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Introducing an Experimental Route to Identify and Unify
Lab-Scale Redox-Flow Battery Cell Performances via Molar

Fluxes and Cell Constants

Sebastian Fricke, Luuk Kortekaas, Martin Winter, and Mariano Griinebaum*

Redox flow batteries (RFBs) are a promising technology for grid energy
storage based on their high potential for scalability, design flexibility, high
efficiency, and long durability, hence great effort has been invested in this area
of research. However, due to the large differences in lab-scale RFB cell design
and construction as well their operational performance, fundamental studies
on innovative RFB components (e.g., active materials, separators, additives)
compare poorly due to the lack of standard setups, settings, and procedures.
This work introduces an experimental calibration route for aqueous as well as
nonaqueous RFBs based on a simple mass transport model using molar fluxes,
enabling one to compare dissimilar lab-scale RFB cell setups by introducing
several RFB parameters: First, K1, which summarizes the operating
parameters of an RFB to identify the critical ratio (K1) needed for efficient
charge—discharge cycling using a simple overvoltage and charge efficiency
evaluation; second, the RFB cell constant ¢, quantifying the influence of a
lab-scale RFB setup on its performance; and finally, K2, ultimately enabling full

design flexibility, high energy efficiency,
as well as mechanical and electro-
chemical durability.'?] In recent years,
considerable progress has been made
in developing novel redox-active species
(RAS),31 electrolyte  additives,!®”]
porous separators, and ion-exchange
membranes,#1% ag well as in furthering
battery cell design (flow fields, bipolar
plates, etc.) and construction,'1?] with
a main focus to improve performance,
environmental impact and affordability
of redox-flow batteries. Additionally, a lot
of work has been put into performance
metrics!l and optimum cell operation
conditions to press operating costs and
to increase energy efficiency.
Computational ~ simulations  have

comparison of (idealized) K1_,;.;..; operating parameters across RFB cell setups.

1. Introduction

Redox-flow batteries (RFBs) are a highly promising grid en-
ergy storage technology due to their easy scalability, high
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proven to be a tool of choice in this area to
investigate electrolyte flow behavior,!141%]
mass transport phenomena,!'% and
optimum operation settings. Although
simulations produce promising and practically relevant results,
they are less likely to find application in the vast number (and
thereby large variety) of individual RFB cell setups. In addition,
each individual case requires a high level of understanding of
mathematics and physics used for simulations, as well as con-
siderable computer power for the related calculations.

In order to identify efficient operating parameters for a newly
assembled lab-scale RFB setup two steps are needed: First, find-
ing general reproducible operating parameters for this setup;
second, optimizing those operating parameters to maximum ef-
ficiency. The aim of this work is to present an easy and sim-
ple experimental route explaining the influence of operating
parameters and to identify the optimal values for a given lab-
scale RFB setup, helping to tackle limitations arising from mass-
transport overvoltages. This experimental route applies constant
current calibration cycling experiments using an aqueous as
well as nonaqueous Fe'™ |Fel™ model electrolyte based on fer-
rocene/ferrocenium and ferro-/ferricyanide, respectively, as a
tool to characterize charge—discharge behavior. Additionally, a
mass transport model considering an RFB as a chemical flow re-
actor instead of a classical battery is devised based on volume
flow rates, RAS concentrations, and applied currents. These op-
erating parameters are boiled down to productive and consump-
tive molar fluxes 71, and 7., respectively, with their ratio (K1) be-
ing a vital parameter for charge-discharge cycling and optimal
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cycling (K1) conditions. Furthermore, we present an experi-
mental route based on electrochemical impedance spectroscopy
(EIS) and on an ISO 7888 calibrating standard for enabling com-
parison between different RFB geometries and their efficiency
ranges, introducing an RFB cell constant ({) and a second newly
introduced RFB parameter K2.

2. The Redox-Flow Battery as Both Electrochemical
Device and Flow-Reactor: Productive versus
Consumptive Molar Fluxes

As known from literature, RFB operating parameters (i.e., active
material concentration, electrolyte flow rate, and applied electri-
cal current) have a significant impact on charge—discharge be-
havior and performance.l'®%] Hence, optimum operating pa-
rameters are specific to individual RFB setups. This work intro-
duces RFB setup-specific parameters that, through a systematical
step-by-step optimization process, enable comparison between
different RFB setups. The beginner-friendly experimental route
focusses explicitly on galvanostatic charge—discharge measure-
ments on the individual RFB setup without the need for com-
putational simulations, finding a balance between operating pa-
rameters from the perspective of both a flow reactor as well as an
electrochemical device.

2.1. Introducing a Fundamental RFB Operating Parameter and
Molar Fluxes

A lab-scale RFB cell, meaning here a single assembly of two
electrodes separated by electrolyte and a membrane or separa-
tor, can be considered a special type of flow reactor, where a
reaction mixture (an electrolyte solution consisting of solvent,
conducting salt/charge balancing species, redox active species
(RAS), and possible additives) is converted in a controlled elec-
trochemical redox event) inside the reactor (RFB cell) princi-
pally through mass transport. Therefore, a productive molar flux
(n,/mol s7'), determining the amount of RAS available at the
flow-through reactor surface per unit of time, and a consumptive
molar flux (7. /mol s71), describing the reaction rate of the RAS to
the charged species, are introduced here. 71, depends on the vol-
ume flow rate (V/L s7!), the RAS concentration (cg,g/mol L71),
and the number of electrons transferred during the reactions (z,
for the Fe!'*|Fe!™ calibrations electrolyte used here z = 1), ac-
cording to Equation (1). A, is based on the Faradaic law calculated
by the applied electric current (I/A) using the Faraday constant F
(= 96 485/A s mol™') and z, according to Equation (2)

M, =2 Cpas - V 1)
n.=1/(z-F) (2)

Essentially, 7, determines how many moles of RAS are present
at the electrode surface per unit of time, while 7. determines how
many moles thereof are electrochemically converted and how
many charge balancing species will pass through the separator
as a result per unit of time. Note that 7. defines the reaction rate
of the RFB reactor by the total number of electrons transferred
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through the applied current, thus the current density, a conven-
tional parameter for RFBs, would be unsuitable for this experi-
mental evaluation route.

2.2. Overview and Use of the K1 Ratio

The stoichiometric number (4) has previously been used to de-
scribe the ratio of real consumed charge relative to the theoreti-
cally available charge based on Faradaic law.[?!! From varying op-
erating conditions, it is established that the relationship between
the operating parameters V, ¢y, and I has a great impact on the
effectiveness of RFB cycling. Considering the influence of the op-
erating parameters from a mass transport perspective, the ratio
of productive and consumptive molar flux, K1, can be determined
through Equation (3)

Kl=n,/h = (z-F-Cpps-V)/I 3)

With the applied operating parameters summarized in a sin-
gle K1 value, we will show that the normalized charge efficiency
(NCE/%) and the overvoltage (r/V) can be determined for spe-
cific K1 values through the experimentally measured charging
capacity (Q. ., /mAh), the theoretical maximum capacity by RAS
concentration (Q, 4., /mAh) and the mean charge/discharge cell

C /V and Udischarge/v)

voltage (Ucharge

NCE = (Qc exp./ Qetheo) - 100 “)

n= (| Udischarge + Ucharge)/z (5)

Ultimately, plotting each K1 ratio against their achieved NCE
and 7 then enables an overall performance evaluation of the in-
dividual RFB setup, to find the minimum critical K1 ratio for ef-
ficient (dis)charge cycling.

2.3. Introduction of RFB Specific, Minimum Operating Parameter
Ratio K1 critical

Considering the efficiency evaluation, it becomes clear that for
every individual RFB setup there is a specific and fixed critical
K1 ratio (K1) above which the charge—discharge cycling be-
comes sufficiently efficient by eliminating mass transport limi-
tations. In this work, we define that a minimum efficiency crite-
rion is reached at 10% over minimum overvoltage (110% of 77,,,;,,)-
This 10% ensures a minimum overvoltage level for efficient cy-
cling, without spending energy on an unnecessarily high molar
flux (via excessive electrolyte pumping at even higher K1 values),
while simultaneously not losing energy on a unnecessarily high
overvoltage (through a rapidly decreasing presence of RAS in the
reactive space of the electrode surface at lower K1 values). K1
is, thus, calculated according to Equation (6)

critical

chritical =K1 ( at Nmin 1.10 ) (6)

K1 thus serves, first, to determine an efficient operating
parameter ratio of 7, and 7. for an individual RFB setup, and
second, to have a comparative benchmark value between simi-
lar RFB setups. If the K1, value of an individual RFB setup

2401670 (2 0f11) © 2025 The Author(s). Small Methods published by Wiley-VCH GmbH

35UB0 |7 SUOWILIOD A IIER1D d(qedt|dde ayy A pausonoh afe saie YO ‘8sn Jo Sa|n. 10y Ariqi auljuQ A3|IAN UO (SUONIPUOI-PUR-SWLLBYW0D AB | 1M AReiq U1 UO//SA1Y) SUORIPUOD pue WS | Y1 33S *[G202/20/82] Uo ARlqiTauliuo AB|Im BIUSD Yoseasay HAWS Yot e winnuszsBunyasiod Aq 029T0Y202 PIUS/Z00T OT/I0p/wod* A M Aleiq juljuo//sdiy Wwo.j papeojumod ‘2 ‘G20z ‘809699E2


http://www.advancedsciencenews.com
http://www.small-methods.com

small

methods
www.small-methods.com

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

Limiting Case 1: K1 >> K1 itical

AIHIA |

Limiting Case 2: K1 << K1 jtical
D1 El
D2 E2

Figure 1. (left) Schematic illustration of the RAS molar fluxes (green: fresh electrolyte, red: converted electrolyte, blue: parasitic side reactions) and their
quantities (thickness of the arrows) during a charging process for limiting case 1 (A-C, K1>> K1_;ica) and limiting case 2 (KT << K1isic5, D1 to F1 for
tipping K1<< K1gitical at high SoC and D2 to F2 for already K1 < K1isical @t beginning of charge/discharge). Note that the shortage of fresh RAS that
occurs at high SoC resembles that when the charging process starts off at too low 1,; (right) An idealized polarization curve with the different stages

—— Limiting case 1 F1
— Limiting case 2
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(A-F) during a charging process corresponding to the RAS molar fluxes.

is lower compared to another, it exhibits a higher energy effi-
ciency, for example due to better diffusive mass transport, pro-
vided that all other RFB components have remained constant
(e.g., membrane/separator, carbon felt). Additionally, if the RFB
setup remains constant, the cycling performance of different
membranes/separators or carbon felts can be compared. Gener-
ally, lower K1 ;. values achieved for an individual RFB setup
therefore mean better cycling performance.

2.4. Limiting Cases of K1

When applying a range of K1 ratios for charge—discharge exper-
iments of a RFB setup, this ultimately yields the following two
border cases: 1) K1 > K1 ;. and 2) K1 < K1_;;.;- Since the ba-
sic potential curve profile with its voltage ranges (electrochemical
kinetic losses at the beginning, ohmic losses during the charg-
ing plateau, and mass-transport losses at the voltage-run off) is
already known from the literature,[?!] the following section will
act to rationalize the two limiting cases (Figure 1).

For the limiting case 1, starting charge-discharge cycling with
a K1 ratio larger than K1 ., the productive RAS supply 7, is
considerably higher than the consumptive 7, offering an over-
supply of RAS. Thus, only a fraction of the RAS passing by the
electrode is electrochemically converted (Figure 1, point A). As
cycling progresses and the SoC and cell voltage rise during the
ohmic loss plateau, the concentration of unreacted RAS, and thus
also the K1 ratio, steadily decreases (Figure 1, point B). At some
point, the RAS concentration will approach the theoretical min-
imum to supply enough charge carriers for the constant current
to pass the electrode surface, leading to a mass-transport limit-
ing voltage-run off at the end of the charging step as the K1 value
drops below K1 Figure 1, point C to D1). From this point

critical (
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onward, the model switches to limiting case 2 until the current
is reversed.

For the limiting case 2, starting to (dis)charge with a K1 ra-
tio lower than K1 ., the productive 7, is lower than the con-
sumptive 71, i.e., the amount of fresh RAS transported to the
electrode surface is short of the applied consumptive 7, (Figure 1,
point D2). This lack of fresh RAS is analogous to the final stage
of electrochemical charge/discharge at mass-transport limiting
voltage-run off, as the amount of unreacted RAS decreases over
time until it cannot sustain the demanded consumptive molar
flux i (Figure 1, point D1 through F1). Essentially, if the ini-
tial K1 ratio has already been set to a smaller K1 ., value, the
potential curve skips the ohmic loss voltage plateau and tips di-
rectly into the mass-transport limiting voltage-run off (Figure 1
D2 through F2). As side reactions are not only possible but even
required to achieve the demanded consumptive molar flux, an
additional molar flux representing side reactions (Figure 1 blue
arrows) was added. In either situation, whether limiting case 2
occurs at the end of a charging step or directly at the begin-
ning, this limiting case can be described by a strongly lacking
concentration of RAS. Thus in our model, the diffusional mass
transport toward the electrode surface area can be described by
Fick’s second law.[?2] Notably, the lack of fresh RAS is much
more evident at high SoC than at low SoC, making the K1 value
a dynamic parameter that changes during cycling, e.g., at 99%
SoC an efficient K1 requires dramatically higher flow rates from
that at 0% SoC. After all, K1 decreases while (dis)charging as
the still available unreacted cp,g in the numerator of the equa-
tion (K1 = (z- F - cgag - V) /I) continuously decreases, effectively
making the critical tipping point to the mass-transport limited
voltage run-off dependent on the preset constant flow rate. To
counteract this, different dynamic flow rate control strategies
have already been developed, which adapt the electrolyte flow rate
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to the respective SoC.[2*2*] This ensures that the optimized bal-
ance between systemic energy efficiency and overvoltage is pre-
served throughout the charge/discharge cycle, until a certain cut-
off flow rate is reached.

2.5. Introduction of RFB Cell Constant ¢

In order to rule out the variation of optimum parameters between
varying cell-setups and electrolyte chemistries, additionally the
RFB cell constant ¢ can be defined according to standard elec-
trochemical impedance spectroscopy (EIS). This cell geometric
factor is calculated by determining the bulk resistance (R, /) of
an RFB setup via ISO 7888 standard (i.e., EIS using a 0.1 m KCl
aqueous electrolyte with fixed specific conductivity of 6557555 =
0.0129 S cm™! or the newly proposed nonaqueous reference sup-
porting electrolyte consisting of 0.3 M TBABF, and acetonitrile
G acN +03 M TeABE4 = 0.022 S cm™) according to Equation (7)

¢ = specific conductivity/absolute conductivity = 6/Z =6 - R, )
¢ = inter electrode distance/electrochemical active area = d/A

Importantly, the value of ¢ is dependent on cell setup in its
entirety and will differ from cell to cell in various redox flow
setups, as it is calculated via the conductivity arising from the
combined areal- and inter-electrode geometry (if both are dou-
bled, ¢ remains unchanged). It is exactly this difference that will
reflect a discrepancy in effectivity matching the situational con-
ductivity (exact combined surface area and electrode spacing that
changes with every cell built), making the metric a very attrac-
tive candidate for determining general cell conduction proper-
ties. ¢ thus, in addition to K14, not only summarizes the
(dis)charging performances in a parameter but also the cell ge-
ometric structures of the electrochemically active components of
the RFB structure (i.e., carbon felt, flow field, bipolar plate, mem-
brane). Using the defined standard electrolytes for aqueous and
nonaqueous electrolytes as well as the experimental route (ex-
plained in Section 3), the influences of different electrochemi-
cally active components can be quantified and thus made com-
parable. Small cell constants are desirable, for when ¢ is smaller
for one RFB setup than another, the superior conductivity causes
lower setup-related ohmic losses while (dis)charging.

2.6. Introduction of RFB Setup Independent Minimum Operating
Parameter Ratio K2

To eliminate the influence of cell geometry on cell performance,
the constant K1_;;., can simply be divided by the cell constant
¢ yielding the constant K2 and is calculated according to Equa-
tion (8)

K2 = chritical/g (8)

K2 thus acts as a combination of the charge—discharge per-
formance comparison parameter K1, and the cell-geometric
parameter, thereby reflecting cell setup-dependent performance
and enabling comparison between different RFB structures.

Small Methods 2025, 9, 2401670
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3. Experimental Route to Determine K1, via K1
Evaluation and ¢ and K2 via ISO 7888

K1,i.e., theratio between 1, and ., summarizes the overall oper-
ating parameters of the lab-scale RFB and can be used to describe
the expected energy efficiency and RAS utilization of the cycling
process: a high K1 should result in high material utilization and
cycling efficiency, and a low K1 corresponds to a low utilization
and cycling efficiency. Through systematic variation of K1 by ad-
justing czag, V and I, the critical minimum for efficient operat-
ing parameters, K1 ., of an individual RFB structure can be
determined. The simple experimental route developed for this
is based on galvanostatic charge-discharge experiments using
an aqueous electrolyte (K,[Fe!'(CN),]|K;[Fe"(CN)] with 0.1 m
KCl in deionised water) as well as a nonaqueous electrolyte (fer-
rocene|ferrocenium (Fc|FcBF,), as proposed by Armstrong and
coworkers.[?*l) As Fe!!|Fe'! shows a well-known, highly reversible
and fast redox behavior, this redox-pair has been broadly applied
as standard electrolyte also in cyclic voltammetry experiments. 2]
Therefore, although these 0 V cell voltage symmetric RAS would
not be practical for “real” RFB applications, the stable and es-
tablished Fe!'|Fe! electrolyte is well suited as calibration mate-
rial within the mass-transport model presented here.[?%%”] In the
experimental route, a previously published lab-scale RFB setup
(Figure S1, Supporting Information)?® was used to perform all
of the below mentioned parameter determination and optimiza-
tion (electrochemical active area 2.4 cm?).

First, the effect of varying the productive flow (i.e., by ei-
ther increasing RAS concentration or flow rate of the here used
nonaqueous Fc|FcBF, standard calibration electrolyte) on the
impedance of the cell is investigated (Section 4). The bulk resis-
tances that are later used to calculate the cell constant were deter-
mined using EIS for the ISO 7888 standard in the aqueous and
the nonaqueous standard (0.3 M TBABF, in acetonitrile). Second,
RAS concentrations, electrolyte volume flow rates, and electrical
currents are systematically varied in galvanostatic cycling exper-
iments so that an operating parameter matrix of at least 3 X 3 x
3 is created and a broad K1 window is covered. The aqueous and
nonaqueous standard calibration electrolytes, therefore, are gal-
vanostatically cycled at four or three different electrical currents
each (20, 30, 40, and 60 mA for the aqueous electrolyte and 5, 10,
and 15 mA for the nonaqueous), at three different RAS concen-
trations (50, 100, and 150 mwm of K,[Fe' (CN)]|K;[Fe (CN)] for
aqueous and 5, 10, and 15 mwm of Fc|FcBF, for nonaqueous) and
at three or four different flow rates (5, 10, and 20 mL min~! for
aqueous and 5, 10, 20, and 30 mL min~! nonaqueous) to deter-
mine the effect of varying the compositional ratio of K1 on cy-
cling performance (Section 5). For each charge—discharge cycle
the K1 value is calculated via the corresponding 7, and 7. us-
ing Equation (3) and the resulting normalized charge efficiency
(NCE/%) and the overvoltage (/V) are then determined using
Equations (4) and (5), which allows determination of the RFB
structure-specific K1, (Section 6). Third, to determine the cell
constant ¢ through Equation (7), the bulk resistance of the re-
spective RFB structure is extracted from the EIS data (Section 7).
Finally, the combined parameter K2 is calculated for the lab-scale
RFB setup used here from the determined RFB setup-specific pa-
rameters K1 ;. and ¢, serving as initial comparative value for
other lab-scale RFB setups.
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Figure 2. Schematic illustration of productive (1

) and consumptive (1) molar fluxes, the related operating parameter K1, its efficiency evaluation value

K1 ritical, the RFB cell constant ¢, and the setup-independent performance parameter K2.

For a comprehensive overview, Figure 2; and Table S1 (Sup-
porting Information) list all newly introduced experimental met-
rics to evaluate the RFB setup performance using the concept of
molar fluxes.

4. Impact of Productive Molar Flux on
Mass-Transport Resistances

Impedance spectroscopy is a bulk technique that maps the over-
all cell impedance, the reciprocal of conductance. Although ev-
ery single cell component that is involved in the electric circuit
contributes to the overall impedance of a battery, not all con-
tribute in a significant manner and many overlap as well, mak-
ing it hard to resolve individual processes.[*31 Although a sys-
tematic assessment of cell setup stages can elucidate the na-
ture of impedance contributions from different components, it is
the overall impedance that ultimately governs cycling efficiency.
Therefore, symmetrical RFBs are often modeled by clustering cir-
cuit components into a bulk resistance (R, /Q) and a single mass-
and electron-transfer related parallel component for the diffusion
boundary layer that consists of the charge-transfer resistance at
the porous electrode surface (R, /Q) and a Warburg element (W)
for the mass-transport on the one side, and a constant-phase el-
ement (CPE) that mimics the imperfect double layer capacitance
on the other.332] Although this is an accurate approximation
under static conditions, especially the mass-transfer component
is influenced by flow conditions, one of the perks of redox-flow
batteries.!?”! Under flow conditions, the effective thickness of the
diffusion layer that is integral to mass-transport kinetics is evi-
dently reduced, as the Warburg impedance transitions from the
classical ~#45° angle Warburg tail (i.e., containing a perfectly split
increase in capacitive and resistive contribution over increasing
frequencies) to a finite-length Warburg model.I**] Indeed, such a
response of the Warburg impedance is also observed in conven-
tional electrochemical cells using carbon-black modified rotat-
ing disc electrodes, where the Warburg component at the porous
electrode surface is reduced to a parallel finite-length RC compo-
nent upon increasing rotational velocities.[335]
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Here, to identify the impact of 71, on the overall cell resis-
tance, EIS measurements are carried out using the nonaqueous
Fc|FcBEF, standard calibration electrolyte at different RAS con-
centrations (5-15 mwm) and volume flow rates (0-30 mL min~1).
Two different models will be applied, one including the clas-
sical Warburg element pertaining to a static RFB, and one in-
cluding a finite-length Warburg element represented by an ad-
ditional parallel RC component for in-flow impedance measure-
ments (Figure 3a).

Under static conditions, the classical Warburg tail is observed
as expected, signifying that diffusive mass-transport in the bulk
of the solution is strongly limiting the conductivity in the low
frequency range (Figure 3b), orange line)). In line with previous
reports, the Warburg impedance reduces to a finite-length model
upon increasing the flow rate, eventually reaching an apparent
optimum at higher flow rates.[?>3*35] The concentration of RAS
affects how quickly the impedance is reduced upon increasing
the flow rate, with higher concentrations of active species be-
ing more capable of balancing out in the stagnant diffuse layer
(Figure S2 a) and b), Supporting Information). Independent of
concentration, at high enough flow rates the convection is at a
near-maximum, and increasing the flow rate further will do in-
creasingly less to effectively reduce the size of the diffusion layer
through which the RAS travels to the well-mixed bulk (analogous
to the levelling off of efficiencies below in Section 6). Considering
the x-axis intercepts of the impedance spectra, all three resistance
regions summed up will eventually affect the observed overpo-
tential that is required for the reaction to proceed, with the mass-
transfer resistance arising from Warburg impedance being in-
versely dependent on the flow rate. Consequently, most relevant
to the performance assessment are the data at higher flow rates,
and in particular the left-hand side x-axis intercept at high fre-
quency for determining the Ohmic resistance (Ry/Q), the mid-
frequency x-axis intercept for determining the charge-transfer re-
sistance at the electrode surface (Rq;/Q) and the right-hand side
x-axis intercept for determining the mass-transfer resistance of
the RAS within the diffusion layer of the electrode pores (R /)
(Figure 4; and Table S2, Supporting Information). As expected,
R, and R; are observed to behave independently of the flow
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Figure 3. a) Equivalent circuit models used to evaluate the impedance spectroscopic data. The classical Warburg impedance, that is observed under
static conditions, gets reduced to a finite-length Warburg element under in-flow conditions. b) EIS raw data evaluation (dots) including the fitted function
(continuous line, 0.01 Hz to 1 MHz) and the simulation for lower frequencies (dashed line, 0.01 mHz to 1 MHz) of 0.3 m TBABF, in acetonitrile
supporting electrolyte with 10 mm Fc|FcBF, at flow rates between 5 and 30 mL min~'. The EIS evaluation for 5 and 15 mm can be found in Figure S2a)

and b) (Supporting Information), respectively.

rate and RAS concentration due to the unchanged cell structure
and material composition, while Ry levels off at higher flow
rates and does so quicker at higher concentrations (i.e., larger
K1 values).

5. Impact of Molar Fluxes and K1 on
Charge-Discharge Performance

To illustrate the influence of productive (i, consisting of cg,g
and V) and consumptive (1. consisting of I) molar fluxes on
the charge—discharge polarisation behavior in the lab-scale RFB
setup example, Figure 4 compares systematically different ap-
plied RFB operating parameters. Of the nonaqueous Fc|FcBF,

standard calibration electrolyte, the cg,g, V, and T and, thus, the

50 T T T
A " RQ
40 ° Rep -
A R
A MT
30 .
G
k 20‘ A T
A
10 A .
[ ] [ A A
0 Seel § . ] 2
0.0000 0.0025 0.0050 0.0075

i,/ (mmol s™)

Figure 4. Productive molar fluxes (1, /(mmol s71)) plotted against the dif-
ferent evaluated resistances: bulk resistance (R /), charge-transfer resis-
tance inside the double layer (Rc1/Q) and the mass-transport resistance in
the diffusive layer (Ry1/€) using the equivalent circuit shown in Figure 3a.
Table S2 (Supporting Information) summarizes all measured resistances
plotted here from the EIS raw data (Figure 3b; and Figure S2a) and b),
Supporting Information).
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ratio of 1, to 1, are varied one parameter at a time while keeping
the other two constant (for the nonaqueous electrolyte see Figures
S3-S5, Supporting Information). Table S7 (Supporting Informa-
tion) summarizes the resulting # and NCE for each nonaqueous
K1 ratio; aqueous K,[Fe! (CN)4]|K;[Fe!'(CN),] electrolyte polari-
sation curves are shown in Figures S7-S9 (Supporting Informa-
tion) and the resulting # and NCE for each aqueous K1 ratio are
summarized in Table S8 (Supporting Information).

Higher K1, via increasing the productive molar flux at elevated
cras (Figure 5a; K1 = 32, 64, and 96), not only increases the rel-
ative NCE (53%, 88%, and 91%, respectively) but also reduces »
(0.21,0.11, and 0.1 V, respectively), thus, overall resulting in a bet-
ter (dis)charge performance. Similar results are achieved when
comparing the V variation (Figure 5b; K1 = 8, 16, 32, and 48), as
for higher V the NCE (6%, 9%, 53%, and 61%, respectively) in-
creases and 7 (0.39, 0.36, 0.21, and 0.19 V, respectively) decreases
as well. Similarly, a decrease in the applied K1 ratio via increased
current I (Figure 5¢; K1 = 32, 16, and 11) also decreases the NCE
(53%, 15%, and 8%, respectively) and increases # (0.21, 0.49, and
0.92 V, respectively).

Overall, the K1 increases with higher cy,s, V, or lower I by
either directly improving the RAS mass-transport in case of the
first two operating parameters, or lowering the overall current
demand of fresh RAS in case of the last, to ultimately cause dras-
tic improvement in (dis)charge performance, as expected.l**! Im-
portantly, the general consistency of the methodology introduced
here is clearly reflected by the similar K1 ratios composed of dif-
ferent cp,g, V, and I, as the resulting NCE (NCE(K1 = 32) = 63%
+ 5%, NCE(K1 = 48) = 65% + 5%), and  (n(K1 = 32) = 0.21
0.02 V, n(K1 =48) = 0.15 + 0.02 V) remain nearly constant for the
nonaqueous standard electrolyte (compare Table S6, Supporting
Information).

6. Identifying of RFB Specific, Minimum Operating

Parameter Ratio K1_;;cal

In line with the molar flux mass-transport perspective, the strong
exponential dependence of the cycling efficiency on the oper-
ating parameters is given by K1 ratios used either correspond-
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Figure 5. Impact of productive and consumptive molar fluxes on galvanostatic charge—discharge polarization of the nonaqueous Fc|FcBF, electrolyte,
through systematic variation of cgag, V and I (for quantitative efficiency evaluation compare Table S7 (Supporting Information); for aqueous electrolyte
polarization curves see Figures S7-S9 and Table S8, Supporting Information): a) variation of Fc|FcBF, RAS concentration (cgas = 5, 10, 15 mm) at
constant volume flow rate of 20 mL min~' and current of 5 mA (np = 0.0017, 0.0034, and 0.005 mmol s~'; 1. = 0.000 052 mmol s~'; K1 = 32, 64, and
96). b) Variation of volume flow rate (V = 5, 10, 20, and 30 mL min~') at constant RAS concentration of 5 mm and current of 5 mA (1, = 0.00 042,
0.00 083, 0.0017, and 0.0025 mmol s~ ; . = 0.000 052 mmol s~1; K1 =8, 16, 32, and 48) and c) variation of current (I = 5, 10, and 15 mA) at constant
concentration of 5 mm and volume flow rate of 20 mL min~! (1, =0.0017 mmol s~'; . = 0.000 052, 0.0001, and 0.00 016 mmol s~'; K1 =32, 16, and
11).

ing to limiting case 1 (K1 >> K1_;;.,;) or limiting case 2 (K1 <
K1_ica)- For an exact determination of the limiting case bound-
ary, i.e., K1 .., for the lab-scale RFB set-up, Figure 6 plots all
determined NCE and 5 efficiencies of the respective K1 ratios for
the nonaqueous electrolyte (summarized in Table S7 (Supporting

position (e.g., rate of electron transfer, solubility of the charged
species) and RFB cell geometry, so that an improvement of the
RAS mass transport no longer leads to an improvement in ef-
ficiency. As presented in our molar flux transport perspective,
only K1 values greater than K1, (limiting case 1) have the

Information); for the aqueous K1 evaluation compare Figure S10
and Table S8, Supporting Information).

In line with the trend observed in impedance, the overvoltage
and NCE parameters show a limit to their reduction and growth,
respectively, for increasing values of K1. The larger K1, the lower
the mass-transport-induced overvoltage and thus the higher the
efficiency. At very high K1, the overvoltage for the nonaqueous
electrolyte decreases to a minimum limit of #,,i nonaqueoues =
0.13 V (Figure 6a) and a NCE,,,, nonaqueoues = 83% (Figure Gb),
while the aqueous electrolyte exhibited a 7, aqueous = 0-14 V
(Figure S10a, Supporting Information) and NCE, ., aqueoues =
82% (Figure S10b, Supporting Information), respectively. In this
high K1 range, an efficiency maximum is reached due to limiting
factors presumably based on ohmic losses due to electrolyte com-

1.2 —_———————
a) : ° n
1.0 I Fit Function 1
1
0.8 chriticn/ =KI (at Min’ 110)
. ¢ K1,y = Kl(at 7=0.14 V)
£ 0.6 ' 1
s .o K1 criicar = 55

0.0 T —L : T T T
0 20 40 60 80 100 120 140 160
K1

productive mass transport #, of the RAS to the electrode sur-
face requested by the consumptive 7. If the applied K1 is lower
than K1 ., (limiting case 2), the lack of RAS at the electrode
surface for electrochemical conversion, due to the insufficient 7,
in relation to 7., causes a mass-transport limited low operating
efficiency. # is therefore higher and the NCE lower. To calculate
K11, Equation (9) is used with a 7, nonagueoues = 0-13 V for the
nonaqueous and #,,, ,queous = 0-14 V for the aqueous electrolyte

= Minonag, - 1.10 = 0.13 V- 1.1=0.14V
1.10=0.14V-1.1=0.16 V

) = K1(0.14 V) =55 ©)
) = K1(0.16 V) = 66

US|
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Figure 6. a) Overvoltage (1/V) and b) normalized charge efficiency (NCE/%) plotted against the different K1 values applied for the nonaqueous Fc/FcBF,

electrolyte, here fin nonaqueoues = 0-13 V and a NCE,,y nonaqueoues = 83% resulting with Equation (6) in a Kligical, nonaq. = 55 (at #1ky
0.14 V). For aqueous [Fe'"' (CN)¢]*~ / [Fe"! (CN)¢]*~ electrolyte s, aqueous = 0-14 V and NCE

Information); MK citical, aq. = 0.16 V) resulting in a K1yisical, aq.

critical, nonag.

= 82% were achieved (Figure S10 (Supporting

max, aqueoues

= 66. Table S7 (Supporting Information) additionally summarizes all calculated overvoltage

and NCE values for each nonaqueous and Table S8 (Supporting Information) for each aqueous K1.
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Figure7. Literature calculated K1values of aqueous and nonaqueous elec-
trolytes for porous separators and ion exchange membranes (Table S9,
Supporting Information) and their corresponding median: ﬁpomus and
K1iem (blue dashed lines). The two black dashed lines show the range be-
tween KT iical Of 55 and 66 achieved for the lab-scale RFB setup used in
this example efficiency evaluation.

A value of 10% above the minimum overpotential was se-
lected to retain high efficiency in the charge-transfer process (i.e.,
the rise in K1 does increasingly less to lower the overpotential
and increase the normalized charge efficiency), while steering
clear from high overpotentials on the other end of the exponen-
tial curves. The latter also ensures that only at large Ohmic re-
sistances (i.e., raising the minimum overpotential plateau) the
K1 ijica Value would be significantly altered, when a 10% increase
lifts the K1 ;. much higher up the curve. For the exemplarily
evaluated lab-scale RFB setup presented in this work, the 110%
overpotential value yields a K1, of 55 for the nonaqueous
Fc|FcBF, and of 66 for the aqueous K,[Fe!'(CN),]|K;[Fe''(CN),]
standard calibration electrolytes. The comparison of the aqueous
and nonaqueous electrolytes shows no significant differences in
the limit overvoltages and NCEs at very high K1 and the resulting
K1 a0 although different redox chemistries, electrolytes, and
supporting electrolytes as well as separators (differences detailed
in the Experimental Section) were used in the comparison of
these two experiments. This result, in overlapping K1, of dif-
ferent electrolyte chemistries and slight setup differences, rein-
forces the conclusion that the K1, value is mainly defined by
the RFB cell geometry and the resulting electrolyte flow behavior
and thus also justifies K1 ;. as an RFB structure-comparative
parameter.

A review of reported aqueous and nonaqueous literature lab-
scale charge—discharge cycling experiments shown in Figure 7;
and Table S9 (Supporting Information) results in a median of a
Iapomus =43 for porous separators and a I?LEM =96 for the more
resistive ion exchange membranes (IEM), being similar to the
K1 ijicar at 55 (or 66) measured here with a porous separator. The
higher K1 for [EMs could be due to the higher ionic resistivity and
hence higher a compensative molar flux is needed. Notably, the
wide variation within the literature K1 data underlines the need
for a unified molar flux concept as presented here. Even though,

Small Methods 2025, 9, 2401670
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the standard calibration electrolytes does not serve as a suitable
RAS for real RFB experiments, this overlap with the literature
research shows that for any lab-scale RFB setup a K1 of 55 for
nonaqueous or 66 for aqueous electrolyte could serve as a suit-
able initial ratio of productive and consumptive molar fluxes for
RFB charge—discharge experiments. On this basis, more in-depth
optimisation of the operating parameters can then be carried out
depending on the RFB setup (see Section 7).

As K1 describes the ratio between productive and consumptive
molar fluxes, 71, needs to be ~55 (or 66) times higher than 7, to
run the cycling for this system in an efficient manner, which is

also in the range of the literature review K1 median (ﬁporous =

43 and a Kl = 96). It also becomes apparent that the same
K1 values, which are calculated by combining different cg,q,
V, and I values, achieve similar overall overvoltage and NCE
conductance values, which supports the molar flux balancing
mass transport perspective for an efficient RFB charge—discharge
cycling presented here. Overall, this efficiency evaluation,
exemplified

7. Identifying the RFB Cell Constant ¢

To facilitate comparison between varying cell-setups and elec-
trolyte chemistries, an RFB cell constant ¢ is introduced, anal-
ogous to conductivity measurements. This cell geometric factor
¢ can be determined experimentally according to the ISO 7888
standard for aqueous systems (0.1 M KCl in H,O with a fixed ab-
solute conductivity of 6557555 = 0.0129 S cm™!) or the Fc|FcBF,
standard calibration electrolyte with the 0.3 m TBABF, in ace-
tonitrile supporting electrolyte for nonaqueous systems. ¢ is sim-
ply calculated by experimentally determining the bulk resistance
(Rg, the high-frequency x-axis intercept in the EIS spectrum) of
the RFB cell with the respective calibration electrolyte using EIS
via Equation (5).

For illustration the cell constants of a coaxial EIS reference cell
from Griinebaum et al. and different RFB construction stages
were compared.’’] A detailed explanation of the impedance
measurements, as well as the data and the corresponding cell
constant calculation is shown in the Supporting Information
(Table 1).

As the electrode surface area increases when switching from
the stainless steel coaxial reference cell to the bare 3D-printed
lab-scale RFB cell without separator and carbon felt (—CF-S) with
only the graphite blocks as current collectors, the bulk resistance
and correspondingly the cell constant also decrease. By adding a
separator (—CF+S, for aqueous electrolyte Daramic 175 and for
nonaqueous Celgard 2500), an additional resistance is inserted
between the two graphite blocks, which increases R, and ¢. With
a further increase in electrode surface area and decrease in in-
terelectrode distance by adding carbon felt, R, drops again (in
accordance with the bulk resistance from Section 3., R, rqjreprs =
2 Q) and thus so does ¢, resulting in a &y5,0, tcpes = 13 cm™
and a & ey 4opes = 2 cm™! for the complete 3D-printed lab-scale
RFB structure (as appliead to the charge—discharge experiments
in Section 5). These overall experimentally achieved ¢ for the 3D-
printed lab-scale RFB fit also in the theoretically expected range
for the RFB cell constant calculated via the RFB setup dimen-
sions using Equation (7): {yeo =d /A =0.5cm [/ 1.92 cm? =

2401670 (8 0f11) © 2025 The Author(s). Small Methods published by Wiley-VCH GmbH
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Table 1. Experimentally calculated cell constants based on the measured bulk resistances of the different setup stages using the specific conductiv-
ity of the 1SO 7888 aqueous reference electrolyte (6507335 = 0.0129 S cm™') and the nonaqueous 0.3 m TBABF, in acetonitrile reference electrolyte

(OACN +03 wTBABF4 = 0.022 S cm™").

Rq [Q] 1SO7888 (H,0 +0.1m
KCl) + Daramic 175

¢ [em™']11S07888 (H,0 + 0.1 ™
KCl) + Daramic 175

Rq [Q] Acetonitril + 0.3 m
TBABF, + Celgard 2500

¢ [em™"] Acetonitril + 0.3 m
TBABF, + Celgard 2500

Coaxial Reference 372 4.8
—CF =S 1 0.14
—CF +S 27 0.35
+CF +S 13 0.17

218 4.8
8 0.18
13 0.29
2 0.04

0.26 cm™!. The difference between the aqueous and nonaqueous
calibration electrolyte resistances can presumably be attributed
to the different types of conducting salt and separators. Despite
the still subtle differences, this stepwise increase in complexity
paints a comprehensive picture of the impeding elements in an
RFB setup and this procedure thus ensures the user that the value
of each component fits within a reasonable margin.

8. Identifying the RFB Setup Independent
Minimum Operating Parameter Ratio K2

Since the cell constant is describing quantitatively the cell geom-
etry, it can be used, just like in classical conductivity measure-
ments (¢), first to quantitatively compare the influence of the in-
dividual RFB cell structure on the conductivity and, in extension,
the cycling performance. Second, it can be applied to convert
K1_ca into efficiency coefficients for a specific RFB cell struc-
ture independent of this cell structure influence (K2). Therefore,
K2 is introduced here as the cell structure independent value auf

K1 and is calculated according to Equation (10)
— Kl _ _ 55 _
K2ponaq. = S T = 28 cm (10)
Klritical 66
K2, = Ml = - 33 ¢m
. ¢ 2 cm™!

K2 and ¢ can be used to compare the K1, obtained in differ-
ent cell design and electrolyte chemistries as well as their certain
efficiencies in different operating conditions described by K1.
The procedure for determining K1 and K1_;.,; presented in the
first section of this paper thus becomes independent of the RFB
cell geometry and different RFB designs can be compared and
evaluated in their optimum efficiency ranges (defined by K1 and
K1 o) This hopefully makes it easier to compare individual
RFB performance results using different RAS, electrolyte combi-
nations, separators, electrodes, flow fields, etc.

Furthermore, it serves as a first benchmark to identify the area
for K1, using the measured ¢ for a certain RFB cell setup,
when using a new, unknown RFB setup and evaluating the ideal
performance and efficiency window.

9. How to Use K1, K1 ¢, and K2?

To identify the individual lab-scale RFB parameters K1 ;.. ¢,
and K2 using the molar flux balancing mass-transport perspec-
tive and the corresponding experimental route on efficiency eval-
uation presented in this work, these instructions can be fol-
lowed

critical?
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1) Identify the RFB cell constant { according to ISO 7888 for
aqueous systems or the 0.3 m TBABF,-acetonitrile reference
supporting electrolyte for nonaqueous systems, measuring
the bulk resistance via EIS and calculating ¢ via Equation (7)
while gradually increasing the RFB systems complexity.

2) Use the herein measured K2 ~ 28 cm for nonaqueous and K2
~ 33 cm for aqueous electrolyte as first benchmark to estimate
K1 a1 Via Equation (8).

3) Setup a K1 matrix (minimum 3 X 3 X 3) of different 7, and
i, (i-€., cpas, V, and I) around the as calculated K1, and
screen the RFB cell performance via NCE and 5 evaluation at
different K1 using Equations (4) and (5)

4) Identify the real K1, of the used setup at 110% of ,;,, from
Equation (6).

5) Recalculate K2 using real K1, and ¢ evaluated for the in-
dividual RFB setup.

Thus, K1 .0 ¢, and K2 first provide optimal cycling pa-
rameters, i.e., the minimum 7, to #,_ ratio for efficient charge—
discharge cycling (K1), and second enable cross-comparison
of individual RFB experiments. However, in order to apply the
experimental route presented here to RFB setups on a pilot plant
scale or multistack systems, further investigations are required
in the future, so that the standardized experimental route pre-
sented here for determining the optimum operating parameters
and the basic comparability of different RFB setups is first rec-
ommended for single-stack, lab-scale RFB setups for the time
being.

10. Conclusion and Outlook

By relating electrochemical parameters such as applied current,
resistance, and overvoltage of a lab-scale RFB with parameters
relevant to mass transport, comprised of a productive molar
flux (i, / mol s™') and consumptive molar flux (72, /mol s7'), we
show that one can directly identify the effect of different operat-
ing parameters (i.e., RAS concentration, electrolyte flow rate, and
applied current) on lab-scale RFB performance with a K1 param-
eter, thereby simplifying RFB optimization. To determine opti-
mal settings, a simple experimental calibration route that moni-
tors the change in RFB overvoltage (1/V) and normalized charge
efficiency (NCE/%) upon varying the ratio of productive to con-
sumptive molar flux (i.e., varying K1 values) is presented, using
aqueous (K,[Fe(CN)4]|K;[Fe(CN)¢], 0.1 m KCl, deionised water)
and nonaqueous (Fc|FcBF,, 0.3 M TBABF,, acetonitrile) standard
calibration electrolytes. The critical K1 ratio of the productive and
consumptive molar fluxes that yields efficient charge—discharge
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cycling is achieved by having sufficient RAS mass-transport in-
side the individual RFB setup. K1 ., thus serves as a setup spe-
cific parameter, benchmarking charge-discharge efficiency for
different lab-scale RFB setups. Although it generally would be
desirable to increase the flow rate during cycling to counteract
the decrease in unreacted RAS and to thus preserve optimized cy-
cling conditions also at high SoC, we have fixed K1, as a static
value for RFB cycling based on our experimental and literature
values at 10% over minimum overvoltage. Here, we demonstrate
our experimental route using an earlier published lab-scale RFB,
amounting a chritical, nonaqueous — 55and chritical , aqueous — 66 (bOth
for porous separators), thus identifying a need for a large excess
of productive against consumptive molar flux for critical efficient
operating parameters. Importantly, these values are in the range

of identified literature median values of I?iPorous

separators and K1,z = 96 for ion exchange membranes, vali-
dating the assessment. Furthermore, through implementation of
the RFB cell constant ¢, an optimum efficiency range for cycling
procedures can be determined irrespective of RFB cell geome-
try using K2, thus enabling cross-comparison between RFB se-
tups from different studies. Ultimately, this straightforward mass
transport approach offers a simple experimental route to enable
comparison of experimental results between different RFB cell
setups, offering a unique opportunity to optimize the electro-
chemical parameters of lab-scale RFBs in general.

= 43 for porous

11. Experimental Section

The lab-scale RFB and pump setup used was the previously reported 3D-
printed lab-scale RFB setup (electrochemical active area 2.4 cm?). SIGRA-
CELL GFD 2.5 EA IW1 cut to size was used as carbon felt.

For the aqueous electrolyte, 25, 50, and 75 mm of Ks[Fe''(CN)g] or
K, [Fe'' (CN)¢] @ 3 H,O were dissolved in Milli-Q water together with 0.1 m
KCl as supporting electrolyte. 3 mL of each solution was added as anolyte
and catholyte electrolyte into the Eppendorf Tubes that served as the tanks,
resulting in theoretical maximum capacities of 4.02, 8.04, and 12.06 mAh.
The aqueous electrolyte was galvanostatically cycled at 20, 30, 40, and
60 mA between +0.7 and —0.7 cut off voltage and a volume flow rate of
5, 10, or 15 mL min~'. Aqueous electrolyte experiments were performed
under ambient conditions using a Daramic 175 separator.

The nonaqueous electrolyte formulation proposed by Armstrong et al.
based on ferrocene (Fc) and ferrocenium tetrafluoroborate (FcBF,) was
used as the standard calibration electrolyte. For this purpose, 2.5, 5, and
7.5 mm Fc and FcBF, were dissolved in acetonitrile (dried on molecular
sieves in an argon-filled glovebox) and 0.3 m tetrabutylammonium tetraflu-
oroborate (TBABF,) was added as the conducting salt. The TBABF, was
previously dried at 120 °C and under vacuum. 3 mL of this electrolyte were
filled into Eppendorf Tubes, which served as the tanks, and connected to
the 3D-printed lab-scale RFB setup. Nonaqueoues electrolytes were per-
formed in a nitrogen-filled glovebag, that was flushed with nitrogen before
every measurement to ensure H,O and O, exclusion (Figure S1, Support-
ing Information), using a Celgard 2500 separator.

The electrolyte was pumped with 5, 10, 20, and 30 mL min~! which was
determined by a previous gravimetric pump calibration.

It should be pointed out that both symmetrical standard calibration
[Fe' (CN)gJ>~|[Fe" (CN)¢]*~ Fc|FcBF, electrolyte used here, just like for ref-
erence calibration in cyclic voltammetry measurements, only serves as a
tool for characterizing an individual lab-scale RFB setup. Using these stan-
dardized electrolytes, the experimental route proposed here (based on the
variation between productive and consumptive molar flux accompanied
by the NCE and overvoltage efficiency evaluation) can be used to deter-
mine the RFB setup-specific influence on the charge—discharge cycling be-
havior. Finally, this gets condensed in a setup-specific, individual K1 tical,
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the minimal K1 ratio required to achieve sufficient cycling efficiency. This
standardized experimental route then can be used to compare the cycling
quality of separate RFB setups with each other. Providing the here pre-
sented K1 ticar, ¢, @and K2 values upcoming research articles would facili-
tate cross-comparison of results between different RFB designs.

For the evaluation of the cell constant, a conductance standard accord-
ing to 1SO 7888 0.1 m KCl solution was used supplied by Sigma-Aldrich.

An Autolab multipotentiostat from Metrohm PGSTAT 204N with Nova
2.1 software was used for the electrochemical investigations. The used
RFB cell and pump setup was the previously reported 3D-printed RFB
setup, which was stored and processed in a nitrogen-filled glovebag.[?8]
Cycling performance was evaluated with 5/—5, 10/—10, or 15/—15 mA for
nonaqueous and at 20/—20, 30/—30, 40/—40, and 60/—60 mA for aqueous
electrolyte. Cut-off polarisation potentials were set at 1 and —1V for non-
aqueous and at 0.7 and —0.7 V for aqueous electrolyte experiments. Four
charge discharge cycles were measured per measuring point. The average
values of the second, third, and fourth cycle were used for the quantita-
tive evaluation and the second cycle was used as displayed in Figure 5;
and Figures S3-S5 (Supporting Information) for nonaqueous and Figures
S7-S9 (Supporting Information) for aqueous electrolyte. The efficiencies
were calculated according to Equations (11) and (12) and (13-15)

NCE = (Qc. exp./ Cc.theo.) - 100 (1)
n= <|Udischarge + Ucharge) /2 (12)
CE = tgischarge/charge (13)
VE = Ugischarge/ Ucharge (14)
EE=CE-VE (13)

It should be noted at this point that the typical electrochemical eval-
uation parameters (Coulomb efficiency (CE), voltage efficiency (VE), and
energy efficiency (EE)) have only limited significance here, since

1) Due to the electrochemical stability and fast and reversible redox ki-
netics and reaction of the symmetrical RAS species Fe!'*|Fe!''* used
here, the evaluation of the galvanostatic cycling results obtained can
be attributed only to the mass transport phenomena presented in this
work and other electrochemical difficulties (e.g., by low electrochemi-
cal stability, slow redox kinetics.) can be neglected. Furthermore, since
the reversibility of the redox reaction within a charge—discharge cycle
is of less interest than the charging capacity achieved relative (Q ¢yp.)
to the theoretically possible (Q. iheo ) in order to determine the elec-
trochemically converted amount of RAS for the respective operating
parameters (K1), the normalized charge efficiency (NCE), and not the
CE is used for performance evaluation in this work.

2) The theoretical cell voltage of the symmetric Fe'"*|Fe!'"* electrolyte
between the anodically polarized Fc and the cathodically polarized
Fct should be zero and only the polarization should change from
Fe!+|Fe!'"* to Fe'l'"*|Fe!"* and vice versa during the respective “charge”
and “discharge” steps. Thus, the VE is of less interest for the present
investigation, but only the overvoltage (1) induced by mass transport
limitations is used as a performance criterion. Since the overvoltage
is the difference between the theoretical voltage and the real nominal
voltage, whereby the nominal voltage for the symmetrical electrolyte
used here is 0V, any deviation in the cell voltage is due to overvolt-
age and can be calculated here by Equation (5)). For actual RFB sys-
tems, which build up an “real” nominal voltage between anolyte and
catholyte, the overvoltage could be determined by running a symmetric
cell of the involved electrolyte instead. However, this will not safeguard
the stability of the RFB system during the determination of overvoltage
(i.e., cross-over and side/decomposition reactions can occur), which
is why the use of the Fe!"*|Fe!'"" electrolyte still recommended for
calibration.

1+
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3) Since the CE and VE have less importance as described above, also EE
is not used for the evaluation of the energy efficiency.

However, for completeness, all three variables have been in-
cluded in the corresponding investigations (Tables S3-S5, (Supporting
Information)).

Impedance spectra were measured in a frequency range from 0.01 to
108 Hz with an amplitude of 0.01 Vgys. Impedance spectroscopy results
were evaluated using the RelaxIS software. A detailed evaluation of the
influence of 71, on EIS experiments and of the cell constant experimental
route can be f%und in the Supporting Information.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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