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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 techniqgues and membrane setups. They range from having no separation
membrane to having up to three separation membranes in parallel.
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| 1. 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) 21314,

Figure 1. (A) Schematic of a hydrogen fuel cell with irreversible gas electrodes and (B) a lithium-ion battery (LIB).
1.1. General Definition of a Redox-Flow Cell

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) BIEl or the “classic” low-temperature proton-exchange-membrane
fuel cell (PEMFC) setups [, 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 1.2. (hybrid redox-flow cells) &,

(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 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.



1.2. General Cell Types

All-liquid redox-flow cell

The ALRFB cell @ 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 storage 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 [LQ[LLI12][13][14]

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 dispersion, respectively. 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), LiCoO5 (LCO), and LiNig 33C0g 33Mng 330, (NMC111); and anode materials such as graphite, LisTisO1, (LTO), and
silicon (Li/Si) are used in combination with separators (e.g., Celgard® 2022) [15][16][17J18]19] | aqdition to redox-active
inorganic particle dispersions, low-molecular and polymer dispersions are also used in 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 22211,

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 and reversible gas cathode/anode 22, 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 [231[241(25](26]127]128] Hydrogen-based
RFCs enable very high energy densities. For example, Rubio-Garcia et al. were able to achieve an energy density of 45
W h L™ in an Hy/V hybrid redox-flow system 22,

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.

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. 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
1) BU31][32],
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2NiOOH + 2H,0 + 2 = = 2Ni(OH), + 20H positive electrode
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Scheme 1. 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 compartment (below).

1.3. 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 231, All possible separation techniques and membrane
setups are displayed in Figure 2A-D using a “modified” Daniell-cell model.
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Figure 2. Different numbers of ion exchange membranes and their functionality explained on a 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, or when the geometric cell setup creates a laminar flow with cross-stream diffusion of the anolyte and
catholyte; see Figure 2A [34] 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. Furthermore, 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 B2, 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 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 2B), be it a
size-exclusion or charge-exclusion membrane B3, 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 28!
[37][38]

For anion exchange membranes (AEMs), which are frequently used in AORFBs, the most common membranes are based
on Nafion B4 Next to that, micro- and meso-porous membranes consisting of polymer networks or metal organic
frameworks (MOFs) ¥ are often utilized as size-exclusion membranes for redox active polymer solutions and dispersions
3] 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 2C 23], 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]?") electrolyte is used on the cathode side, which contains Na* as non-redox active counter-ion (Figure 2C).

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/CEM/AEM; see Figure 2D) 38, 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
3A-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 2D, the
sulfate anion and the nitrate anion also remain separate from each other.
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Figure 3. 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.

1.4. Summary

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

« The nature, geometry, and surface area of the electrodes.

« Geometry of the cell body, which strongly affects the electrolyte flow.

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, conducting salts, and the nature of the RAS used.

| 2. Electrolytes and Electrochemical Behavior
2.1. 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 44, 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.

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
(4511461 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 471481,

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 corrosiveness 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
significant advances.

2.2. Catholytes

Next to its pioneering application in the first AORFB 2 TEMPO 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 BY and by synthetic modification of the nitroxide radical (vide infra, “bipolar electrolytes”) BUB2BI] and it is a
prospect for membrane-free batteries 24, However, 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 H,O separator between two organic phases,
displayed volatility of the involved solvents and high Ohmic drops, causing major problems for this approach 52, Staying
with traditional AORFB setups instead—one of the quickest, and ultimately most developed, catholytes for AORFBs to
follow was the dialkoxybenzene, owing to its modularity and chemical stability (Scheme 2).
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Scheme 2. 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 (28],

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.

This trend was also shown for 1,1'-dimethylferrocene by Cong and coworkers in their hybrid RFB B2, 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 [281,

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 B6Y, 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 [61],

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 anolyte 82 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 631,

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 &4,

2.3. Anolytes

Although phthalimides have developed further since Li and coworkers’ pioneering use of N-methylphthalimide as an
AORFB anolyte 49 their poor solubility generally holds 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 [, Although further work showed the possibility of creating bi redox-active eutectics €8], 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 87), a viscosity of 15 mPa s upon further dilution to 1 M still demonstrates promise for this
unusual approach.

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. 8 Quinoxaline is especially interesting, considering its high solubility in
propylene carbonate (ca. 7 M) and it undergoing a 2-electron transfer. Although the cyclic voltammetry of plain quinoxaline



(R = H) shows poor reversibility, substitution with methyl groups a to the pyrazine nitrogens (R = CHs) 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 a-methyls resulted in no significant changes, whereas introducing a-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.

Another structurally well-studied anolyte is anthraquinone. Although Huang and coworkers encountered stability issues
regarding the second redox event of anthraquinone, the pairing with the phenothiazine catholyte led to a concept dual 2-
electron AORFB 82, 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.

2.4. 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 €9, 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 €94lZ0, 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, 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 /41, 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 2, 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 3],

2.5. 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:

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

« Generally, TFSI~ and TEA* are preferred supporting ions. Alternatively, TBAPFg is also often applied and performs well.
Li*, notably, has exhibited some incompatibility issues in the anolyte compartment.

« 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.

« 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.

« 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 membrane,
thereby simultaneously maximizing the concentration of active species and combating capacity decay from cross-over
of electrolyte.

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

3.1. Main RFB-Cell Components

3.1.1. Reference Electrode



The implementation of reference electrodes enables monitoring of either the anolyte or the catholyte compartment during
galvanostatic battery charge and discharge ZAISIZSIZ ith this, informative polarization techniques can be made, as
they touch the limits of any redox electrolyte 8. 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.

3.1.2. 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 2. The bipolar plate combines these properties, as it
plays both a fluidic and an electrodynamic role, serving as a reaction surface and turbulence inducer BY. For this, several
different technical approaches have been developed, e.g., turbulent flow-through electrodes B, “piece of pie” cell
configuration 82, static mixer electrodes 23], and zero-gap cell designs 8483, 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 [B8l. Notably, this strategy has been subject to many computational studies over
the past years (1888 On the other side, conductive plates act as current collectors, securing an electrical interfacing
with external energy sources or loads 29, 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 2122, 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 221241,
Typical choices for porous current collectors are carbon-based materials—thermally altered, chemically altered, or pristine
versions of carbon/graphite felts [23l98197] or carbon/graphite paper 28, and in some cases, well-defined reticulated
vitreous carbon foams 2,

3.1.3. 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 [ROMOLI02]  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 immiscible redox
electrolytes. In the context of RFBs, the term “membrane” refers to solid polymer ion-selective membranes, whereas a
separator uses size exclusion [0 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.

3.2. 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.

3.2.1. 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 D,
standard rate constant kg, or charge-transfer coefficient o [L941105],

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 introduction of a separator between the working electrode and the
counter and reference electrode. In terms of the electrode surface area for a classical 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 [106],
However, if a macroscopically structured electrode material (e.g., carbon nanotubes, carbon foams, or graphite plates) is
studied, the diffusion model changes. 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.

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

In order for the anolyte and catholyte compartment reactions to take place independently, a separator needs to be used. A
semipermeable membrane, ideally, allows for passage of only the charge balancing ions, and not the RAS themselves
(107 To achieve this, one of two different mechanisms are applied: (i) charge exclusion or (i) size exclusion [L98I109 |
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 activation energy 194, 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, specifically, coulombic
repulsion additionally takes place, so that overall the introduced resistance is higher than that of a size exclusion
separator 1910 For multiple separator setups, this resistance increases with every additional separator.

3.2.3. 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 of the electrode and viscosity of the electrolyte solution 11121 A
distinction can be made between the viscosity influence at the macroscopic level (I) and the atomic level (ll). At the
macroscopic level (1), viscosity acts like a force working against the flowing electrolyte, demanding more pump energy to
maintain a constant volume flow with increasing viscosities 18], Simplified, this can be described for a homogeneous
Newtonian fluid in a straight pipe by the Hagen—poiseuille equation, with the volume flow being inversely proportional to
the viscosity.

3.3. 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, the step-by-step transferring sequence
to better understand the transitioning effects and their intensity is emphasized: (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 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.
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