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1. Additional information regarding reversible, irreversible, and 
quasireversible redox systems

Reversible electrochemical reactions are characterized by 

high rates of charge transfer (high standard rate constants, e.g.,  > 10-1 cm s-1).S1 The 𝑘0

measured current is dictated by the slowest process - the diffusional mass transport of 

redox species. The charge transfer for a reversible redox reaction (Ox + e- ⇋ Red) occurs 

instantly at the electrode surface, and a dynamic equilibrium is established that 

corresponds to the Nernst relationship: electrode potential 𝐸 = 𝐸0′ +(𝑅𝑇/𝑛𝐹)ln(𝑂surf./

.S2 Thus, the surface concentrations are only a function of the electrode potential 𝑅surf.)

and are not influenced by the rate of charge transfer. Further, the shape of the 

characteristic voltammograms is correlated to the potential-dependent changes in the 

surface concentrations, as well as the accompanied diffusional mass transport. In a typical 

reductive CV scan for a reversible redox reaction (Figure S1), the scan starts at an 

electrode potential more positive than that for , and only a non-faradaic (capacitive) 𝐸0’

current, , passes. As the potential scan approaches , reduction begins and a faradaic 𝑖𝐶 𝐸0’

current starts to pass. This step should result in a decrease in the concentration of the 

1.1 Reversible redox systems
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oxidized species at the vicinity of the electrode surface, creating a diffusion layer. The 

increase in current with the continuous scan toward more negative potentials is attributed 

to the increasing flux to the surface across the diffusion layer.S3 At potentials more 

negative than , the surface concentration of the oxidized species decreases and nearly 𝐸0’

approaches zero, resulting in maximum flux (current). At more negative potentials, the 

current then decays with a complete depletion of the oxidized species on the electrode 

surface.S2,S3 These processes result in a peaked current-potential curve, Figure S1. Similar 

current-potential features are typically observed for a reverse scan. The peak current is 

related to the scan rate according to the Randles–Sevcik equation,

𝑖𝑝 = 2.69 × 105𝑛3/2𝐴𝐶 ∗ 𝐷1/2𝑣1/2  (𝑆1)

at 25 °C where  is the bulk concentration. The diffusion coefficient, , can be 𝐶 ∗ 𝐷

extracted from the slope of a linear plot of the peak current versus the square root of the 

scan rate. Other criteria that describe reversible voltammograms are listed below:

(1)  >>> mass transfer coefficient;𝑘0

(2) peak potential ( ) is independent of the scan rate, Figure 2 in the main text;𝐸𝑝

(3) peak separation  = 57/n mV;𝛥𝐸𝑝

(4) anodic peak current ( ) and cathodic peak current ( ) meet: /  = 1.𝑖𝑝𝑎 𝑖𝑝𝑐 𝑖𝑝𝑎 𝑖𝑝𝑐

An irreversible electrochemical process is typically 

limited by sluggish charge transfer kinetics (e.g.,  < 10-5 cm s-1), as represented by the 𝑘0

green plot in Figure 2.S1 High overpotentials are required to drive charge transfer between 

the electrode surface and electroactive species, and thus large peak separations are 

usually observed, compared to those for reversible and quasireversible systems. No 

equilibrium is established and, thus, the Nernst equation does not apply. The measured 

current is limited by the rate of the charge transfer, where the peak current is related to 

the rate constant according to

𝑖𝑝 = 0.227𝐹𝐴𝐶 ∗ 𝑘0exp(
―𝛼𝐹(𝐸𝑝 ― 𝐸0′)

𝑅𝑇 )

⇒ln(𝑖𝑝) = ln(0.227𝐹𝐴𝑘0𝐶 ∗ ) ― (𝛼𝐹/𝑅𝑇)(𝐸𝑝 ― 𝐸0′)
  (𝑆2)

1.2 Irreversible Redox Systems
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Provided that  is known, a linear plot of ln( ) vs ( ) at different scan rates 𝐸0’ 𝑖𝑝 𝐸𝑝 ― 𝐸0’

should give a slope of  and an intercept that is a function of the rate constant . ―𝛼𝐹/𝑅𝑇 𝑘0

Other characteristics of irreversible redox systems are listed below:

(1)  <<< mass transfer coefficient;𝑘0

(2) ;𝑖𝑝 = 2.99 × 105𝑛3/2𝛼1/2𝐴𝐶 ∗ 𝐷1/2𝑣1/2

(3)  shifts to higher potential as the scan rate increases;𝐸𝑝

(4) ) mV at 25 °C.|𝐸𝑝 ― 𝐸𝑝/2| = (48/𝛼𝑛

A quasireversible redox system falls into an 

intermediate regime between reversible and irreversible systems, as shown in Figure 2 in 

the main text; in this regime,  falls between 10-1 and 10-5.S1 The current is limited by 𝑘0

both the charge transfer kinetics and mass transport. Whichever of the two is the smallest 

(the rate-determining step) controls the reversibility of the redox reaction. The scan rate 

contributes significantly to the shape of cyclic voltammograms for quasireversible 

systems by altering the mass transfer coefficient .S4 Matsuda and 𝑚𝑡 = (𝐷𝐹𝑣/𝑅𝑇)1/2

AyabeS5 proposed a dimensionless parameter ( ), , to determine the 𝛬 𝛬 = 𝑘0/(𝐷𝐹𝑣/𝑅𝑇)1/2

apparent reversibility of redox species according to the following kinetic zones:  

Reversibility:  > 15Ʌ

Quasireversible: 15 ≥  ≥ 10-2(1+α)Ʌ

Irreversible:  < 10-2(1+α) Ʌ

At a low scan rate, the shape of the CV approaches the reversible case as the ratio of 

 increases. At high scan rates, however, the  ratio decreases and the CV 𝑘0/𝑚𝑡 𝑘0/𝑚𝑡

resembles that of the voltammogram of an irreversible redox reaction. We have noted a 

misunderstanding in the literature regarding the relationship between peak current and the 

square root of the scan rate for quasireversible systems. Please note that in contrast to 

reversible and irreversible systems,  for quasireversible systems is not proportional to 𝑖𝑝

, due to the transition from reversible to irreversible voltammograms with scan rate.S6 𝑣1/2

Other criteria that describe quasireversible systems include:

1.3 Quasireversible Redox Systems
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(1)  depends on the scan rate;𝐸𝑝

(2)  increases with the scan rate.S2 𝛥𝐸𝑝

2. Key experimental points for cyclic voltammograms

First, precleaning of the working electrodes is highly essential to remove any 

contaminants on the surface that might mislead the measurements of the kinetic 

parameters; we refer the reader to a useful tutorial by Dempsey and co-workers.S7 A 

precleaning protocol usually starts with mechanical polishing of the electrode surface in a 

water-alumina slurry followed by rinsing and sonicating in ultrapure water.S7–S9 

Electrochemical cycling, until a steady-state is reached, can also be used subsequently to 

further remove different kinds of surface contaminants.S8,S10

Second, the peak current can be used to determine various kinetic parameters for 

redox species in concern. For accurate determination of the faradaic peak current, a 

correction has to be performed to cancel out the background current, resulting from (1) 

charging the electrode double layer (capacitive current), and (2) redox reactions of 

adventitious species in the solvent or on the electrode surface (residual current). The 

capacitive current varies linearly with the scan rate ( , where , , , and  are 𝑖𝐶 = 𝐴𝐶𝑑𝑣 𝑖𝐶 𝐴 𝐶𝑑 𝑣

the capacitive current, electrode area, double-layer capacitance, and scan rate, 

respectively).S2 Hence, a significant contribution from the capacitive current can be 

encountered at high scan rates.S3,S9 To rule out the capacitive current, the actual value of 

the peak current should be measured from the baseline current at the initial stages of the 

voltammogram, Figure S1. Alternatively, at the same peak potential, the peak current can 

be determined by subtracting the background current of a separate cyclic voltammogram 

run at the same scan rate in the absence of the redox species.

Third, while running cyclic voltammograms, the potentiostat controls the potential on 

the working electrode with respect to the reference electrode. However, the controlled 

potential ( ) is the sum of the actual potential ( ) on the electrode surface 𝐸controlled 𝐸actual

and the ohmic potential ( );  =  + . The ohmic resistance, or 𝑖𝑅𝑢 𝐸controlled 𝐸actual 𝑖𝑅𝑢

uncompensated resistance ( ), results from the resistance of the electrolyte as well as 𝑅𝑈
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contact resistances.  can be determined by electrochemical impedance spectroscopy 𝑅𝑈

(EIS).S9 The  drop is a function of the measured faradic current, which increases with 𝑖𝑅𝑢

 . Thus, increasing the scan rate results in increasing the ohmic drop and shifting the 𝑣1/2

peak potential to higher values, inducing false peak separation ( ) between anodic and 𝛥𝐸𝑝

cathodic peaks. For accurate determination of , it is highly recommended to correct 𝛥𝐸𝑝

the cyclic voltammograms for the potential drop resulting from the ohmic 

resistance.S9,S11,S12

Figure S1. A simulated cyclic voltammogram for a reversible system showing the 
exact determination of peak current from the baseline. This plot is expected with 
low background current (without redox species present), or after subtraction of the 
background current.

3. Steps for constructing Koutecký-Levich plots

Equation used for simulating RDE plots in Figure 6 in the main text:

𝑖 = (1 ―
𝑖

𝑖𝑙,𝑐
)𝑖0exp(

―𝛼𝐹(𝐸 ― 𝐸𝑒𝑞)
𝑅𝑇 ) ― (1 ―

𝑖
𝑖𝑙,𝑎

)𝑖0exp(
(1 ― 𝛼)𝐹(𝐸 ― 𝐸𝑒𝑞)

𝑅𝑇 )

𝑖𝑙,𝑐 = 0.62𝑛𝐹𝐴𝐷2/3
𝑂 𝜈 ―1/6𝐶 ∗

𝑂 𝜔1/2

𝑖𝑙,𝑎 = 0.62𝑛𝐹𝐴𝐷2/3
𝑅 𝜈 ―1/6𝐶 ∗

𝑅 𝜔1/2

  (𝑆3)
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Figure S2. (a) RDE voltammograms for an irreversible system with 𝒌𝟎 = 10-6 cm2/s 
at different rotation rates. (b) RDE voltammogram at 2400 rpm, showing the 
selected current region (< 80% of the limited current) for mass transfer correction 
for the measured current. (c) Koutecký-Levich plots for an irreversible system at 
different rotation rates.

Table S1. Simulated parameters for irreversible and quasireversible systems in  
Figures 6a and 6d.

Parameter Value
𝛼 0.5

 (mol cm-3)𝐶 ∗
𝑂 5×10-6

 (mol cm-3)𝐶 ∗
𝑅 10-13

 &  (cm2/s)𝐷𝑂 𝐷𝑅 10-5

Electrode area  (cm2)𝐴 0.19625

Kinematic viscosity (cm2 /s) 0.01024

 (V)𝐸0’ -0.2

Irreversible rate constant  (cm s-1)𝑘0 1×10-6

Quasireversible rate constant  (cm s-1)𝑘0 0.003

Table S2. Inverse currents  for Angular velocities,  (rpm) and Potentials (V) as 𝟏/𝒊 𝝎
indicated used to construct the Koutecký-Levich plot for an irreversible system in 
Figure 6b.

Potential (V) 300 rpm 600 rpm 900 rpm 1200 rpm 1500 rpm 1800 rpm 2100 rpm 2400 rpm
-0.56 -0.0125 -0.0116 -0.0112 -0.0110 -0.0110 -0.0107 -0.0106 -0.0106
-0.57 -0.0109 -0.0100 -0.0096 -0.0093 -0.0092 -0.0090 -0.0090 -0.0089
-0.58 -0.0095 -0.0086 -0.0082 -0.0079 -0.0078 -0.0077 -0.0076 -0.0075
-0.59 -0.0083 -0.0074 -0.0071 -0.0068 -0.0066 -0.0065 -0.0064 -0.0063
-0.6 -0.0074 -0.0065 -0.0061 -0.0059 -0.0057 -0.0057 -0.0055 -0.0054
-0.62 -0.0060 -0.0051 -0.0047 -0.0044 -0.0043 -0.0042 -0.0041 -0.0040
-0.64 -0.0050 -0.0041 -0.0038 -0.0035 -0.0033 -0.0032 -0.0031 -0.0030
-0.68 -0.0039 -0.0030 -0.0027 -0.0024 -0.0022 -0.0021 -0.0020 -0.0020
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We refer the reader to the publications by Shao-Horn and co-workersS9,S13 

recommending mass transfer correction for current data below 80% of the diffusion 

limited current to minimize errors in the Koutecký-Levich analysis (see Figure S2).

Figure S3. Plot the slope of the  vs.  plots for quasireversible system 𝒊 ―𝟏 𝝎 ―𝟏/𝟐

(Figure 6e) vs. .𝒆
𝑭

𝑹𝑻(𝑬 ― 𝑬𝟎′)

The intercept is a function of the diffusion coefficient of the oxidized species, , 𝐷𝑂

and a slope that is a function of diffusion coefficient of  of the newly formed reduced 𝐷𝑅

species, R.

4. Determination of the standard rate constant ( ) using sampled 𝒌𝟎

current voltammetry (SCV)

In this section, we describe a supplementary technique that would act as a double-check 

to support the kinetic values obtained in sections 1 and 2, in the main text of the 

manuscript. SCV is a potential-relaxation technique that results in sigmoidal current-

voltage plots for the three kinetic regimes, reversible, quasireversible and irreversible. 

Examples of accessible parameters from the wave height ( ) are the number of electrons 𝑖𝑑

( ), diffusion coefficient ( ), bulk concentration, and electrode area ( ). For 𝑛 𝐷 𝐴

quasireversible and irreversible systems, SCV can also provide information on kinetic 

parameters such as  and α, vide infra. In SCV, a series of step potentials, from the rest 𝑘0
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potential (  < ) to the desired potential (  > ), should be applied. For each 𝐸appl. 𝐸0’ 𝐸appl. 𝐸0’

of the selected step potentials, the current should decay with time and recorded at a fixed 

decay time ( ), Figure S4. A sigmoidal current-potential plot is thus obtained. At high 𝑡 = 𝜏

potentials (  > ), rapid depletion of the analyte at the electrode surface occurs and 𝐸appl. 𝐸0’

the process would be controlled by only the diffusion of the analyte to the electrode and 

thus the solution has to be unstirred. In this case, the measured current is the diffusion-

limited current ( ) and Cottrel Equation S4 applies.𝑖𝑑

𝑖𝑑 =
𝑛𝐹𝐴𝐷1/2𝐶 ∗

𝜋1/2𝑡1/2   (𝑆4)

Figure S4. Sampled current voltammetry procedures. (a) Potential step experiments 
at different increasing reducing potentials. (b) Current-time decay for each of the 
applied potential steps and illustrates the sampling time (same for all potential 
steps). (c) Sampled current voltammogram.

For solutions in which only one single species exists (either oxidized or reduced 

species, O or R, respectively), Equation S5 represents the dependence of the current, in 

SCV, on the applied potential and time for reversible, quasireversible, and irreversible 

systems, Figure S5. Please note that the function  approaches unity for reversible 𝐹1(𝜆)

systems and thus resulting in Equation S6. For irreversible systems, however,  𝐾𝑏/𝐾𝑓 = 𝛩

= 0, thus Equation S5 is simplified to Equation S7.
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𝑖 =
𝑖𝑑

(1 + 𝜉𝜃)𝐹1(𝜆)

Where  𝜉 = (
𝐷𝑂

𝐷𝑅
)1/2;  𝜃 = exp(

𝑛𝐹(𝐸 ― 𝐸0′)
𝑅𝑇 );

𝐹1(𝜆) = 𝜋1/2𝜆exp(𝜆2)erfc(𝜆);

𝜆 = 𝐻𝑡1/2 =
𝑘𝑓𝑡1/2

𝐷1/2
𝑂

(1 + 𝜉𝜃);

𝑘𝑓 = 𝑘0exp(
―𝛼𝐹(𝐸 ― 𝐸0′)

𝑅𝑇 )

  (𝑆5)

For a reversible system:

.𝑖 =
𝑖𝑑

(1 + 𝜉𝜃)  (𝑆6)

For an irreversible system:

,
𝑖
𝑖𝑑

= 𝐹1(𝜆) = 𝜋1/2𝜆exp(𝜆2)erfc(𝜆)  (𝑆7)

where  for irreversible systems equals .𝜆 𝑘𝑓𝑡1/2/𝐷1/2

Figure S5. Examples of sampled current voltammetry for the three different kinetics 
regime.

For quasireversible systems, the kinetics parameters (  and ) can be determined by 𝑘0 𝛼

fitting the experimental plot of  vs. ( ) to the theoretical function in 𝑖/𝑖𝑑 𝐸appl. ― 𝐸0’

Equation S5. The fitting can be done by employing a nonlinear least-squares fitting 

algorithm such as Levenberg-Marquardt. For an example of curve fitting for SCV, we 

refer the reader to published work by Friedl et al.S14
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In potential step experiments, the charging (non-faradaic) current contributes to the 

faradaic current during a period of about five times the cell time constant ( , where 𝑅𝑢𝐶𝑑

 is the uncompensated resistance and  is the double layer capacitance).S2 Thus, the 𝑅𝑢 𝐶𝑑

sampling time has to be larger than . Using ultramicroelectrodes (UME) one can 𝑅𝑢𝐶𝑑

minimize the cell time constant ( ) . Fitting and analysis of the steady-state 𝑅𝑢𝐶𝑑

voltammograms observed using UME for quasireversible systems can be done by with 

Equation S8. The second method for extracting the kinetic parameters for quasireversible 

systems involves comparing the differences ( ) and ( ) from the 𝐸1/4 ― 𝐸1/2 𝐸3/4 ― 𝐸1/4

steady-state voltammograms observed using UME to the tables published by Mirkin and 

Bard for these differences and the correspondings sets of  and , where , , and 𝑘0 𝛼 𝐸1/4 𝐸1/2

 are the potentials at  = 1/4, 1/2, and 3/4 , respectively.S15𝐸3/4 𝑖 𝑖𝑑

𝑖 =
𝐹𝐴𝐷𝑂𝐶 ∗

𝑂

𝑟0
[

𝜅
1 + 𝜅(1 + 𝜉2𝜃)

]  (𝑆8),

where  is the radius of the UME and 𝑟0 𝜅 = 𝑟0𝑘𝑓/𝐷.

For irreversible systems, similar to quasireversible systems, fitting SCV or the 

steady-state voltammograms using Equation S7 and Equation S9, respectively, can allow 

for the determination of  and . There are two other alternative methods for 𝑘0 𝛼

determining  and  for irreversible systems. The first method involves calculating α 𝑘0 𝛼

from the slope of  vs.  for the steady-state voltammograms according to 𝐸 log(𝑖𝑑 ―𝑖)/𝑖

Equation S10. The intercept at  can provide the  value provided that ( ) is 𝐸0’ 𝑘0 𝑟0/𝐷

known. The second method is based on Tomes’ criterion, as shown in Table S3, the 

difference ( ) for totally irreversible systems can provide  directly, where (𝐸3/4 ― 𝐸1/4 𝛼

 and  for linear diffusion at planar electrodes and steady-𝐸3/4 ― 𝐸1/4) = 45.0/𝛼 59.1/𝛼

state voltammograms at UME, respectively. Once  is determined,  can be calculated 𝛼 𝑘0

from Equation S11 from the half-wave potential ( ) provided that  is known. For 𝐸1/2 𝐸0’

reversible systems, the number of electrons can be extracted either from the slope of the 

sigmoidal wave or from the Tomes’ criterion as shown in Table S3.

𝑖
𝑖𝑑

=
𝜅

1 + 𝜅  (𝑆9)
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by substituting for  and , one obtains the potential-𝜅 𝑘𝑓 = 𝑘0exp( ― 𝛼𝐹/𝑅𝑇)(𝐸 ― 𝐸0’)

current Equation S9

𝐸 = 𝐸0′ +
𝑅𝑇
𝛼𝐹ln(𝑟0𝑘0

𝐷 ) +
𝑅𝑇
𝛼𝐹ln(𝑖𝑑 ― 𝑖

𝑖 )  (𝑆10),

where half-wave potential,

.𝐸1/2 = 𝐸0′ +
𝑅𝑇
𝛼𝐹ln(𝑟0𝑘0

𝐷 )  (𝑆11)

Table S3. Characteristics for the current-potential wave observed in sampled 
current voltammetry plots of  vs.  at 25 °C. *Using 𝑬 log(𝒊𝒅 ―𝒊)/𝒊
ultramicroelectrodes (UME), electrodes of radii less than 25 μm.2 This table was 
adapted from the textbook of A. J. Bard.S2

Kinetic Regime Linear diffusion at planar electrodes Steady-state*
Slope (mV)  (mV)𝐸3/4 ― 𝐸1/4 Slope (mV)  (mV)𝐸3/4 ― 𝐸1/4

Reversible (  ≥ 1)𝑛 Linear, 59.1/𝑛 56.4/𝑛 Linear, 59.1/𝑛 56.4/𝑛

Quasireversible (  = 1)𝑛 Slightly nonlinear Between 56.4 and 45.0/𝛼 Nonlinear Between 56.4 and 56.4/α

Irreversible (  = 1)𝑛 Slightly nonlinear 45.0/α Linear, 59.1/α 56.4/α

5. Criteria for constructing Tafel plots

The Tafel equation, which relates the rate of an electrochemical reaction to the applied 

overpotential (Equation S12), has been used for decades to determine electrochemical 

kinetic parameters for redox reactions. In the high overpotential linear region in a Tafel 

plot (Figure S6), the slope and intercept are function of α and , respectively. Moreover, 𝑘0

this linear region of the Tafel plot represents a contribution of less than 1% of the 

backward reaction, which is verified at η > 118 mV at 25 °C. At low η (< 118 mV), the 

reverse reaction cannot be neglected and as a result, the plot deviates from linearity. It 

has been brought to our attention that the representation of the Tafel plots in a few of the 

recent papers on RFBs is based on stationary (unstirred) cyclic voltammograms. We 

would like to emphasize that the Tafel equation is derived from the Butler-Volmer 

equation under the condition of no mass transfer, i.e, the surface concentration is almost 

equal to the bulk concentration. This condition requires well-stirred solutions and 

correction for any mass-transport effect.
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𝜂 =
𝑅𝑇
𝛼𝐹ln(𝑖0) ―

𝑅𝑇
𝛼𝐹ln(𝑖)  (𝑆12)

𝑖0 = 𝑛𝐹𝐴𝑘0𝐶 (when 𝐶 ∗
𝑂 = 𝐶 ∗

𝑅 )  (𝑆13)

Figure S6. A Tafel plot for a cathodic branch of the current-potential curves for a 
one-step, one-electron, O + e- ⇋ R reaction.
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