopropyl-
6-oxo-verdazyl [36], B7 = 1,2,4-benzotriazin-4-yl [112], B8 = dimethoxyquinacridinium [113,114],
C1 =2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO) [96], C2 = dialkoxybenzene [98,115-119], C3 = fer-
rocene [120-122], C4 = phenothiazine [99], C5 = triarylamine [123].

A gradual shift from conventional metal-based to organic electrolytes was logically
foreseen to transition through lithium-based hybrid redox-flow [124], and indeed, the
advent of promising all-organic systems followed several years after in 2011. In the first
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work on an AORFB, N-methylphthalimide (A1) was utilized by Li and coworkers to re-
place lithium, providing alongside 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO, C1) a
cell potential of ~1.60 V vs. Ag| AgCl and setting the stage for the transition to all-organic
substrates [96]. Despite the quasi-reversibility in cyclic voltammetry, the coulombic effi-
ciency of the catholyte-anolyte pair was shown to be 90% over the first 20 charge-discharge
cycles in acetonitrile. The higher overall capital costs of organic solvents and supporting
electrolytes, such as bis(trifluoromethylsulfonyl)imide (TFSI") and PFs~, put the AORFB
at a disadvantage to its aqueous counterpart, but increasingly, higher current densities
(15-100 mA cm~2) and energy densities are being reached to achieve the set-out goal
of >$100 (kW h)~! [90]. Shortly after the pioneering work involving N-methylphthalimide
and TEMPO, many alternative all-organic catholyte-anolyte pairs started to appear, along
with some bipolar electrolytes (capable of both functions simultaneously [106]), showing
great promise for the design of next-generation RFBs.

3.2. Catholytes

Next to its pioneering application in the first AORFB [96], TEMPO (C1) has been
utilized to demonstrate other interesting conceptual advances in the field, most notably
including bipolar application both upon stabilization of its reduction in ionic liquids
(B4 *) [109] and by synthetic modification of the nitroxide radical (vide infra, “bipolar
electrolytes”) [110,111,125], and it is a prospect for membrane-free batteries [126]. How-
ever, although membrane-free batteries could be a new avenue for redox flow, despite
self-discharging arising from electron transfer at the interphase, to date there is no clear
understanding of whether all-organic phases are feasible. The closest concept, having a
liquid HpO separator between two organic phases, displayed volatility of the involved sol-
vents and high Ohmic drops, causing major problems for this approach [127]. Staying with
traditional AORFB setups instead—one of the quickest, and ultimately most developed,
catholytes for AORFBs to follow was the dialkoxybenzene C2, owing to its modularity and
chemical stability (Scheme 3).

|Synthetic considerations |

(; Alkyl groups \©\ Glycol groups \é\

n
+ Stabilization against radical side-reactions, + Solubility increase

lower solubility in polar solvents + Stronger effect by adopting asymmetry
(NB: dihalides shown to decrease stability)

Scheme 3. An overview of relevant considerations for electrolyte design, with the well-studied
dialkoxybenzene catholyte as an example. Notably, molecular asymmetry was shown to be beneficial
to the solubility, and thus energy density of the dissolved catholyte species [119].

Shortly after ethylene glycol phenoxy-substituents were shown by Zhang et al. to
exhibit superior solubility (up to 0.4 M in ethylene carbonate: methyl ethyl carbonate
3:7) during successful application as redox-shuttle for overcharge protection in a hybrid
RFB [115], Brushett et al. demonstrated a cell voltage of ca. 1 V for the prototypical
first dialkoxybenzene-AORFB contribution. Although it exhibited moderate Coulombic
efficiency (43% on the first cycle, stabilizing over time to 70%), their screening of sub-
stitution patterns and electrolyte formulations gave valuable insights and opened up to
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many more works centered around the catholyte [98]. For example, they found that us-
ing typical lithium battery electrolytes based on organic carbonate solvents [128] and a
lithium salt [129], and then changing from 1.2 M LiPFg in 3:7 ethylene carbonate/ethyl
methyl carbonate to 0.2 M LiBF, in propylene carbonate, shifted the redox potential up
100 mV and increased the diffusion coefficient by 24%, showing the susceptibility of the
RFB to the solvent/electrolyte system. This trend resonates with a later study by Wang and
coworkers on acetonitrile/organic carbonate co-solvent effects on AORFB performance,
which detailed that higher diethyl carbonate content widens the electrochemical stabil-
ity window of dialkoxybenzene, whereas dimethyl carbonate does not [116]. Though
lower acetonitrile contents in these co-solvents improved the alkoxybenzene solubility, it
is counter-balanced by the inherent highly flammable nature of carbonate solvents and
a loss in conductivity. Wei et al. had also reported on the superior conductivity of ace-
tonitrile, and underlined a strong role of solvent in general, and in addition, the role of
the supporting electrolyte in stabilizing the radical charged state against parasitic radical
coupling reactions [117]. Electron spin resonance (ESR) studies showed the lowest fading
rates with tetraethylammonium /bis(trifluoromethylsulfonyl)imide (TEA /TFSI) supporting
electrolyte, with 1,2-dimethoxyethane as a solvent, which is known for its proficiency in
radical stabilization. They also showed that tetraethylammonium salts in general lead to
higher conductivities than their lithium analogues, and lower cell overvoltages.

Stabilization against radical side-reactions can also be efficiently tuned synthetically
by steric shielding, as demonstrated by the frequent use of 2,5-dimethyl substituents. We
note that 2,5-dihalides were shown by Kowalski and coworkers to decrease the stability of
charged states despite increasing solubility and redox potentials [130]. Cycling alkyl 2,3-
and 5,6-positions, meanwhile, further increases the stability of the radical cation according
to Zhang et al. [118], albeit at the cost of solubility in polar solvents, accentuating the tug-of-
war in design optimization. A promising development in synthetic strategy, however, was
found by Huang and coworkers through varying the length of 1,4-ethylene glycol chains,
ultimately creating the first liquid catholyte for non-aqueous redox-flow [119]. Importantly,
though increasing the chain length improved solubility, the key to liquefying the catholyte
was asymmetry in the two glycol chain lengths.

This trend was also shown for 1,1’-dimethylferrocene (C3) by Cong and coworkers in
their hybrid RFB [131]. The melting point of the subtly modified ferrocene was drastically
lowered to 50 °C by the introduced asymmetry, and the solubility in turn greatly increased.
Although not strictly organic, ferrocene has also been a popular choice for non-aqueous
RFB applications. The small molecule is often considered amidst organics and plays a
pivotal role in many redox-responsive systems next to serving as a standard reference on its
own, not least for their robustness [132]. Ding and coworkers were able to raise the interest
even further; however, when they successfully demonstrated a ferrocene (C3) catholyte
and cobaltocene anolyte non-aqueous RFB in 2017 [120]. Though the plain metallocenes
already achieved a cell potential of 1.7 V, a common modification as easy as using de-
camethylcobaltocene instead provided a cell potential of 2.1 V, demonstrating the room for
synthetic improvements. Indeed, ferrocene has shown ample synthetic flexibility since its
first application in hybrid RFBs [121,122], including a recent notable AORFB contribution
demonstrating the advantage of ferrocene dimers [133]. The double ferrocene, separated
by a single tertiary carbon with a methyl and glycol group, profits from enhanced energy
density due to both increased solubility owing to the glycol substituent, and possessing
twice the electron concentration in the 1 M battery setup. While not conjugated, the prox-
imity of the two ferrocene components causes a separation of redox events by 0.2 V, owing
to the inductive electron-withdrawing effect following the first oxidation.

An inductive effect on the redox potential of ferrocene was also demonstrated by
Wei et al. who showed that an alkyl quaternary amine thus raises the open circuit potential,
while additionally increasing the solubility of ferrocene more than ten-fold [134]. Moreover,
a study on the effects of various counter anions on performance revealed an overall most-
favored solubility and stability for TFSI" and ClO,~ [135]. The aforementioned studies
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by the group of Wang not only aptly show the relevance of the counterion and that an
inductive electron-withdrawing effect can be significant (versus conjugated functionality,
e.g., acetylferrocene [136]), but also were the start of a new strategy against cross-over
of electrolytes in AORFBs. The permanent positive charge keeps the rejection rate by
anion exchange membranes high, inspiring researchers ultimately to instill anolytes with
permanent positive charges also (vide infra, “anolytes”) [134,135,137-139].

Another catholyte that has been widely investigated for its synthetic flexibility from the
moment it was suggested as a possible overcharge protector, much like dialkoxybenzene, is
phenothiazine (C4) [140,141]. Notably, although still with the aim of overcharge protection,
Kaur et al. showed in 2016 that electron-withdrawing groups efficiently increase the
oxidation potential, with per-fluorination of the phenothiazine, specifically, leading to
upshifting by an impressive 0.8 V [142]. Relatively swift decomposition of the redox shuttles
occurred in overcharge cycling tests, albeit under increased stress at 200% charging currents
over 10 h periods. That same year, however, the group of Odom also provided a detailed
look into the RFB performances of more phenothiazine derivatives and reported as one
on the few even that are problematic—limiting the solubility of the charged species [143].
Although appending an N-ethylene glycol chain is shown to be an efficient strategy to
once again increase solubility by over ten-fold, the isolated charged radical cation salt (best
performed with a TFSI counter-ion [144]) was shown to limit the solubility to 0.5 M instead
of the 2.0 M reported for the neutral species. While not common practice, this gives an
accurate insight into the limits for RFB cycling and more of a handle to tackle bottleneck
problems involving charged species that are central to the application, let alone doubly
charged species.

Theoretically, the energy density could increase significantly despite a lower solubility
if the second redox event is made use of, as explored by Huang et al. in a phenothiazine
AORFB with anthraquinone (A3) anolyte [99]. Though the cycling performance of the
RFB was hampered by a limited chemical stability, it was shown that the anthraquinone
anolyte rather than the phenothiazine catholyte was the major cause. In earlier work,
Kowalski and coworkers showed that 3,7-dimethoxy substituents effectively stabilize the
2-electron oxidation through electron delocalization, albeit at the cost of solubility [145].
The abovementioned N-substitution with an oligoethylene glycol chain [143], or better yet,
a polyethylene glycol (PEG) chain, as shown by Chai et al. [146], could be an efficient coun-
terbalance. The pairing of so called “PEGylated” phenothiazine with doubly PEGylated
viologen (A5) by Chai et al., specifically, achieved an impressive capacity retention of 99.9%
and a Coulombic efficiency of 99.7% over 300 charge/discharge cycles at a current density
of 2 mA cm 2, though without stabilizing para-methoxy groups, as it was not operated
with 2-electron oxidations [146]. On the other hand, simply extending the methoxy units
with diethylene glycol chains was shown to be an efficient strategy to improve on solubility
while retaining stability by Attayanake et al., leading to 0.5 M solutions in acetonitrile con-
taining supporting electrolyte for both the phenothiazine radical cation and dication [141].
The resulting stability of the di-cationic species allows for overcompensation of the 1.5-fold
increase in weight by doubling the storage capacity owing to the 2-electron process. No-
tably, the redox events are still separated by 0.6 V, leading to some charging/discharging
inefficiencies that are the target of further work.

Although this separation is not smoothed out yet, an alternative synthetic strategy laid
out in further work of the Odom group highlights a significant recent advance in electrolyte
design. Upon introduction of a permanently charged tertiary ammonium group on the
phenothiazine N-alkyl chain, Attanayake and coworkers demonstrated in very recent work
that the corresponding conducting salt acts as a supporting electrolyte on its own, with
ionic conductivity similar to that of TEA-TFSI [147]. Paired with a bis-TFSI viologen (A5)
salt anolyte, the TFSI" anions are able to cross an anion exchange membrane in lieu of
supporting electrolyte upon charging/discharging, creating the first supporting-salt-free
AOREB (Figure 9). Though at 1 M, the high viscosity causes the ionic conductivity to drop,
battery tests at 0.5 M electrolyte concentrations yielded a volumetric capacity of 18.3 Ah/L
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with only 0.90% capacity decay per day, which was most notably assigned to membrane
incompatibility rather than decomposition. Though the incompatibility of the membrane
caused a significant amount of active species cross-over, the battery did not suffer from
the absence of supporting electrolyte in the proof of concept. This novel strategy could
hold promise for increasing electrolyte concentrations, and therefore, battery capacity, in
all electrolyte designs.
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Figure 9. (Top) Mode of charge compensation in the supporting—electrolyte—free AORFB of At-
tanayake et al. The TFSI—anions on a viologen anolyte and on a tetraalkylamonium-modified
phenothiazine catholyte are capable of single—handedly balancing charge. (Bottom) Monitoring of
the capacity of charge/discharge cycles and the Coulombic efficiency over 30 cycles (10 mA cm™~2).
Due to the high cross-over in lieu of a suitable membrane, both electrolyte compartments were
“remixed” after cycle 30 to reset the system. Reproduced with permission from Attanayake et al. [147],
copyright Royal Society of Chemistry.

Virtually just as recent, and well worth noting, is the work of Romadina et al. on
optimizing battery performance for a redox-active unit that has been widely studied in
a range of electrochemical and photophysical fields, the triarylamine (C5) [123,148]. The
investigation of a range of (multi-)diethylene-glycol-modified triarylamines, in particular,
revealed that even one glycol chain effectively turns the catholyte into a viscous liquid and
increases its solubility drastically, once again underlining the positive effect of glycation on
energy density (Scheme 3) [123]. Despite exhibiting high solubility (>2.2 M in acetonitrile),
dimers were found to be unstable towards double oxidation in the current design. Since
the authors thoroughly screened the role of electrolyte in their stability, the solution may lie
in further engineering with alkyl substituents such as dimethoxybenzene [116,117]. Over
prolonged cycling, the stability with NaClO4 supporting electrolyte outcompeted TBABE,
and TBAPFg, though importantly, no TFSI-based electrolytes were screened. A strong role
of cross-over in capacity fading likely leaves room for improvements through membrane
selection, and pairing with a low-potential phenazine anolyte has already shown to yield
more substantial energy densities and a Coulombic efficiency of over 95%. Although more
work is due in order to improve their stability, this exemplar study opens up the possibility
for a familiar family of aryl amines (anilines, carbazoles, etc.) that are known for their
synthetic modularity to potentially take the RFB stage also.

3.3. Anolytes

Although phthalimides have developed further since Li and coworkers’ pioneering use
of N-methylphthalimide A1 as an AORFB anolyte [96], their poor solubility generally holds
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them back from competing with the state-of-the-art electrolytes. Most notably, however,
Zhang et al. reported on an interesting strategy to circumvent this issue, by forming
eutectics with LiTFSI and urea [149]. Although further work showed the possibility of
creating bi redox-active eutectics [150], certain compositions in their earlier work yielded
lower viscosities upon variation of the dilution with 1,2-dichloroethane. With a viscosity
of ca. 130 mPa s at ca. 4 M of active species, ultimately posing a foreseeable issue for
redox-flow circulation (versus water at 1 mPa s [151]), a viscosity of 15 mPa s upon
further dilution to 1 M still demonstrates promise for this unusual approach. Notably,
Daub et al. showed that the functionalization of various phthalimide derivatives revealed
pyromellitic diimide as the best-performing [97]. In line with the earlier-proposed PEG-
functionalization (Scheme 1), PEG chains provided high solubility in the now multi-electron
reduction process, and thereby overall higher volumetric capacities of up to 24 Wh L~1,
making this a promising candidate for further synthetic adjustments to and incorporation
into bipolar scaffolds (vide infra, “Bipolar Electrolytes”)

The first more competitive structural follow-up to phthalimides as AORFB anolytes
was a series of quinoxaline derivatives in the aforementioned work of Brushett et al. [98]
Quinoxaline is especially interesting, considering its high solubility in propylene carbonate
(ca. 7M) and it undergoing a 2-electron transfer. Although the cyclic voltammetry of plain
quinoxaline A2 (R = H) shows poor reversibility, substitution with methyl groups « to the
pyrazine nitrogens (R = CHj) resulted in both an improvement in reversibility and a further
lowering of redox potentials owing to their electron donating ability. Methylation on the
phenyl moiety with and without the o-methyls resulted in no significant changes, whereas
introducing «-phenyl groups instead resulted in only a weak improvement over the core
quinoxaline structure, suggesting that steric shielding of the redox-active site plays a role
in the chemical reversibility here. Notably, introducing electron-withdrawing a-groups
(e.g., dichloro and trifluoromethyl) only resulted in the disappearing of redox activity,
which reflects the abovementioned trend seen for the dialkoxybenzene catholyte [130].
When a phenyl group replaces the R-groups to form a symmetric dibenzopyrazine, the so
called phenazine also shows increased stability, while retaining their synthetic modularity.
Romadina et al., for example, showed recently that functionalization with 2,3-di(diethylene
glycol methyl ether) substituents yielded a highly soluble and stable anolyte with a record
low potential for phenazines of —1.72 V vs. SCE, providing high energy densities [148].

Another structurally well-studied anolyte is anthraquinone A3. Although Huang and
coworkers encountered stability issues regarding the second redox event of anthraquinone,
the pairing with the phenothiazine (C4) catholyte led to a concept dual 2-electron AORFB [99].
Appending single and double 2-methoxyethoxy substituents to anthraquinone at various one-
sided positions (1-, 2-, 1,2-, and 1,4-) increased their solubility and lowered their reduction
potential. Interestingly, 1,4-bis(2-methoxyethoxy)anthraquinone was at upwards of 10 times
more soluble than the other three derivatives, tentatively assigned to the largest molecular
asymmetry in 3D space. As a structurally closely related anolyte, benzophenone (A4) also
is influenced strongly by its substitution pattern [100,152], although the exact influence of
asymmetry on final battery performance is yet to be explored in more detail. Nevertheless,
a clear influence thereof that is observed is 3-methylbenzophenone, where the addition
of a mere methyl group liquefies the benzophenone [152]. On the other hand, symmetric
electron-withdrawing and donating groups were shown by Huo et al. to raise and lower
the redox potential, respectively, in line with the trends for the other electrolytes above [100].
Furthermore, 4,4’-dimethoxybenzophenone was shown to have high diffusivity in acetonitrile
of 1.23-1.97 x 107> cm? s~!, thereby holding promise for future modification through
asymmetric substitution with ethylene glycol or tertiary ammonium groups.

A well-studied anolyte that has been given much attention as of late, not least for its
inherent positive charges and thus high solubility in polar solvents, is viologen (A5). The
inherent charges have led to viologens playing an exemplary role in an approach to tackle
one of the major design issues in AORFBs, the battle against cross-over of electrolytes.
Two approaches to maximizing electrolyte localization have been shown to possess dis-
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tinct advantages: considerably increasing their size to suppress electrolyte penetration
through low-cost porous membranes [101,153] and adding permanent positive charges to
increase anion-exchange-membrane-rejection rates (Figure 10) [134,135,137-139]. In terms
of increasing size, although the synthetic flexibility allows for long alkyl chains [154], the
introduction of ethylene glycol chains, as shown for catholytes also, yields high stability
while liquefying the viologen electrolyte [146,155]. In fact, their stability alongside that
of the 1-electron oxidation of phenothiazine (C4) was the basis for the abovementioned
all-PEGylated phenothiazine/viologen AORFB operating at 99.9% capacity retention and
99.7% Coulombic efficiency over 300 cycles at 2 mA cm 2 [146].
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Figure 10. (Top) Design of the all-PEGylated AORFB by Chai et al., employing viologen and PE-
Gylated phenothiazine as anolyte and catholyte, respectively. (Bottom) Monitoring of the capacity
of charge/discharge cycles and the Coulombic efficiency of the all-PEGylated AORFB over 300 cy-
cles (2 mA cm~2). For comparison with non—PEGylated derivatives, dimethylviologen (Me—V)
and N—propylphenothiazine (C3—PTZ) were also measured. Reproduced with permission from
Chai et al. [146], copyright Royal Society of Chemistry.

It is worth mentioning that in more recent work on structural isomers of viologens,
2,2'-bipyridene, Antoni et al. showed how complex architecture could transform the
normally 2-electron reduction process to a 4-electron one, raising the theoretical capacity
of the electrolytes [156]. However, the gain by increasing electron storage capacity was
unfortunately compromised by a loss in solubility, and despite the promising results,
further synthetic modifications are required to make up for the poor capacity stemming
from the 1 to 4 mM concentrations.

Not only have viologen polymer electrolytes played an early role in mapping possible
use of porous instead of ion-exchange membranes, but the double positive charge is also
well-compatible on its own with anion exchange membranes. Double reduction has been
shown to be possible, provided the viologen counterion is exchanged in favor of the solu-
bility of the neutral species, e.g., with TFSI [102]. Indeed, it was also the (TFSI),-viologen
salt that was paired with TFSI-tetraalkylammonium phenothiazine in the abovementioned
supporting electrolyte-free AORFB of Attanayake et al., exhibiting sufficient charge com-
pensation through efficient TFSI" transmembrane migration (Figure 9) [147]. However,
utilizing the full 2-electron reduction yields a neutral “charged” state of the anolyte, sig-
nificantly decreasing anion exchange membrane rejection and thereby the durability in
the charged state. Symmetric mixed loading of catholytes and anolytes counteracts rapid
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cross-ovet, albeit it compromises the overall capacity due to limiting active species on each
side [102].

A promising avenue to avoid capacity loss through cross-over while retaining stabil-
ity and solubility is to build in additional charge with a quaternary ammonium group,
inspired by the abovementioned tetraalkylammonium ferrocene [134]. Tetraalkyl ammo-
nium was long ago shown to preclude transmembrane migration of viologens, showing
promise for increased energy storage with one (asymmetric) or two (symmetric) addi-
tional positive charges [137]. Indeed, such viologen derivatives have been shown to
provide highly efficient anolytes for aqueous RFBs already, exhibiting very low cross-over
rates [138,139]. We thus foresee that additional permanent charges in viologens paired
with the TFSI™ counter-ion will further advance AORFB capacity and capacity retention
through increasing effective concentration by omitting supporting electrolyte [147] and
increasing membrane rejection rates of active species [134,135], respectively (Scheme 4).

|Synthetic considerations|
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Scheme 4. Viologen is considered an exemplary anolyte owing to its inherent charges and modularity,
providing two accessible avenues to efficient 2—electron charging. PEGylation is once again an
efficient strategy to increase solubility, and thereby capacity [136,146], though there is still more room
for adding permanent charges [124,125,138].

Indeed, these strategies could apply in a more general sense to, for example, small
molecules that are known for their redox activity and synthetic flexibility, as shown by
Makarova et al. recently [157]. We note that the introduction of PEG-groups to benzoxadia-
zole and benzothiadiazole scaffolds could be replaced by tetraalkyl ammonium in order to
achieve higher solubilities and better membrane rejection rates, as solubilities are relatively
low at 7-13 mM concentrations, and rapid cross-over of electrolyte is reported to be a major
contributor to the capacity fading.

Other recent developments in anolyte design notably include a molecule that, owing to
its versatility, has been ubiquitous in photochemical applications: azobenzene [158]. Their
broad implementation in numerous fields was extended even further by Zhang et al. when
they reported in 2020 on the feasibility for their use in RFBs [103]. The redox-potential of
ca. —2.3 V vs. SCE and favorable solubility in polar organics translates to a high theoretical
capacity, and solubility in acetonitrile—specifically, strongly enhanced from 1 to 4 M
through mere para-methoxy substitution. Nevertheless, the authors decided to utilize DMF
for its superior solubility, possibly due to the almost simultaneously reported irreversibility
of the azobenzene reduction with LiTFSI in acetonitrile by Wang and coworkers [104].
Interestingly, however, Zhang et al. showed that employing Li-TFSI as a supporting
electrolyte in DMF causes a seemingly favorable coordination between the radical azo-anion
and lithium, contributing to the excellent cycling stability (99.992% capacity retention per
cycle over 3000 cycles in DMF at a current density of 0.2 mA cm~2), though the coordination
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compromises the OCP by —0.8 V [103]. On the other hand, while concluding that Li-
TFSI seems to be incompatible with acetonitrile, Wang et al. reported reversibility of the
azobenzene reduction in acetonitrile containing tetrabutylammonium hexafluorophosphate
(TBAPF) instead [104]. Although both reductions were accessed in the AORFB study, it
was the unaltered azobenzene rather than the phenothiazine that suffered from proton-
assisted decay mechanisms. Nevertheless, despite this anolyte being in its infancy, still,
the vast synthetic flexibility and adaptability exhibited by azobenzene in a vast range of
applications before substantiates its significant potential, making it likely it will come to
play a significant role in the near future.

3.4. Bipolar Electrolytes

A newer development in RFBs, due to their increasing complexity and compatibility
requirements, is the creation of bipolar electrolytes, i.e., electrolytes containing a catholyte
and an anolyte function simultaneously [159]. Although this generally requires a larger
synthetic effort and imbues the active electrolyte with one to be solubilized component
that is inactive at all times, the major advantage is that it eliminates capacity loss from
cross-over [106,159]. An oxidized bipolar electrolyte traversing the membrane will regain
its electron, reducing energy efficiency, but will then go on to take an active part in the
charging process on the other side, and vice versa. One key requirement for favorable
energy density in bipolar electrolytes is that the redox events are substantially separated.
The presence of two successive redox events alone, such as in viologens (A5), does not
compete with state of the art when the OCP is only 0.5 V. Notably, conditions as subtle as the
selected positive counterion in the supporting electrolyte can contribute significantly to the
separation, as shown in an analogous pyridinium electrolyte (Figure 11) [160], ultimately
having a much more crucial impact on bipolar activity than on two-electron anolyte or
catholyte storage. The poor compatibility of Li* towards retaining redox potentials was
noted in the abovementioned work of Zhang et al. on azobenzene also [103], although
Li*-coordination with the charged anolyte state had a stabilizing effect. On the other
hand, this compensatory effect was found to be absent for Wei and coworkers, with Li*,
specifically out of a range of supporting electrolytes, having a substantial destabilizing
effect on the fluorenone anolyte despite functioning well on the catholyte side [117].
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Figure 11. (Top) Redox chemistry of 4—benzoylpyridinium. (Bottom) Cyclic voltammograms of
4—benzoylpyridinium (5.0 mM in acetonitrile, 100 mV /s scan rate) in various supporting electrolytes
(0.50 M in each case). Reproduced with permission from Hendriks et al. [160], copyright American
Chemical Society 2017.

One way to ensure a larger operating window is to tether a donor and an acceptor
for which the redox events are known to be far apart (Figure 12, B1). As in the case of
N-ferrocenylphthalimide (B1), the active electrolyte components can be relatively small
and tethered with a short linker [105]. The simple hybrid design with moderate polarity
was soluble up to 0.3 M in 1,3-dioxolane with 1.0 M TBABF, and showed good chemical
stability over 50 cycles with current densities ranging from 20 to 60 A cm~2 (1.0 to 3.0 C).
However, although small molecules and short linkers could instinctively reduce the need
for solubilizing molecular parts that do not partake in the charging or discharging process,
Li et al. showed important irregularities in chemical behavior between phenothiazine
and phthalimide moieties tethered through various chain length linkers [161]. Molecular
conformations arising from specific chain lengths and flexibilities are found to have a
profound effect on the ability to undergo charge transfer and the molecular packing.
Thus, this strategy is likely to benefit the most from a combined experimental-theoretical
approach, using molecular dynamics calculations to identify promising target structures.
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Figure 12. Strategies to attain electrolytes capable of anolyte and catholyte function simultaneously.
The assigned acronyms (B1, B2, B5) come from the structural overview of Figure 8.
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Alternatively, the much more polar diaminoanthraquinone [106,107] (B2) takes away
a linker component altogether, leading to a second strategy: fusing of electrolyte motifs
(Figure 12, B2). A noteworthy complication that can arise during this approach is that
fused moieties tend to cross-communicate more heavily due to the even closer proxim-
ity, having a pronounced effect on electron density, and thus, potentially, redox potential
and chemical stability. Nevertheless, Geysens et al. demonstrated that a close struc-
tural fusion between anthraquinone and dianiline united the two-electron processes with
further synthetic modularity, ultimately yielding high energy density owing to the 5 re-
dox states and increased solubility through additional engineering [107]. Additionally,
here, a substantial positive contribution of triethylene glycol substituents (Figure 12, B2,
R = C;H4OC,H,OC,H4OCH3) is seen in a significant solubility increase, enabling 1 to 2 M
solutions compared to isopropyl substituents (R = C3Hy), only reaching 19 and 122 mM
in acetonitrile and 1,2-dimethoxyethane, respectively. The glycolated bipolar electrolyte
reached an average Coulombic efficiency of 99.3% over 100 cycles in DME in static symmet-
ric charge/discharge at a current density of 2.1 mA cm ™2, but the full 2-electron cycling
resulted in a capacity decay, thus requiring further chemical stabilization before being able
to access the higher energy densities.

Another promising and as of yet relatively unexplored fused motif is the thianthrene
(B3) [108]. Etkind et al. demonstrated high open circuit potentials (OCVs) and solubilities
for several derivatives while validating in static cells, although stability, and quite possibly
a large influence of poor membrane rejection rates, are holding their efficiency back. As the
scaffolds are relatively unexplored, the synthetic room for adjustments peripheral to the
active species could go a long way in unlocking their full potential.

As a final and ideal approach, the structural design for catholyte or anolyte function is
in itself capable of reaching multiple redox states already, with sufficient separation of redox
potentials (Figure 12, B5). This may also mean mere stabilization of redox events in well-
studied electrolytes suffices, as was done by Wylie et al. for TEMPO (C1 and B4 *) [109].
The authors made use of an ionic liquid to prevent the proton transfer side reaction of
TEMPO in its reduced form, rendering the redox process reversible and thereby enabling
access to both redox directions reversibly. This strategy is seemingly universal to proton
transfer side reactions, as the reversibility of the para-benzoquinone reduction was on an
earlier occasion also shown to be increased in ionic liquid [126]. Importantly, however, the
use of ionic liquids to preclude proton interactions inevitably brings about viscosity issues,
much like with eutectics [149], and presumably there is not an energy-efficiency sweet spot
for having to circulate a viscous liquid (e.g., pure 1-butyl-1-methylpyrrolidinium triflate,
from stabilizing TEMPO [109], has a viscosity of 158 mPas versus 1 mPas for water [151]).

In an alternative strategy, however, Duan et al. have made steps toward increased
redox-stability by making structural changes to the TEMPO core, yielding a chemically
reversible reduction in an imidazoline-based nitroxide radical species, 2-phenyl-4,4,5,5-
tetramethylimidazoline-1-oxyl-3-oxide (B5) [110]. The AORFB exhibited good chemical
stability at 0.1 M operating conditions and a moderate cell voltage of 1.73 V at a current
density of 20 mA cm~2, and the detection of the nitroxide radical by FTIR highlighted an
interesting and efficient method to monitor the state of charge online. The 2-phenyl-4,4,5,5-
tetramethylimidazoline-1-oxyl-3-oxide exhibited significant loss in the Coulombic, voltage,
and energy efficiencies (cf. ref. [162]) at 0.5 M due in part to cross-over through the porous
membrane, although we expect this could also be partially counteracted with a change
from a TBAPF counter-ion to, e.g., TFSI [117]. Although capacity decay occurred also at
0.1 M upon prolonged cycling (100 cycles), its intrinsic solubility (2.6 M in acetonitrile)
leaves room for molecular engineering, especially on the phenyl ring, in order to tune
the separation of redox events, solubility of charged states, stability, and bias for crossing
over (Scheme 4). Indeed, Hagemann et al. reported on its dimer, linked by a tetraethylene
glycol chain through the phenyl moiety, possessing similar RFB characteristics at higher
energy densities [111]. Despite the symmetrically charged active species crashing out at
0.5 M (however, at 1.0 M of active species), the tetraethylene glycol dimer achieved a higher
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saturation level at 1.9 M (3.8 M of active species, versus 2.6 M by Duan et al. [110]) and
at a current density of 1 mA cm~2 a lower capacity fade than the single 2-phenyl-4,4,5,5-
tetramethylimidazoline-1-oxyl-3-oxide (B5). Nevertheless, relatively low energy densities
at lower concentrations still limit their application, suggesting that the solubility of the
charged states may be the current bottleneck.

Notably, both solubility of charged states and separation of redox-potentials can be
potentially found in further nitroxyl derivatives, as the scaffold is shown to offer promising
opportunities for symmetric redox flow. Charlton et al., for example, showed that verdazyl
radicals have potential as bipolar electrolytes provided the OCP, capacity, and stability
are increased [125], which could be achieved through synthetic adjustments. Indeed,
Korshunov et al. showed that after synthetic screening, the 1,5-diphenyl-3-isopropyl-6-
oxo-verdazyl (B6) is a quite capable electrolyte, exhibiting an OCV of 1.42 V and high
Coulombic (>97%) and energy efficiencies over more than 100 cycles at 2.22 mA cm 2 [36].
The average 0.147 W h L~! over 80 cycles is postulated to benefit further from synthetic
modifications to increase solubility and membrane rejection rates, such as appending
tetraalkyl ammonium groups.

Steen et al. show this tailoring potential for the structurally similar Blatter radical
(B7) [112]. Through a series of synthetic adjustments, substitution patterns were shown
to influence stability of the charged states and their redox potential, increasing both the
capacity retention and the OCV. Additionally, Steen et al. showed that a polarity inversion
(i.e., inverting working and counter electrode) during cycling benefitted the performance
of the symmetric RFB, showing an instant partial recovery towards the initially observed
capacity upon inversion at the 50th cycle. This indicates that a part of the capacity loss
could be attributed to a loss in homogeneity in the anolyte and the catholyte compartment
during repeated charging and discharging. Importantly, this strategy could only apply in
symmetric RFBs, where the electrolyte can perform both functions at all times.

Recently, Moutet and coworkers showed that not only nitroxyl radicals, but also a
helical carbenium ion, dimethoxyquinacridinium (B8), can be a promising bipolar elec-
trolyte [113]. Their first study involved the plain carbenium ion, which is able to reduce
to a neutral radical, and oxidize to a dicationic radical state with a AE of 2.12 V, paired
with high diffusion coefficients (9.4 and 9.9 x 107% cm? s}, respectively). Although the
dicationic radical of the plain carbenium could not be isolated, a follow-up study with
a nitro-substituted carbenium exhibited increased stability to all redox-states, including
the doubly reduced form, allowing for an impressive 3.02 V OCV (Figure 13) [114]. The
updated design also yielded a large increase in solubility from 32 to 154 mM with the
nitro-substituent, leading in turn to higher energy densities also (9.25 W h L~ versus the
previous 1.84 W h L1 with125WhL! upon double reduction). Initial static tests in
H-cell configuration show good Coulombic efficiencies at a 0.15 mA cm~2 current; the
capacity faded at around the 200th cycle (Figure 7b). The carbenium electrolyte was thus
proved to be a promising scaffold for further synthetic tuning. Both the N-propyl side
groups also leave room for synthetic adjustments [163] to benefit the capacity, e.g., through
maximizing solubility with ethylene glycol chains or a tetraalkylammonium substituent, as
does pairing with potentially more suitable counter ions than TBAPF.

3.5. Summary

Granted that the make-up of the RFB contains many complexly interrelated facets
and that any given system may respond differently to minor changes, the trends observed
above may contribute strongly to improving overall battery performance:

1.  Acetonitrile is the solvent of choice, given its low viscosity and toxicity, and impor-
tantly, its polar nature, which generally contributes to solubilizing charged states also.

2. Generally, TFSI™ and TEA™ are preferred supporting ions. Alternatively, TBAPF is
also often applied and performs well. Li*, notably, has exhibited some incompatibility
issues in the anolyte compartment.
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3. Electron-withdrawing substituents on catholytes and electron donating substituents
on anolytes can slightly increase the system’s voltage, though a possible negative
effect on stability may negate the gain in OCV.

4. Appending ethylene glycol (preferably asymmetrically) or tetraalkylammonium
chains substantially increases the solubility in acetonitrile and to date seems to be the
most efficient way to non-invasively increase energy density.

5. Imbuing both the catholyte and anolyte with permanent charge, for example, with
tetraalkylammonium side-groups, enables the formation of electrolyte salts. This
approach is especially promising, as it discards the need for a supporting electrolyte,
since solely the counter-ion (e.g., TFSI) needs to traverse the anion exchange mem-
brane, thereby simultaneously maximizing the concentration of active species and
combating capacity decay from cross-over of electrolyte.
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Figure 13. (Top) Oxidation and reduction mechanism for dimethoxyquinacridinium (B8) and
(bottom) monitoring of the capacity of charge/discharge cycles and the Coulombic efficiency over
350 cycles of mono—electronic exchange at a 5 mA current in a symmetric H—cell. Inset: cyclic
voltammogram before and after 800 cycles (0.1 M dimethoxyquinacridinium and 0.1 M TBAPF sup-
porting electrolyte in acetonitrile). Reproduced with permission from Moutet et al. [114], copyright
Royal Society of Chemistry 2022.

4. Introducing a RAS from Basic Lab-Scale Identification towards in-Flow
RFB Measurements

Due to the steeply increasing interest in RFBs in recent years, improvements have
been made not only in cell setup (Section 2) and electrolyte chemistry (Section 3), but
also in the field of RFB cell composition and operating to minimize efficiency-loss. As
described in the previous sections, in the field of RFBs, only a limited distinction can be
made between cell setup and electrolytes, but both these areas must be thought of. If
optimal cell efficiency is to be achieved, cell setup and electrolyte must be tuned with each
other. For this, computational tools and simulations are of huge interest, as they can give
deep insights into RAS and RFB functionalities. However, since this section focuses on
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practical handling and investigation of AORFBs, we would like to refer the reader to a recent
review that covers the computational aspect in detail [164]. In this section, we describe the
different compartments of the cell setup and their influence, and we recommend a practical
step-by-step guide on how to recognize these effects when introducing an RAS into an RFB,
and their theoretical background.

4.1. Main RFB-Cell Components
4.1.1. Reference Electrode

The implementation of reference electrodes enables monitoring of either the anolyte
or the catholyte compartment during galvanostatic battery charge and discharge (see
Section 4.2.) [165-168]. With this, informative polarization techniques can be made, as
they touch the limits of any redox electrolyte [169]. Ultimately, measuring an accurate cell
voltage is highly important to guarantee a safe and reversible electrochemical reaction, as
many efficiency-lowering processes are due to overpotential-induced decomposition side
reactions. Therefore, the reference electrode has to be placed in the opposite half-cell of the
current-applying electrode.

4.1.2. Current Collector, Flow Field, and Bipolar Plate

The differentiation within a half-cell between current collector, bipolar plate, and flow
field can be misunderstood, since the respective component often fulfills multiple and
mutually substitutive functions. The current collector works as an electrical connection to
the circuit outside and reaction surface, and the flow field acts as a turbulent inducer to
ensure good electrolyte distribution over the current collector’s entire surface [13]. The
bipolar plate combines these properties, as it plays both a fluidic and an electrodynamic
role, serving as a reaction surface and turbulence inducer [170]. For this, several different
technical approaches have been developed, e.g., turbulent flow-through electrodes [171],
“piece of pie” cell configuration [172], static mixer electrodes [173], and zero-gap cell
designs [18,174]. However, the majority of research-scale RFB cell setups operate with the
zero-gap approach. Here, all cell materials (i.e., conductive ground plates, carbon felts, and
membrane) used are compressed by the cell to minimize distance-induced resistances. In a
zero-gap configuration, conductive ground plates play a dual hydro- and electrodynamic
role. The embedded flow frame guides redox electrolytes within an inner compartment of a
flow cell, ultimately boosting the conversion rate and preventing an overpotential build-up
over the entire electroactive surface [175]. Notably, this strategy has been subject to many
computational studies over the past years [16,176,177]. On the other side, conductive plates
act as current collectors, securing an electrical interfacing with external energy sources or
loads [178]. To alter a diffusion regime, to extend an accessible electrochemically active area,
and therefore, to ensure more effective mass conversion on the surface of current collector,
a macro-porous 3D block of compressible and conductive material is normally introduced
on top of the ground plate [179,180]. This configuration enables a considerably improved
range of operational current densities supported by RFBs, although the range of accessible
electrolyte flow rates is slightly decreased due to the pressure drop over an additional
physical obstacle [181,182]. Typical choices for porous current collectors are carbon-based
materials—thermally altered, chemically altered, or pristine versions of carbon/graphite
felts [183-185] or carbon/graphite paper [186], and in some cases, well-defined reticulated
vitreous carbon foams [187]. The influences of current collector geometry in regard to mass
transport, charge transfer, and efficiency are discussed in Section 4.2.1.

4.1.3. Separator

A separator, sometimes called “the heart of an RFB”, effectively separates the anolyte
and the catholyte compartment electrolytes and serves to selectively permeate certain
species of redox electrolytes [188-190]. Separators are conventionally classified referring to
their transport mechanisms: (cation/anion/bipolar) selective-ion exchange membranes,
microporous size-exclusion separators, ion-conductive glass ceramics, or an interface of
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immiscible redox electrolytes. In the context of RFBs, the term “membrane” refers to
solid polymer ion-selective membranes, whereas a separator uses size exclusion [34,191].
Typical cation exchange membranes (CEM) consist of fluorocarbon- or hydrocarbon-based
polymers with embedded terminal sulfonic groups, providing a rigid hydrophobic exterior
and hydrophilic pore, where the cationic transport occurs. In turn, typical anion exchange
membranes (AEM) incorporate terminal tetraalkylammonium groups. The special case,
lastly, is bipolar exchange membranes, which are multilayer combinations of anion and
cation conductive polymers.

Apart from membranes, microporous (non-ionic) separators are considered for RFBs
as well [192]. Inert films with a pore size of 100 nm level imbue chemical stability and a low
area-specific resistance, but ionic selectivity suffers, leaving space only for a size-exclusion
effect. This kind of separator is appropriate for battery prototypes, where an absolute
capacity can be recuperated [193]. In practice, microporous separators are the choice for
non-aqueous batteries. Ion conducting ceramics are an established separator alternative
for hybrid RFB prototypes that functionality depend on a solid state electrode (normally
lithium metal anode), and the solvent uptake can result in RFB failure [194]. The rare case of
mutual immiscibility of redox electrolytes can be exploited for membrane-less RFB setups
where no additional separating interface is necessary [195]. Even considering the limited
performance of reported proof-of-concept prototypes, an idea of “ideal” membrane-less
RFBs does not lose its appeal and economic advantage.

Despite the seemingly wide choice of separators, there is no universal solution for
an arbitrary RFB. A scrutinized screening procedure must take place for every battery
prototype, as a separator must be compatible with a redox electrolyte (chemical stability)
and a set hydrodynamic regimen (mechanical stability). At the current state of research,
imposed transport requirements for RFBs are rationalized empirically from a point of
an “effect” rather than a “cause”, namely, from parameters affecting voltage efficiency
(area-specific resistance) and Coulombic efficiency (an efficiency of separation due to
prevention of cross-over) [189,193]. Making a choice of separator for a battery prototype
is the “Achilles” heel”—the limiting factor in the electrochemical performance of redox
electrolytes—thus, only an intelligent approach can narrow the difficulty of selection. State-
of-the-art membranes have a well-balanced trade-off among ionic conductivity, barrier
properties, the ability of balancing net electrolyte transport, and chemical persistence.
Therefore, we suggest a step-by-step sequence, as described in Section 4.3, to get structured
and comprehensible results when introducing a new RAS species to a RFB.

4.2. Practical Difficulties of RAS Transversion and Their Theoretical Background

Introducing a new RAS into the area of redox flow brings about several new challenges.
Compared to first fundamental investigations of the electrochemical behavior in a classical
three-electrode setup, transferring to a RFB setup (i) changes electrode geometry and size,
(ii) adds a separator between electrodes, and (iii) adds fluid-related mechanical effects, such
as viscosity. The concurrent introduction of fluid mechanics during in-flow RFB cycling
intensifies additional effects of mass transport and iR drop, leading to further changes
in electron transfer kinetics during cycling. Simplified, these effects can be summarized
in additional overpotentials in electrochemical measurements. As overpotentials have a
huge impact on the reversibility, stability, and durability on long-term battery cycling, it is
important to identify these. For this, an easy and fast technique such as cyclic voltammetry
(CV) can be used. In this review, we suggest a step-by-step sequence to obtain compre-
hensible and stringent information on the reversibility and stability of electrochemical
measurements should be performed: (1) proof-of-concept electrochemical measurements;
(2) stationary RFB measurements; (3) in-flow RFB measurements. For easier discussions,
Table 1 summarizes the most important cycling parameters and performance variables:



Batteries 2023, 9, 4

26 of 37

Table 1. Most important electrochemical cycling parameters and cell-performance variables [196].

3 Sign Unit Note
Theoretical capacity Q mAh
State-of-charge SOC % Charged capacity versus theoretical capacity
Current I A
Current density J mA cm 2 Current per membrane area
Open Circuit potential oCV v Cell potential at zero current (also called
P P open circuit voltage (OCV) and 50% SOC
Cell potential U v
Coulombic efficiency CE % Ratio of charge efficiency output per input
Voltage efficiency VE % Ratio of mean discharge and charge voltage
Energy efficiency EE Y% Ratio of mean discharge and charge energy

4.2.1. Cell Setup and Processing Impacts on Mass Transport, Conversion, and Overpotential

In initial proof-of-concept electrochemical measurements, a classic three-electrode
CV measurement should be performed to identify the RAS redox potential under “ideal”
conditions. Additionally, this stage should be used to identify further important RAS
specific characteristics, such as reversibility (basically peak-to-peak separation), diffusional
coefficient Dy, standard rate constant kg, or charge-transfer coefficient « [197,198]. Herein,
it is recommended to investigate different electrolyte combinations to find a suitable RAS-
supporting-electrolyte—solvent combination (see Section 3).

When changing from proof-of-concept electrochemical to static RFB measurements,
two main points change: the electrode surface size, and often also material, and the intro-
duction of a separator (see also Sections 4.1.2 and 4.2.2) between the working electrode
and the counter and reference electrode. In terms of the electrode surface area for a clas-
sical disc macro-electrode, a linear semi-infinite diffusion model is assumed, where the
peak-to-peak separation for reversible systems is equal to 2.218 RT/F [199]. However, if
a macroscopically structured electrode material (e.g., carbon nanotubes, carbon foams,
or graphite plates) is studied, the diffusion model changes. Tichter et al. have classified
different ideal electrode structures: 1D planar finite (layered porous electrodes), 2D cylin-
drical finite external (cylindrical electrode felts) and internal (cylindrical electrode tube
network) and 3D spherical internal finite (electrode foam) [200]. For static potentiodynamic
studies on porous electrodes (flow rate = 0 mL min 1), e.g., for carbon felt on graphite
plate zero-gap RFB setups (see also Section 4.1.2), mainly two diffusion regimes coexist:
linear semi-infinite, and the predominant one, external finite cylindrical. These diffusion
models can be assumed based on the structure of the pseudo-3D structured graphite field
classified by Tichter et al. This change not only increases the maximum peak current due to
the increase in surface area, but also leads to an increase in CV peak-to-peak potential, as
also shown by Tichter et al. in further studies [201]. Since the electrochemical conversion
takes place at the electrode surface, the resulting peak is representative for the homogeneity
of the surface. The more inhomogeneous electrode surface leads to a more inhomoge-
neous electrochemical reaction, reflected in the cyclic voltammogram by a broader peak.
Thus, an overall increase in the maximum peak current, peak-to-peak separation, and peak
broadening take place when switching from the classical CV three-electrode setup to CV
measurements in the static RFB setup. For the time being, this can give the impression
that an RAS, performing electrochemically reversibly in the first proof-of-concept step,
appears to be performing irreversibly in the RFB cell. However, this can be attributed to
the effects of the cell-setup changes. Furthermore, the static measurements are primarily
used to monitor the functionality of the membrane (e.g., permeating of charge balancing
ions), tracing charge balancing over time. As described in Section 4.1.3, the membrane
and electrolyte play crucial roles in the RFB efficiency, and thus, mismatches should be
avoided at all times. Often, H-cell setups are also used for such tests. This, however,
requires an additional cell setup, which in turn causes different overpotentials than the
later RFB setup (as can be seen in the previous section also). When switching from the
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static second step towards the in-flow third step, deliberate induction of bulk convection
in an analyzed electrolyte system adds a hydrodynamic transport component and helps
apparent redox properties of electrolytes to further approach battery-like properties. “In-
flow” overvoltage is a function of potential sweep rate and efficiency of mass convection
under mass transfer limiting conditions, which contributes to the final performance of any
RFB system. By changing from static to in-flow measurements, the flow of redox electrolyte
through porous hydrodynamic electrodes significantly reshapes the 3-dimensional distri-
bution of redox material concentration. This reduces the diffusive mass transport fraction
towards the direct electrode surface region only. An effective flux of the redox material
nearby the electrode surface aids to step beyond Fickian limits, enabling higher current
densities [7]. In summary, these enhancements in mass transport reduce the previously
explained overpotential-induced peak-to-peak separation and further increase the peak
intensities. Since for in-flow potentiodynamic measurements, the diffusive mass transport
at the electrode surface is now superimposed by convection, the peak-limiting current of
the CV measurement no longer is achieved by mass transport but by high SOC. The scan
rate must be selected so low that the volume current ensures complete circulation of the
electrolyte within 59 mV. As a higher SOC must be achieved for these measurements, both
the stability of the RAS and the prevention of crossover of the RAS can be tested easily
and quickly.

In order to quantify the influence of electrochemical transversion efficiency, Yin et al.
emphasized a dimensionless number called stoich, which indicates the ratio of input RAS
to the already consumed ones at a certain current [202]. They have shown that at a low
stoich (i.e., low rate of conversion), the mass transport by convection and diffusion are the
dominating factors for performance, whereas at high stoich (i.e., high rate of conversion),
factors such as electrode reactivity and reactive surface area are rate-limiting. By applying
different flow rates to a vanadium RFB (VRFB), Ma et al. have shown that with increasing
flow rate the Coulombic efficiency decreases, but due to an increase in voltage efficiency,
the overall energy efficiency increases with higher flow rates [203]. Additionally, to analyze
the overall battery system efficiency, they introduced the power consumption of the pumps
to the assessment. By this, they have shown that the overall system efficiency, contrary to
the energy efficiency, decreases at higher flow rates.

4.2.2. Membrane’s Impacts on Mass Transport, Conversion, and Overpotential

In order for the anolyte and catholyte compartment reactions to take place indepen-
dently, a separator needs to be used. A semipermeable membrane, ideally, allows for
passage of only the charge balancing ions, and not the RAS themselves [204]. To achieve
this, one of two different mechanisms are applied: (i) charge exclusion or (ii) size exclu-
sion [205,206]. In both cases, the separator is, in the electrochemical sense, an additional
resistor in the system, as the crossing of charge-balancing species requires a certain activa-
tion energy [189]. For size exclusion, this mainly originates from the limited mass transport
in the direct area of the membrane surface by Fickian’s law. For charge exclusion, specifi-
cally, coulombic repulsion additionally takes place, so that overall the introduced resistance
is higher than that of a size exclusion separator [146,206]. For multiple separator setups,
this resistance increases with every additional separator. Zhao et al. and Yuan et al. have
investigated the VE and CE depending on the pore size and membrane thickness [207,208].
The VE increases with thinner membranes and bigger pore size due to lower membrane
resistance, whereas the CE is decreased regarding easier cross-over. Summarizing, in
RFB setups the overall resulting resistance induced by a separator is reflected in further
overpotentials at constant current measurements or in a higher peak-to-peak separation in
static RFB CVs.

4.2.3. Viscosity’s Impacts on Mass Transport, Conversion, and Overpotential

In addition to the electrochemical changes described in the previous section, fluid
mechanics play a large role in energy efficiency in-flow, largely effected by the porosity
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of the electrode and viscosity of the electrolyte solution [209,210]. A distinction can be
made between the viscosity influence at the macroscopic level (I) and the atomic level
(II). At the macroscopic level (I), viscosity acts like a force working against the flowing
electrolyte, demanding more pump energy to maintain a constant volume flow with
increasing viscosities [211]. Simplified, this can be described for a homogeneous Newtonian
fluid in a straight pipe by the HAGEN—-POISEUILLE equation (see Table 2), with the volume
flow being inversely proportional to the viscosity.

Table 2. Summary of viscosity-influencing equations for RFB electrolytes.

Name Equation Variables
Hagen-Poiseuille v mrtAp 1 Dynamic viscosity D Diffusion coefficient
81yl %4 Volume flow kg Boltzmann constant
. . _ kT Ap Pressure loss U Molecule mobility
Stokes-Einstein = brr-ay-r r Inner radius of the pipe T Temperature
Nernst-Einstein D= kkeT 1 Length of the pipe q Charge

At the atomic level (II), the STOKES-EINSTEIN equation can be used for better under-
standing of the viscosity’s impact. Here, the diffusion coefficient, which is representative
of the molecule’s mobility and therefor, mass transport, is also inversely proportional to
the viscosity [212,213]. This means that by an increase in viscosity, the molecular mobility
decreases. As described in the previous section, diffusive mass transport is particularly
important in the direct region of the electrode surface (Helmholtz layer), so that a higher
viscosity directly acts as additional resistance, and thus overvoltage, from an electrochemi-
cal perspective. Not only does this phenomenon reduce the RAS’ mobility, but also that of
the charge balancing molecules of the supporting electrolyte, thereby decreasing electrolyte
conductivity. This, again, can be seen as an additional resistance resulting in an overpoten-
tial [210]. Since the charge of the RAS is changed during the charge/discharge process, the
NERNST-EINSTEIN relationship must also be considered. Here, too, the diffusion coefficient
is reciprocal to the charge of the charge carrier [206]. Thus, if the charge on the RAS changes
during the electrochemical conversion, the molecule’s mobility also changes. In summary,
this viscosity impact on the atomic level can be seen as having two additional overpotential
origins: first from RAS mobility at the electrode surface, and second, as an adverse effect on
electrolyte conductivity. As Ma et al. has introduced system efficiency for flow rates, this
model can similarly be used for the electrolyte viscosity [203]. Furthermore, at a certain
electrolyte viscosity, induced by a higher concentration of RAS, the additional gain in capac-
ity no longer outweighs the energy loss due to the increase in viscosity [210]. In fact, Zhang
et al. have recommended an ideal RAS and supporting electrolyte concentration for a given
RFB chemistry at which the efficiency and the concentration are in ideal balance [214]. For
quantification, they recommended limits for poor conductivities (<5 mS cm~!) and high
viscosities (>10 cP) for small neutral redox-active organic molecules.

4.3. Summary

While moving towards in-flow RFB measurements, a phased approach of introducing
the RAS to the RFB allows a stepwise identification of effects such as diffusional and
convectional mass transport, Coulombic repulsion, and fluid mechanical changes, such as
viscosity. This causes overpotentials and an iR drop. These effects are highly dependent
on electrolyte composition and RFB setup and therefore, the optimum varies from RFB
to RFB (electrolyte composition, type of membrane, flow rate, current density, type and
geometry of electrode). For this, we emphasize the step-by-step transferring sequence
to better understand the transitioning effects and their intensity: (1) proof-of-concept
electrochemical measurements with classic CV three-electrode setup; (2) stationary RFB CV
measurements; (3) in-flow RFB CV measurements. In the first part, the basic functionality
of a RAS should be validated (i.e., redox potential, reversibility). In the second step, the



Batteries 2023, 9, 4 29 of 37

impacts of RFB cell, electrode type, and membrane on the results obtained in the first part
are evaluated. Finally, in the third step, the impact of volume flow is investigated, along
with the minimization of cross-over. The results of this step-by-step sequence can then be
used to define optimum charge-discharge parameters and cut-off criteria in order to obtain
the most stable, safe, and durable RFB settings.

5. Conclusions

Although AORFBs are still at their infancy, the great advances in cost efficiency and
energy capacity that can be realized by utilizing the organic-synthetic toolbox hold great
promise. In this review, we covered the various aspects that impact RFB performance,
ranging from current cell designs to promising electrolyte strategies; cell components to
cell operation. Ultimately, our aim was to provide an aid for the reader to systematically
tackle both the battery cell and molecular design, and outline the (stepwise) experimental
road towards discovering the next generation of flow-based energy storage systems.
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