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ABSTRACT: Redox flow batteries (RFBs) are promising
energy storage candidates for grid deployment of intermittent
renewable energy sources such as wind power and solar energy.
Various new redox-active materials have been introduced to
develop cost-effective and high-power-density next-generation
RFBs. Electrochemical kinetics play critical roles in influencing
RFB performance, notably the overpotential and cell power
density. Thus, determining the kinetic parameters for the
employed redox-active species is essential. In this Perspective,
we provide the background, guidelines, and limitations for a
proposed electrochemical protocol to define the kinetics of redox-active species in RFBs.

—— Reversible
—— Quasireversible
—— Irreversible

==

edox flow batteries (RFBs) are of great interest as
leectrochemical energy storage systems, particularly for

tationary applications." This type of battery architec-
ture is based on redox-active pairs in separate solutions that are
contained within external storage tanks, termed the anolyte
(negolyte) and the catholyte (posolyte).”” Power is generated
upon flow of the anolyte and catholyte within a central
electrochemical cell, comprising an ion exchange membrane, as
shown schematically in Figure 1.” The chemical energy stored
in the redox components is converted to electrical energy
transmitted through the external circuit.® The main factors
controlling RFB performance are the same as most other
electrochemical cells: (1) thermodynamics, reflected in the
redox potential; (2) mass transport of redox components to
the electrode; and (3) the electron transfer rate, embodied in
k° the heterogeneous electron transfer rate constant.
Substantial progress has been made toward the synthesis and

j'ef}felop men-t of rzdox spec1es_tlllat h;ve high SOIUblhtleSf 1?‘ large Figure 1. Schematic diagram of a redox flow battery (RFB). Redox
literence In redox potentials, the necessary stability to species, held in the tanks labeled anolyte and catholyte, are

withstar;c_lmrepeated cycling, and facile electrochemical pumped into the central cell compartments to generate power.
kinetics. The electrochemical kinetics of a RFB signifi-

cantly impact the performance of the battery but are also
critical to understand for elucidating reaction mechanisms.
Developing a better understanding of the relevant reaction
mechanisms is often necessary to enable further improvements
of a given flow battery.

A good RFB requires favorable kinetic characteristics to
enable usability over hundreds or thousands of cycles and to
deliver a desirable potential window and current density. One
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ETTE] Carry out CV of redox couple

Current

Potential

Run the CV at a reasonable scan rate, e.g., 50 mV/s.

S1EJEE] Run CVs at different scan rates

H&E¥ Define type of electron transfer mechanism

—— Reversible
—— Quasireversible
—— Irreversible

Current

oo,
{AE, guagi, i«—
AE,

pirrev. '« »

Potential

Determine the peak separation, AE,. AE, = anodic peak

potential (E, ,) - cathodic peak potential (E,, ).

Reversible if AE,

Quasireversible if AE, ., < AE,
Irreversible if AE,

orev.= (57/n) mV where n = number of e-

oquasi. S (200/n) mV *
>(200/n) mV *

pirrev.

Reversible

Current

Quasireversible

E,

p.a

Irreversible Epa

Potential

Potential

Potential

Correct for uncompensated resistance.415 (Detailed directions in Supplementary Information.)

If E, does not shift with scan rate (v), system is reversible.

SIZTEL Determination of diffusion constant, D: plot peak current vs (scan rate)'2

Plot the change of peak current with square root of scan rate.
Reversible and irreversible systems are linear; quasireversible is not, and cannot be determined in this manner.

Peak Current

Slope = Constant

(scan rate)'2

With a reversible system, use Randles-Sevcik
equation to solve for D, the diffusion coefficient:

Slope = 2.69X10°n32AC’D"2

With an irreversible system, use
Slope = 2.99X10°n%2a'2AC"D2

where a can be estimated from /E,-E,,/=
(48/an) mV, where E,and E,, correspond to
the potentials at peak current and half the

peak current, respectively.

Figure 2. First set of cyclic voltammetry (CV) experiments to define the kinetic regimes (reversible, quasireversible, and irreversible) for an
electron transfer (ET) mechanism (steps 1—3a). CVs for reversible, quasireversible, and irreversible systems were simulated using Bio-Logic
EC-Lab software. Parameters: k° = 0.5 cm s~ (reversible, red), 0.001 cm s~ (quasireversible, blue), and 1 X 107 cm s™! (irreversible,
green); v = 50 mV s™'; diffusion coefficient (D = Dg) = 1 X 1075 cm® s™". *The final potential range for the quasireversible system in step 2
[(200/n) mV] was chosen based on values obtained from the Nicholson equation, Table 2. Step 3b illustrates the representative linear
relationship between the peak currents and the square root of scan rates v'/? for reversible and irreversible systems. Refer to Table 1 for a

more detailed description of the symbols used in this figure.

should determine the reversibility of the redox reaction,
kinetics, and charge-transfer mechanisms of a redox couple
before integrating within a RFB—this important information
will enable rational improvements to the design of the battery.
“Chemical reversibility” of redox reactions is essential for good
cycle life in RFBs, whereas “electron transfer reversibility”
indicates the rate of electron transfer between the electrodes
and the redox components. Here, and in most electrochemical
literature, the term “reversible” indicates a fast electron transfer
reaction that maintains thermodynamic equilibrium at the
electrode/solution interface, whereas “irreversible” indicates a
slow reaction that can seriously limit power output in RFBs.
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“Quasireversible” refers to intermediate rates between these
two extremes. In this Perspective, we walk the reader through
the steps to determine the diffusion coefficient, the standard
rate constant (kinetic facility of a given redox reaction), and
the type of reversibility of the electron transfer (ET)
mechanism when considering possible redox couples for a
redox flow battery application; the Supporting Information
also provides additional information and background for the
interested reader. For an excellent introduction to electro-
chemistry, we strongly encourage the reader to read the
recently published guide by Dempsey and co-workers."*

https://dx.doi.org/10.1021/acsnano.0c01281
ACS Nano 2020, 14, 2575-2584
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Table 1. List of Commonly Used Symbols®

symbol name units
D diffusion coefficient cm? 7!
Cc* bulk concentration mol cm™
v scan rate V/s
E measured cell potential v
E, peak potential v
I electric current A
iy limiting current A
v kinematic viscosity cm? 7!
F Faraday constant C mol™
R real gas constant J K mol™!
Eg equilibrium electrode potential A%
v dimensionless Nicholson parameter none

symbol name units
A electrode geometric area cm?
n number of electrons none
a charge-transfer coefficient none
E,) half-wave potential A%
E” formal electrode potential \%
i peak current A
iy kinetic current A
[0} rotation rate or angular velocity rad s7*
K° standard rate constant cm s~}
T temperature K
iq diffusion-limited current A
ro radius of an electrode cm

“Note the unusual units for C* of mol cm™, which are employed for compatibility with electrode areas in cm* and k° in cm s™%.

The first sets of experiments one should start with are based
upon cyclic voltammetry (CV), which will be used to
determine if a given redox couple is reversible, quasireversible,
or irreversible and to realize a rough estimation of the rate
constants and diffusion coefficients of reversible and
irreversible systems. For the diffusion coeflicient of a
quasireversible system, rotating disk electrode (RDE) measure-
ments are suggested. Second, more detailed RDE measure-
ments can be deployed for further confirmation of the
determined rate constants and diffusion coeflicients of
quasireversible and irreversible redox systems. Throughout,
we will help the reader avoid missteps and pitfalls and walk
through all of the steps to elucidate the important kinetic
information on a candidate redox couple for RFB applications.

DETERMINATION OF REVERSIBILITY AND BASIC
KINETIC INFORMATION OF A NEW REDOX SYSTEM

Determination of Reversibility. To begin analyzing your
new redox system for an RFB, the first two points that need to
be addressed are (i) determination of the solubility/stability in
different solvents and at different pH values of interest to RFB
applications followed by (ii) the running of CV at different
scan rates to determine the reversibility of the reaction and
other important electrochemical parameters such as the
diffusion coefficient. Because the determination of electro-
chemical kinetic parameters varies from reversible to
quasireversible or irreversible systems, experimentally defining
the nature of the redox couple is the first step to be taken. As
noted above, redox reactions are classified into three
categories:

(i) electrochemically reversible
(ii) electrochemically irreversible
(iii) quasireversible

depending on the kinetics of the charge-transfer reaction
between the electrodes and redox components. For reversible
systems, the current is limited only by diffusional mass
transport, and in contrast, the current for irreversible systems is
dominated by slow charge-transfer kinetics. The CV curves of
quasireversible systems have intermediate shapes dependent
on both charge-transfer rate and mass-transport conditions.
Although the commonly used terms imply that redox reactions
fall into three distinct groups, the range of observed rates is
one continuum, between “reversible” and “irreversible”
depending on the time scale of the technique used to monitor
charge-transfer kinetics. Figure 2 outlines the first set of
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experiments that should be performed to determine whether a
redox reaction is reversible, quasireversible, or irreversible and
how to calculate the associated diffusion coefficient of the
redox-active species in solution. We will first go through the
details of reversible, quasireversible, and irreversible redox
reactions and then determine the diffusion coefficients of the
reactions.

As shown in Figure 2, steps 1 and 2, one begins with CV
characterization of the redox couple. For reversible systems,
the current is limited only by diffusional mass transport, where
the peak potentials, E, and peak separation, AE, are
independent of the scan rate. For irreversible systems,
however, AE, increases and E, shifts to more extreme
potentials with increasing scan rate (more positive for
oxidation, negative for reduction). Quasireversible systems
are influenced by both the charge-transfer kinetics and
diffusional mass transport. Further criteria defining and
differentiating these three categories of redox systems can be
seen in the Supporting Information (section 1). As shown in
Figure 2, step 2, the shapes of the CV curves and AE, are used
to discern reversibility. The next step, step 3a, is to run CVs at
different scan rates to determine whether E, shifts with the
scan rate. If E, does not shift with the scan rate, then the redox
couple is defined as a reversible system, meaning the rate of
electron transfer is fast relative to the range of scan rates
employed.

Determination of the Diffusion Coefficient. The
kinetics of the diffusion of a redox species are important for
the performance of a redox flow battery because slow diffusion
will restrict the current density and lead to larger over-
potentials.”” The relationship between the peak current
(corrected for the background current, Figure S1) and the
square root of the scan rate, step 3b in Figure 2, is linear for
reversible and irreversible systems, and the slope can be used
to calculate the diffusion coefficient, D; the relevant equations
are shown in step 3b.'”'” For quasireversible systems,
however, the peak current is not proportional to the square
root of the scan rate, and the diffusion coefficient needs to be
determined through an alternate route (e.g, rotating disk
electrode, RDE). A representative example for the deviation of
i, with v'/? for quasireversible systems is illustrated by Ohsaka
and co-workers for oxygen reduction and oxidation reactions
on a sub-self-assembled monolayer/Au electrode.'® Table 1
lists all of the symbols used here, as well as their units for
clarity. At this point, you will have determined whether your
redox couple is reversible, quasireversible, or irreversible and

https://dx.doi.org/10.1021/acsnano.0c01281
ACS Nano 2020, 14, 2575-2584
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the approximate diffusion coeflicient, D, of the electroactive
species in solutions for reversible and irreversible systems.

As mentioned above, for a quasireversible system, i, versus
v'? is nonlinear and, thus, CV cannot be used—step 3b in
Figure 2 is not applicable. To determine the diffusion
coefficient of a quasireversible redox couple, it is suggested
that a RDE be employed. Using a RDE will also enable the
determination of the diffusion coefficient of reversible and
irreversible systems, as well, because the mass-transport-limited
diffusion current does not depend on either the electrode
potential or the rate of the reaction but only on diffusion and
the rotation rate.”” A RDE encounters a steady-state flux of
analyte to the electrode surface, thus leading to the case where
the current at a given potential is no longer dependent upon
time.”” Due to the steady-state mass transport in RDEs,
current—potential curves are S-shaped as opposed to the
typical duck-shape of stationary (unstirred) CVs that rely on
the growth of the diffusion layer thickness and diffusion of the
reactive analytes to, and redox products from, the electrode
throughout the scan. At high overpotentials, in a reductive
RDE scan, the surface concentration of the oxidized species
reaches zero, and the flux of mass transport of species to be
oxidized, O, to the electrode surface approaches its maximum
value. Thus, a limiting current is observed and is proportional
to the square root of the angular velocity, as described by the
Levich equation (Figure 3). A plot of i, versus @ should be

Rotating disk electrode (RDE) to determine the diffusion coefficient, D, for
reversible, quasireversible, and irreversible redox systems

(a)[0+e =R

G
g

Cathodic Limiting
Current, i

Current

Limiting Current

Slope =
0.62nFAD?3y -16C*

ofi

Potential (Angular Velocity, w)"?

Levich-equation: Cathodic limiting current, i;,= 0.62nFAD%% v -6 "2C*, where v is
the kinematic viscosity of the fluid (measured in cm?/s).

Figure 3. (a) Linear sweep voltammograms at different angular
velocity. (b) Levich plot. Solving for D provides the diffusion
coefficient for a quasireversible system (as well as reversible and
irreversible systems).

linear with a slope that is a function of the number of electrons
and diffusion coeflicient; a representative example of i versus
@ correlation can be seen in the work of Tong et al.”'
Determination of Standard Rate Constant (k°) Using
Cyclic Voltammetry. The kinetics of redox reactions can be

estimated from the standard rate constants. Low values of k°
indicate sluggish kinetics that would require more energy (a
larger overpotential to overcome), which is not ideal for high-
performance RFBs. Reversible electrochemical reactions are
characterized by high rates of charge transfer (high standard
rate constants, e.g, K>10"ems™h) ;2% KO values are lower for
quasireversible systems, between 10" and 107 cm s™" and less
than 107> cm s™! for irreversible systems.”

The determination of the standard rate constants for
reversible systems is challenging due to the high values of k°
and the “kinetics are, in effect, transparent”, to quote Alan J.
Bard.'® To determine the kinetic parameters for reversible
systems, increasing the scan rate can principally render a
reversible system quasireversible or irreversible; we have come
across some examples in the literature applying and
recommending this approach.'”**™** In principle, conven-
tional voltammetry with electrodes having diameters of a few
millimeters is limited in scan rate to ~100 V/s due to ohmic
potential error and a large capacitive current contribution, both
of which increase with the scan rate. As a result, it has been
difficult to measure k® values accurately above about 0.1 cm
s7!, and such fast-redox reactions have been considered
“reversible”. However, the development of ultra-microelectr-
odes with diameters of 1—50 pm has greatly reduced
uncompensated resistance errors due to the much smaller
currents and resulting small iR error.”™*’ Thus, the useful
range of voltammetric scan rates was increased to 1 MV/s,
compared to the few hundred V/s limit with larger
electrodes.”” With careful attention to cell design and
sufficiently fast electronics, k° values of ~3 cm s™' were
determined for ferrocene on a 5 ym diameter Au electrode.’® A
good test of the reliability of such high k° values is their
constancy over a range of scan rates, which has been
demonstrated for scan rates from 200 to 100,000 V/s.*°
Microfabrication of very narrow band electrodes permits scan
rates of >1 MV /s,31 and electrochemical measurements on
microdisk electrodes in the sub-microsecond time scale have
become possible.””**** Although microelectrodes are highly
reliable with respect to the fast scan rate approach for
reversible systems, further validation is nevertheless recom-
mended via simulation of the cyclic voltammograms. Thanks
to the software available with modern potentiostats, most
researchers can simulate their own cyclic voltammograms,
similar to the ones shown in this Perspective.

For irreversible redox reactions, the standard rate constant
can be determined by using the relationship between the peak
current (i,) and the overpotentials, represented in the
difference between the peak potential (E,) and the formal
electrode potential (E”), at different scan rates, as shown in
the following equation:

(a) Anodic | (b) Cathodic peak (c) Anodic peak
scan
A
-
5 T_A = =
2 = =
S £ AN £ -
(8 ~ -
~ _Intercept Intercept _ ~
~ -
L}Cathodic AN e
scan R -
«— () Potential (+) — — () (E-E% 0 0 (E-E%) (+)—

Figure 4. (a) Cyclic voltammetry for an irreversible system at different scan rates. (b,c) Plots for In(i,) vs (E, — E*') for both cathodic and

anodic peaks, provided that E* is known for the studied system.
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In(i,) = In(0.227FAK°C*) — (aF/RT)(E, — E*) 1)
provided that E* is known. A linear plot of In(i,) versus (E, —
E") at different scan rates should give a slope of —aF/RT and
an intercept that is a function of the rate constant k°. A
simulated example of an irreversible system is shown in Figure
4. An actual example of the determination of the rate constant
for an irreversible system can be seen in the detailed work of
Zeng and co-workers.”*

For more than five decades, the simplicity of Nicholson’s
method™ has rendered it the method of choice for the
determination of standard rate constants for quasireversible
systems. Nicholson showed that AE, is a function of a
dimensionless kinetic parameter () and is insensitive to the
value of the charge-transfer coefficient, ¢, in the range of 0.3 <
a < 0.7. The only requirements for using Nicholson’s method
are the measurement of AE at different scan rates, followed by

P
determination of the corresponding values of y using Table 2.

Table 2. Variation of AE, with y at 25 °C for a One-Step
and One-Electron Reaction, @ = 0.5, and Reverse Potential
Greater than the Peak Potential by 112.5/n"

% AE, (mV)
20 61
7 63
6 64
S 65
4 66
3 68
2 72
1 84
0.75 92
0.50 105
0.35 121
0.25 141
0.10 212

“Data in the table are reproduced from ref 3.

Thus, according to eq 2, k® can be extracted from the slope of a
plot of y versus v'/> (Figure S, and an example of this method
can be found in ref 36). Due to the discrete points in Table 1,

(Scan rate)™?

Figure 5. Example of the plot of y, determined by the peak
separations (Table 1 or eq 3) of cyclic voltammograms observed at
different scan rates versus the square root of the scan rates for
quasireversible systems.
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for practical usage, eq 3 can be used to estimate the values of y
at different peak separations.”’

_ _(Do/DR)"k°
(zDgnFv/RT)"> (2)
(—0.6288 + 0.0021AE,)
l/[ =
1 — 0.017AE, (3)

A common source of errors when using the Nicholson
equation is the uncompensated ohmic drop, which results in an
increased peak separation with the scan rate and determination
of a lower rate constant than the true value. Hence, correction
for the uncompensated ohmic drop is absolutely important for
accurate determination of the rate constant using the
Nicholson equation (discussed in the Supporting Informa-
tion). A good indicator of ohmic potential error is the variation
of k° with scan rate, that is, curvature of the plot in Figure 5. It
is also recommended to validate the observed kinetic
parameters by simulating the corresponding cyclic voltammo-
grams at different scan rates and comparing them to the
experimental voltammograms.

DETERMINING THE STANDARD RATE CONSTANT (K°)
USING A ROTATING DISK ELECTRODE

As described in above, CV enables an estimate of the rate
constant of your new redox couple. If it is promising and
merits further investigation, RDE measurements will enable a
“double check” of the rate constant and diffusion coefficient
you determined above. The reader is directed to a useful recent
tutorial describing the details and potential pitfalls of RDE.*’

In redox reactions that are kinetically limited, the rate of
charge transfer limits the measured current, and these are thus
classified as irreversible reactions.”” In this case, the reciprocal
of the measured current i"' in the RDE steady-state
voltammograms is the sum of the reciprocals of the kinetic
ii”" and mass-transfer-limited ™' current, according to the
Koutecky—Levich equation below (eq 4). As the RDE rotation
speed is increased, the electrochemical response is less limited
by mass transfer, and the measured current approaches the
value of the kinetic current. In order to solve for i
experimentally, the RDE must be run at different rotation
rates, as shown in Figure 6a. Once these i—E plots are in hand,
select different potentials on these i—E plots and determine the
measured current at different rotation velocities, w. An
example is illustrated in Tables S1 and S2, and Figure S2
lists the recommended range of potentials. A graph of 1/i
versus 1/w"? should include several plots for the different
chosen potentials, as shown in Figure 6b; each plot represents
a set of data points for the measured current at different w for a
selected potential. In Figure 6b, the y-intercept of each plot
(where 1/@"* = 0) is the i," for this particular potential. At
this point, you will have determined the i,~' values at different
potentials. Next, using eq S5, the rate constant can be
determined by simply plotting log(i;) versus (E — E”), as
shown in Figure 6c, analogous to Tafel plots (section S in the
Supporting Information). Specifically, the value of the y-
intercept of this linear plot is equal to nEFAK°C*, which can be
used to determine the rate constant. Furthermore, the slope is
equal to —anF/RT, which can be used to determine the
charge-transfer coefficient.
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Figure 6. Simulated rotating disk electrode (RDE) scans at different rotation rates for irreversible (a) and quasireversible (d) systems.
Koutecky—Levich plots for irreversible (b) and quasireversible (e) systems. (c) Plot of log(i,) vs E — E” for the irreversible system. (f)

Change of the slopes with overpotentials for the i '—o~/2

are listed in Table S1.

plots in (b,e). Simulated parameters for irreversible and quasireversible systems

We noticed some examples in the literature that extracted
kinetic information using a single voltammogram collected at
one rotation speed to construct the log(current)—overpotential
plot (similar to what is shown in Figure 6c). Ignoring
corrections for the mass-transfer-limited current is justified in
only a few specific examples in which there are high
abundances of the reacting species, such as the hydrogen
and oxygen evolution reactions (HER and OER).*** For
other systems, this approach will yield incorrect results. For

more details, we refer the reader to the review article by Wei et
38
al-

11, 1_1 1
i@ i i 0.62nFADY 0!/ 7VoCE (4)
—anF(E — E”
ii, = nFAkCg = nFAK"Clexp M
RT (3)

For quasireversible systems, the same experimental procedures
for irreversible systems can be applied, starting by collecting
RDE plots at different rotation rates (Figure 6d) to construct
the i '—w ™"/ plots (Figure 6e). The slopes for the il ?
plots for quasireversible systems vary with the overpotential
(Figure 6e), which is not the case for irreversible systems
(Figure 6b), which have identical slopes. For quasireversible
systems, extracting information from the slope of the i'—@ ™"/
plots using the Koutecky—Levich equation for irreversible
systems is erroneous because of the dependence upon voltage.
Figure 6f shows the change of the slope of the i~'—@™"/2 plots
versus the selected potentials for both irreversible and
quasireversible systems. For irreversible systems, a plateau is
observed, which shows the independence with regard to
voltage, as substantiated by the Koutecky—Levich equation
itself (eq 4)—the slope is not a function of the overpotential.
For quasireversible systems, however, a nonlinear curved plot
is observed, indicating an exponential relationship. For
experimental examples that show such changes of slope in
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the i~'—@~"/? plots, we refer the reader to the detailed work by
research groups including Schubert, Aziz, Yu, McKone, and
their co-workers.'"**~*

To solve this conundrum with regard to quasireversible
systems, we provide the following solution. Instead of using the
Koutecky—Levich equation (eq 4), which should only be used
in the case of an irreversible system, we propose the use of eq 6
for mixed species of quasireversible-type systems as a starting
point, and we modify it for a single species (only one species is
dissolved in the solution, as is typically the case in RFBs).
Equation 6 is the general equation for one-step and one-
electron transfer quasireversible systems. This equation differs
from the Koutecky—Levich equation (eq 4) as it is a function
of the concentrations of both the oxidized and reduced species,
overpotential (E — E,,, where E,g is the equilibrium potential)
and the exchange current density (i). According to this
general equation, a plot of i™! versus @~"/% should be linear with
an intercept at (w™'/? = 0) that is a function of i, and the term
“b”; the plot will be similar to that shown in Figure 6e. In
contrast to irreversible systems and the Koutecky—Levich
equation (eq 4), the slope for quasireversible systems is a
function of the overpotentials included in the term b (eq 8).
Because this equation applies only to a solution of mixed
species, and your solution most likely contains only one redox-
active species in the catholyte or anolyte, it must be modified.
In the term b in eq 8, substituting E,, by the Nernst equation
(eq 9) results in eq 10.

The general equation for a one-step and one-electron
transfer quasireversible system is given by

1_ v 1 1 b*
i 1-—bi, 0.62FAL%(1—-b)
b—(l bl—(l 1

+
Dy*cy  Dcy o' )

which can be written as
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Figure 7. (a) Discharging polarization curve for a redox flow battery (RFB) device, illustrating three voltage regions that are associated with
kinetics, ohmic, and mass-transfer losses. (b) Simulated discharge polarization and corresponding power curves at 50% state of charge
(equal concentrations for the O and R species) for three RFBs of different combinations of reversible and quasireversible redox systems with

k° of 3 x 107" and 2 X 107™* cm s~/ respectively.

1

5+ o

|

where F is the Faraday constant; A is the electrode area; v is
the kinematic viscosity; Dy and Dy are the bulk diffusion
coeflicients of the oxidized and reduced species, respectively;
C§ and Cf are the bulk concentrations of the oxidized and
reduced species, respectively; @ is the angular velocity of the
electrode, and b is given by

1/2
!

(7)

b = exp| ——
RT (8)
where E is the measured cell potential and E, is given by
, (o
E,=E" + R, -
F Cy (9)

If we substitute eq 9 into eq 8, the following expression is

obtained:

Now, if we substitute eq 10 into the expression for A in eq 6,
we arrive at the following expression:

*
Cr
= €

Cs

F(E - EY)

RT (10)

1 1 1
~0.62FAV VS DEPCE(1 - b)  DRCi( - b“)]

1 1

= 176
0.62FAv Dé/S(Cg _ C:exp(

F(E-E%)
RT

)

1

pi{ci - Cem

F(E—E%)
RT

)

In the limiting case of a single species solution where C§ >
Ci, we obtain the following expression:

(11)
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F(E - E%)
RT

lim A =

C{—»O

1 -2/3 -2/3
062FAv_1/6CE§[DO P

JJ

(12)

Conversely, if we have the opposite case where C{f > C§

_2/3e ] + DEZB]

0 XP[
(13)

At this point, we have a full picture. Assuming that the
concentration of R is 0, Cf— 0, only the oxidized species O
exists in the solution. In this case, the slope of a plot of it
versus @~ "/* (Figure 6e), represented by eq 6, can be simplified
to eq 12, which shows an exponential dependence of the slope
on the overpotentials, as seen in Figure 6f for quasireversible
(F/RT)(E-E")

—F(E - E%)
RT

lim A =—

C(’§—>0

1
0.62FAv™"/ 6c;§[

systems. Interestingly, a plot of the slope versus e
should be linear, as shown in Figure S3.

By convention, the intercept of the plot of i™' versus @™
(Figure 6e) for a quasireversible system and eq 6 will be
denoted as ig,q (eq 14):

1/2

_ (1= b)iy
lquasi - ba (14)
—aF(E,, — E%)
iy = FAK’Clexp| —————~
RT 1)
Substituting eq 15 to eq 14 results in
FAkOCgexp(%)
fquasi =(1-1b) aF(E - E,,)
P\ —xr
—aF(E — EO’
=>iquasi =(1 - b)FAkOCE’;eXP[M)
RT (16)

Considering the Nernst equation for a solution of only the
oxidized species, O, Cf — 0, we can assume that E, is very
large so that the term “b” approaches 0, and thus, eq 16 can be
simplified to eq 17. Therefore, the intercept for quasireversible
systems of a single species is similar to the kinetic current for
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irreversible systems (eq S5). At this point, solving for the
standard rate constant for quasireversible systems should
follow the same procedures shown earlier for irreversible
systems (Figure 6¢ and eq 17). Furthermore, sampling current
voltammetry (discussed in detail in the Supporting Informa-
tion, section 4) would act as another check technique for
solutions of single quasireversible species.

As a final point to note, the cell voltage is a crucial parameter
inherent in the power and energy density values for RFBs, both
of which contribute to the overall cell cost.*’ Polarization
curves are typically performed to determine the sources of
voltage loss in REBs,** and power density curves, derived from
polarization curves, are commonly used to give an idea about
the maximum delivered power at different current densities
and rates. As shown in Figure 7a, the polarization curve can be
divided into three voltage regions, which are controlled by the
kinetics of the redox systems, ohmic cell resistance associated
with contact and ionic resistances, and mass transport of bulk
species to the electrode surface.*’ For the effect of the mass
transport and ohmic resistance on the polarization curves, we
refer the reader to the detailed work by Aaron et al. and
Milshtein et al.***® In order to demonstrate the effect of
kinetics on the polarization and power curves, we used the
current—overpotential (eq S3)'® to simulate the polarization
curves for RFBs, including reversible (k of 3 X 10™" cm s7")
and quasireversible (k® of 2 X 107 cm s7') redox species.
Figure 7b shows the discharging polarization and correspond-
ing power curves at 50% state of charge for three RFBs with
different combinations of reversible and quasireversible redox
couples. The incorporation of quasireversible redox couples in
a symmetric RFB configuration (green plots in Figure 7b)
shows the lowest power at high current values, which has the
highest voltage drop in the kinetic region of the polarization
curve compared to a symmetric RFB composed of facile redox
couples (red plots), and an asymmetric RFB incorporating
reversible and quasireversible redox couples (blue plots). Thus,
there is clear evidence for the impact of sluggish kinetics and
low-rate-constant redox systems on the delivered maximum
power and overall energy densities represented by the cell
voltage.

—aF(E — EY)
RT

lquasi

= FAkOCgexp[
(17)

CONCLUSIONS

Redox flow batteries are, at least on paper, experimentally
simple electrochemical energy storage devices. Compartmen-
talized anolyte and catholytes, each containing the respective
redox species, are separated only by an ion-exchange
membrane. The performance of the RFB, however, depends
exquisitely upon the nature and kinetic parameters of the
electrochemically active species that must be accurately
determined in order to understand the fundamental mecha-
nisms of the redox chemistry. We have provided this step-by-
step description of how to categorize the redox species within
an RFB as reversible, quasireversible, or irreversible and then
use this information to determine the critical kinetic
information needed to understand the basics of your RFB
system.
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