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Abstract 
A direct relationship is derived between the charge-transfer resistance and the resistive terms 

ascribable to diffusion for a faradaic reaction influenced by transport of the reacting species to 

the electrode. The charge-transfer resistance is shown to approach a finite value for potentials 

at which the current is limited by mass transfer and, conversely, the diffusion impedance 

approaches a finite value when the current is controlled by kinetics.  Supporting experimental 

results are presented for both an irreversible (oxygen reduction reaction) and a quasi-reversible 

electrochemical (ferrocyanide oxidation) systems investigated with a rotating-disk electrode. 
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1. Introduction 
Electrochemical impedance spectroscopy is widely used for the elucidation of kinetics of 

electrochemical processes.1-3 Following the seminal work of Warburg,4 who predicted the 

evolution of the diffusion response in the frequency domain, many authors have attempted to 

provide a description of diffusion associated with different experimental conditions.5-6 The 

diffusion contribution of the impedance was studied for a variety of electrode geometries7 and 

using different mathematical approaches.8 Franceschetti et al. investigated the influence on the 

diffusion impedance of supporting electrolyte concentration for a reversible redox couple.9 In 

the presence of a supporting electrolyte, migration can be neglected, and the mass-transport 

depends only on diffusion and convection. In general, the calculation of concentration for a 

convective system is complicated, but in the case of a rotating-disk electrode (RDE), the 

concentration gradient is constrained inside a thin layer (the so-called Nernst’s diffusion layer), 

in which the mass transport is described by the second Fick’s law; whereas, the boundary 

conditions at the diffusion layer extremities account for the convection.10  

From an experimental point of view, the Randles circuit11-12 is commonly used to describe the 

impedance response for an electrochemical reaction that is influenced by the mass-transport of 

a reactant to the electrode surface, the latter being described by an analytical expression. This 

allows expression of the diffusion contribution of the impedance as a function of the potential 

and the concentration at the electrode surface.  

The usual assumption for a faradaic reaction influenced by transport of the reacting species to 

the electrode is that, at a sufficiently large overpotential, the concentration is null at the 

interface. Interestingly, the concentration of the reacting species cannot be identically equal to 

zero at the electrode; the correct assumption is that the concentration at the electrode surface 

can be neglected when compared to that of the bulk solution.  
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The corresponding assumptions for the impedance response for a faradaic reaction influenced 

by transport of the reacting species to the electrode is that the charge-transfer resistance is 

negligibly small for potentials at which the current is limited by mass transfer and, conversely, 

the diffusion impedance is negligibly small when the current is controlled by kinetics. The 

object of the present work is to derive a direct relationship between the charge-transfer 

resistance and the resistive terms ascribable to diffusion with the single assumption of a finite 

diffusion-layer thickness.  Supporting experimental results are presented for both an irreversible 

(oxygen reduction reaction) and a quasi-reversible electrochemical (ferrocyanide oxidation) 

systems investigated with a rotating-disk electrode.  

 

2. Mathematical Development 
This section presents the development of equations governing steady-state and impedance 

behavior of faradaic reactions influenced by mass transfer of reacting species. 

2.1. Steady State Behavior at a RDE - Koutecky-Levich Relationship 

For a general electrochemical reaction 

Ox + 𝑛𝑛e- ⇌ Red     (1) 

the rate of the electrochemical reactions may be limited by the finite rate at which reacting 

species is carried to the electrode surface. Under the assumption that the cathodic and anodic 

reactions are first order with respect to species Ox and Red, respectively, the faradaic current 

density can be written as 

𝑖𝑖F = 𝐾𝐾a𝑐𝑐Red(0)exp(𝑏𝑏a𝑉𝑉) − 𝐾𝐾c𝑐𝑐Ox(0)exp(−𝑏𝑏c𝑉𝑉)   (2) 

where  𝐾𝐾a  and 𝐾𝐾c are rate constants, 𝑏𝑏a = (1 − 𝛼𝛼)𝑛𝑛F R𝑇𝑇⁄ ,  𝑏𝑏c = 𝛼𝛼𝑛𝑛F R𝑇𝑇⁄ ,  𝑐𝑐i(0) is the 

interfacial concentration of species i, n is the number of electrons transferred in accordance 

with the reaction stoichiometry, F is Faraday’s constant, 𝛼𝛼 is the symmetry factor, R is the 

universal gas constant, T is the absolute temperature, and V is the interfacial potential. For 
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simplicity, the case of a reduction reaction is considered, and thus equation (2) can be simplified 

as  

𝑖𝑖F = −𝐾𝐾c𝑐𝑐Ox(0)exp(−𝑏𝑏c𝑉𝑉)    (3) 

The current density corresponds to the flux density of the reacting species, i.e., 

𝑖𝑖𝐹𝐹 = −𝑛𝑛𝑛𝑛𝐷𝐷𝑂𝑂𝑂𝑂
𝑑𝑑𝑐𝑐𝑂𝑂𝑂𝑂
𝑑𝑑𝑑𝑑 �

𝑑𝑑=0
     (4) 

where 𝐷𝐷Ox is the diffusion coefficient of Ox, and y is the normal distance to the electrode 

surface.  

Under the assumption of a linear concentration gradient in the diffusion layer of thickness 𝛿𝛿Ox, 

and a uniform current distribution at the electrode surface, such as may be found with the use 

of a RDE, the steady-state current density becomes 

𝑖𝑖𝐹𝐹 = −𝑛𝑛𝑛𝑛𝐷𝐷𝑂𝑂𝑂𝑂
𝑐𝑐𝑂𝑂𝑂𝑂(∞)−𝑐𝑐𝑂𝑂𝑂𝑂�0�

𝛿𝛿𝑂𝑂𝑂𝑂
    (5) 

where 𝑐𝑐Ox(∞) is the concentration of Ox in the bulk solution. A formal treatment for 

determination of the value of 𝛿𝛿Ox requires solution of the convective-diffusion equations. By 

eliminating 𝑐𝑐Ox(0) from equations (1) and (4), the value of the current density is obtained as 

1
𝑖𝑖𝐹𝐹

=
1

𝑖𝑖𝑙𝑙𝑙𝑙𝑙𝑙
+

1
𝑖𝑖𝑘𝑘

      (6) 

where 

𝑖𝑖𝑙𝑙𝑖𝑖𝑙𝑙 = −𝑛𝑛𝑛𝑛𝐷𝐷𝑂𝑂𝑂𝑂
𝑐𝑐(∞)
𝛿𝛿𝑂𝑂𝑂𝑂

      (7) 

is the mass-transfer-limited current density and 𝑖𝑖k is the kinetic current based on the bulk 

concentration, which is given as 

𝑖𝑖k = −𝐾𝐾c𝑐𝑐Ox(∞)exp(−𝑏𝑏c𝑉𝑉)      (8) 
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Equation (6) is called the Koutecky-Levich equation.1, 13 The numerical value for the mass-

transfer-limited current density requires the knowledge of the bulk concentration and diffusivity 

of the limiting reactant.  

The expression of the interfacial concentration of the Ox species, 𝑐𝑐Ox(0), is obtained from 

equations (3) and (5) as 

𝑐𝑐Ox(0) = 𝑐𝑐Ox(∞)
δOx𝐾𝐾c
𝑛𝑛F𝐷𝐷Ox

exp�−𝑏𝑏c𝑉𝑉�+1
    (9) 

On the cathodic domain, equation (9) shows that 𝑐𝑐Ox(0) tends toward zero as exp(−𝑏𝑏c𝑉𝑉) tends 

toward infinity.  

 

2.2. Impedance 

For development of impedance equations, the sinusoidal variation of the current density may 

be expressed as 

𝚤𝚤̃F = 𝐾𝐾c𝑐𝑐Ox(0)exp(−𝑏𝑏c𝑉𝑉)𝑏𝑏c𝑉𝑉� − 𝐾𝐾cexp(−𝑏𝑏c𝑉𝑉)�̃�𝑐Ox(0)  (10) 

leading to 

1
𝑍𝑍F

= �̃�𝚤F
𝑉𝑉�

= 1
𝑅𝑅t
− 𝐾𝐾cexp(−𝑏𝑏c𝑉𝑉) 𝑐𝑐Õx(0)

𝑉𝑉�
   (11) 

where 𝑅𝑅t is the charge-transfer resistance 

𝑅𝑅t = 1
𝐾𝐾c𝑐𝑐Ox�0�𝑏𝑏cexp�−𝑏𝑏c𝑉𝑉�    (12) 

Equation (12) is further used to develop expressions for the charge-transfer resistance and the 

diffusion impedance. 

 

2.2.1. Charge-Transfer Resistance 

Introduction of equation (9) to equation (12) yields 
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𝑅𝑅t =

δOx𝐾𝐾c
𝑛𝑛F𝐷𝐷Ox

exp�−𝑏𝑏c𝑉𝑉�+1
𝐾𝐾c𝑐𝑐(∞)𝑏𝑏cexp�−𝑏𝑏c𝑉𝑉�    (13) 

 

Equation (13) may be expressed as the sum of two contributions 

𝑅𝑅t = 𝑅𝑅tk + 𝑅𝑅tlim     (14) 

where 

𝑅𝑅tk = 1
𝐾𝐾c𝑐𝑐(∞)𝑏𝑏cexp�−𝑏𝑏c𝑉𝑉� = − 1

𝑏𝑏c𝑖𝑖k
   (15) 

and  

𝑅𝑅tlim = δOx
𝑛𝑛F𝐷𝐷Ox𝑐𝑐(∞)𝑏𝑏c

= − 1
𝑏𝑏c𝑖𝑖lim

   (16) 

Thus,  

𝑅𝑅t = −1
𝑏𝑏c
�1
𝑖𝑖k

+ 1
𝑖𝑖lim

�     (17) 

The above development shows that the charge-transfer resistance may be expressed in terms of 

the kinetic and limiting currents defined by the Koutecky-Levich relationship as 

𝑅𝑅t = 𝑅𝑅tlim �1 +
𝑖𝑖lim
𝑖𝑖k
�      (18) 

At very negative potentials, 𝑖𝑖k becomes very large, and 𝑅𝑅t/𝑅𝑅tlim approaches unity. This result 

is counterintuitive and is in stark contrast with the behavior of the charge-transfer resistance for 

a reaction that does not depend on concentration, for which, the charge-transfer resistance can 

be expressed as10  

𝑅𝑅t = 1
𝐾𝐾c
∗𝑏𝑏cexp�−𝑏𝑏c𝑉𝑉�

     (19) 

and approaches zero at very negative potentials. Equation (18) contradicts the usual hypothesis 

for the impedance response of a mass-transfer controlled reaction that the charge-transfer 

resistance is negligibly small for potentials at which the current is limited by mass transfer (see, 

for example, page 96 in reference 2.) 
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2.2.2. Diffusion Impedance 

The value of 𝑅𝑅t, which tends toward a non-zero value for negative over-potential, also affects 

the diffusion impedance. Equation (11) may be expressed as 

𝑍𝑍F = 𝑅𝑅t + 𝑅𝑅t
𝐾𝐾cδOxexp�−𝑏𝑏c𝑉𝑉�

𝑛𝑛F𝐷𝐷Ox

𝑐𝑐�Ox�0�
d𝑐𝑐�Ox

d𝑑𝑑 �
𝑑𝑑=0

    (20) 

Equation (20) may be expressed in terms of diffusion resistance 𝑅𝑅d as  

𝑍𝑍F = 𝑅𝑅t + 𝑅𝑅d �
𝑐𝑐�Ox�0�

d𝑐𝑐�Ox
d𝑑𝑑 �

𝑑𝑑=0

�     (21) 

where 

𝑅𝑅d = 𝑅𝑅t
𝐾𝐾cδOxexp�−𝑏𝑏c𝑉𝑉�

𝑛𝑛F𝐷𝐷Ox
    (22) 

 

Upon insertion of equation (13) 

𝑅𝑅d = 𝑅𝑅tlim �
𝐾𝐾cδOxexp�−𝑏𝑏c𝑉𝑉�

𝑛𝑛F𝐷𝐷Ox
+ 1�    (23) 

In a manner similar to equation (18) for the charge-transfer resistance, the term 𝑅𝑅d may be 

expressed as a function of the kinetic and limiting currents as 

𝑅𝑅d = 𝑅𝑅tlim �1 +
𝑖𝑖k
𝑖𝑖lim

�     (24) 

At very positive potentials, 𝑖𝑖k becomes very small, and the ratio 𝑅𝑅d/𝑅𝑅tlim approaches unity. 

 

3. Experimental section 
The working electrode consisted of an Au rotating-disk electrode (RDE) prepared in the lab 

from a bare Au wire of 5 mm diameter, laterally insulated with a cataphoretic paint and 

embedded in an epoxy resin. The surface of the exposed disk was polished with SiC paper 
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(P2400) and the electrode was cycled in sulfuric acid solution (0.5 M) before each experiment. 

The reference was a mercury-mercurous sulfate electrode in saturated K2SO4 solution (E= 0.64 

V/ENH), and the counter electrodes was a platinum gauze. 

All solutions were prepared from analytical grade chemicals in double-distilled water. K2SO4 

(purity > 99%) and K4Fe(CN)6 3 H20 (purity > 99.95%) were purchased from Sigma-Aldrich, 

H2SO4 (purity >95-98%) was purchased from Fluka, and atmospheric oxygen served as the 

source of dissolved oxygen used in the reduction reaction. All experiments were performed 

using a Gamry Reference 600 potentiostat. The current / potential curves were recorded at a 

scan rate of 5 mVs-1. The electrochemical impedance diagrams were obtained in a potentiostatic 

mode over a 100 kHz – 10 mHz frequency domain, using a 5 or 10 mV perturbation (depending 

on the applied potential) with 12 points per frequency decade.  

4. Results and Discussion 
 

4.1. Variation of the charge-transfer resistance and the diffusion resistance 

Equations (18) and (24) show that the charge-transfer and diffusion resistances are governed 

by the ratio of the kinetic and limiting current defined by Koutecky-Levich. From equations (7) 

and (8), this ratio can be expressed as 

𝑖𝑖k
𝑖𝑖lim

= 𝑛𝑛F𝐷𝐷Ox
𝐾𝐾c𝛿𝛿Ox

exp (𝑏𝑏c𝑉𝑉)    (25) 

or 

ln �
𝑖𝑖k
𝑖𝑖lim

� = 𝑏𝑏c𝑉𝑉 + ln �𝑛𝑛F𝐷𝐷Ox
𝐾𝐾c𝛿𝛿Ox

�    (26) 

Equation (26) allows the scaling of the potential V as a function of the kinetic parameters of the 

system. Interestingly, it also shows the weighting of the mass-transfer-limited current density 

and the kinetic current with respect to the total current, which is illustrated in Figure 1. In the 

cathodic domain, 𝑖𝑖k/𝑖𝑖lim increases when 𝑉𝑉 decreases. Moreover, the Koutecky-Levich 
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relationship (Equation 6) indicates that the inverse of the total current is the sum of the inverses 

of each contribution. As a results, when 𝑉𝑉 decreases, 𝑖𝑖F tends towards 𝑖𝑖lim. 

From equation (6), the normalized current can be expressed as 

𝑖𝑖F
𝑖𝑖lim

= 1

1+
𝑖𝑖lim
𝑖𝑖k

     (27) 

The terms 𝑅𝑅t/𝑅𝑅tlim from equation (18) and 𝑅𝑅d/𝑅𝑅tlim from equation (24) are presented in Figure 

2 as functions of the scaled potential 𝑉𝑉sc = 𝑏𝑏c𝑉𝑉 + ln �𝑛𝑛F𝐷𝐷Ox
𝐾𝐾c𝛿𝛿Ox

�. The dimensionless current 

density from equation (27) is also shown. From an experimental point of view, 𝑉𝑉sc = 0 

corresponds to the potential at the half value of the diffusion-limited current, and Figure 2 also 

shows that this potential corresponds to the transition domain for both 𝑅𝑅t/𝑅𝑅tlim and 𝑅𝑅d/𝑅𝑅tlim 

variations.  

 

 

Figure 1: Evolution of the contribution of the kinetic current based on the bulk concentration 
to the mass-transfer-limited current as a function of the scaled potential. 
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Figure 2: Evolution of the normalized charge transfer and diffusion resistance (left scale) and 
normalized current (right scale) as a function of the scaled potential. 

 

When 𝑉𝑉sc < 0, 𝑅𝑅d/𝑅𝑅tlim varies linearly with a slope of −2.303𝑏𝑏c and 𝑅𝑅t/𝑅𝑅tlim ≅ 1; whereas, 

when  𝑉𝑉sc > 0, 𝑅𝑅t/𝑅𝑅tlim varies linearly with a slope of +2.303𝑏𝑏c and 𝑅𝑅d/𝑅𝑅tlim ≅ 1. It should 

also be mentioned that these theoretical curves show that the variations of 𝑅𝑅t/𝑅𝑅tlim and 

𝑅𝑅d/𝑅𝑅tlim are symmetric with respect to 𝑉𝑉sc = 0.  

4.2 Irreversible electrochemical reaction 

At sufficiently negative potentials, the oxygen reduction reaction (ORR) may be considered to 

be an irreversible electrochemical system. This reaction is well documented in the literature for 

various electrode materials and corresponds to an overall 4-electron exchange reaction.14-15 

Numerous investigations report on the influence of the pH on the mechanism, including when 

experiments are performed at neutral pH.16-18  In the present work, emphasis is placed on the 

irreversible process associated with electron transfer. The influence of the rotation rate of the 

RDE from 30 to 900 rpm is shown in Figure 3a. As expected, for potential lower than -0.9 

V/MSE, the reaction rate is governed by diffusion and the current on the plateau varies as the 

square root of the rotation rate. Additionally, the Koutecky-Levich plot (Figure 3b) shows that 
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kinetic contribution to the total current (the intercept with the y axis) leads to a current density 

at the potential of -0.9 V/MSE of about -3.4 10-3 A⋅cm-2.  

 

Figure 3: Oxygen reduction reaction at a gold RDE in 0.1 M K2SO4 (a) polarization curves as 
a function of the rotation rate and (b) Koutecky-Levich plot for a potential of -1 V/MSE. 
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Figure 4: Nyquist plots of the impedance response at 100 rpm for the ORR on a gold RDE in 
0.1 M K2SO4 with potential as a parameter. Symbols: experimental results; Solid line: fit with 

the equivalent circuit presented in Figure 5.  
 

 

Figure 5: Electrical equivalent circuit used for fitting the impedance diagrams. Re is the 
electrolyte resistance, Rct, the charge-transfer resistance, Zdiff, the diffusion impedance, and Q 

and α the CPE component accounting for the double-layer capacitance.  
 

A selection of impedance diagrams are shown in a Nyquist representation in Figures 4. These 

were measured for the ORR at various potentials before the current plateau at 100 rpm. Similar 

results were obtained for different rotation rates of the electrode. Two time constants are clearly 

visible: in the high-frequency domain, the first time constant is associated with the charge-

transfer resistance and the double-layer capacitance; whereas, the low frequency time constant 

can be attributed to the diffusion of electroactive species inside the diffusion layer. These 

diagrams show that both responses vary as a function of potential. For a potential close to the 
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value of a diffusion-limited mass transport, the EIS response is dominated by the capacitive 

behavior of the system, as previously described by Diard and Hecker,19 and the different 

contributions may be extracted only by a fine analysis of the response, e.g., by fitting the result 

with an adequate description of the electrochemical interface.  

The equivalent circuit shown in Figure 5 was used for data analysis and fitting. The circuit 

consists of a Randles equivalent circuit, in which a constant-phase element accounts for the 

frequency dispersion of the double layer.20-22 The CPE is in parallel with the charge-transfer 

resistance and the diffusion impedance. For a better accuracy of the fitting with the 

experimental data, the CPE was used to account for the double layer relaxation. The values of 

α ranged from 0.85 to 0.92, and application of the Brug formula23 yielded double-layer 

capacitances on the order of 15-25 µF/cm2. The diffusion contribution was described according 

to the analytical expression proposed by Tribollet et al.24-26 for the impedance response of a 

convective-diffusion equation for a RDE, in agreement with the work of Diard and Montella 

who compared different numerical methods for the diffusion-convection impedance at a RDE.27 

All of the EIS spectra were fitted as a function of the electrode potential for different rotation 

rates.  

The potential dependence of 𝑅𝑅t and 𝑅𝑅d obtained from the experiments at 100 and 900 rpm are 

shown in Figures 6a and 6b, respectively. At 100 rpm (Figure 6a), the asymptotic values of 

values of 𝑅𝑅t and 𝑅𝑅d are obviously different, but, from Equations (18) and (24), the ratio of these 

two quantities may be calculated from the measurement of the mass-transfer-limited current 

density (ilim = -3 10-4 A⋅cm-2) and the kinetic current (ik = -3.4 10-3 A⋅cm-2) determined at E 

= -1 V/MSE and at -1.2 V/MSE.    At a potential of -0.9 V/MSE, 𝑅𝑅t 𝑅𝑅d� = 11.3, in good 

agreement with the value of 11 obtained from the ratio calculated with the values obtained from 

the fitting of the EIS diagrams (Rt = 640 Ω⋅cm2 and Rd = 58 Ω⋅cm2).  
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For potential larger than -0.55 V/MSE, the slope of the Rt curve shown in Figure 6a is 6.05 

decade/V; whereas, the slope for the Rd curve at potentials smaller than =0.55 V/MSE is -12.2 

decade/V. This difference, in absolute value, may be surprising if compared with the result 

presented in the previous part for a simple electron-exchange reaction showing that both slopes 

are expected to have equal magnitude. These slopes are indeed an indirect evaluation of the 

Tafel coefficient and are proportional to the number of electrons exchanged. For the ORR on a 

gold electrode, the number of electrons exchanged is reported to be 2 for low overpotential 

(with formation of oxygen peroxide as the reaction product)13, 28-29; whereas, the ORR is a 4-

electron exchange reaction for large overpotential (with direct formation of water as the reaction 

product).  The ratio of the magnitude of Rd and Rt slopes shown in Figure 6a is 2.02, in 

agreement with the reported potential dependence for the number of electrons exchanged. 

The results obtained at 900 rpm (Figure 6b) are very similar to those previously presented at 

100 rpm with a small potential shift (about 80 mV) for the characteristic potential towards the 

more negative values when the rotation rate increases, that is for a larger current density. A 

ratio 𝑅𝑅t 𝑅𝑅d� = 3.9 can be determined using the current, which compares favorably with the value 

of 3.4 obtained from 𝑅𝑅t and 𝑅𝑅d.  Interestingly, this value is about 3 times smaller than the value 

obtained at 100 rpm, which is in agreement with the ratio of the square root of rotation rates. 

The slope of the Rt and Rd curves as a function of potential are very similar, 6 decade/V and 

6.5 decade/V, respectively. These values are in agreement with the slope of 6.05 decade/V 

obtained for Rt at 100 rpm, which corresponds to a 2-electron charge-transfer reaction. The 

value of Rd obtained at 900 rpm is close to the value of Rt obtained at 100 rpm. These results 

indicate that, on this potential range and for this rotation rate (900 rpm), the hydrogen peroxide 

formed as an intermediate by a two-electron exchange reaction is expelled from the electrode 

surface due to convection.  
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The values of Rt and Rd obtained by regression provide a method to extract values for the kinetic 

current, ik. Equations (18) and (24) yield 

d k lim

t lim k

1
1

/
/

R i
R ii

i+
=

+
     (28) 

which, as the mass-transfer-limited current density is a constant at a given rotation rate, can be 

solved for the kinetic current density as  

2
2 2d d d

k lim lim lim
t t t

1 1 1 4
2

R R Ri i i i
R R R

     − − − − +     

=
  

    (29) 

 

The results, presented in Figure 7, show that the kinetic current is not a simple exponential 

function of potential, as would be expected from equation (25). The evolution of a complex 

mechanism as a function of electrode potential may be followed by use of equation (29), 

yielding more information than can be obtained by use of the Tafel plot.  
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Figure 6: Experimental values of 𝑅𝑅𝑡𝑡 (red circles) and 𝑅𝑅𝑑𝑑 (blue squares) determined for the 
ORR (a) 100 rpm and (b) 900 rpm. 

 

Figure 7: Experimental values for the kinetic current evaluated from equation (28) for the 
ORR with rotation rate as a parameter. The value of 3.4×10-3 A/cm2 was obtained by 

extrapolation of the Koutecky-Levich plots, e.g., Figure 3b. 
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4.3 Quasi-reversible electrochemical reaction 

The oxidation of ferrocyanide (10 mM) in K2SO4 (0.1 M) solution is quasi-reversible with a 

kinetic constant in the range of 10-2 to 10-3 cm⋅s-1, depending on the cleaning procedure of the 

electrode surface.30-31 The influence of RDE rotation rate from 30 to 3000 rpm is presented in 

Figure 8a for the potential range of -0.1 to 1.1 V/MSE. As expected, the shape of the curve is a 

plateau over a wide potential range (about 900 mV) on which the reaction rate is governed by 

diffusion, and the current varies as the square root of the rotation rate. The Koutecky-Levich 

plot (Figure 8b) shows that kinetic current at a potential of 0.6 V/MSE is about 0.13 A⋅cm-2.  

Impedance diagrams are presented in Figure 9 in a Nyquist representation for the ferrocyanide 

oxidation at 900 rpm at different potentials before the current plateau. Similar results were 

obtained for the different rotation rates of the electrode between 30 to 3000 rpm. The shape of 

the impedance diagrams corresponds to the simplest case for an electrochemical system 

involving diffusion: the high-frequency loop attributed to a charge-transfer resistance in parallel 

with a double-layer capacitance, and effect of diffusion is visible in the lowest frequency 

domain, corresponding to a diffusion layer of finite thickness. These diagrams were analyzed 

with the equivalent circuit presented in Figure 5, and the relevant parameters are plotted in 

Figure 10. Conversely to the previous cases with the ORR, the Rt and Rd curves follow an almost 

symmetric V-shaped curve. Interestingly, this behavior can be attributed to the quasi-

reversibility of the system. The absolute value of the slopes of the curves are 9.5 and 12.5 

decade/V for 900 rpm and 100 rpm, respectively. The small difference between the two slopes 

can be attributed to the value of the apparent transfer coefficient, which differs slightly from 

0.5. In that case, for a quasi-reversible system, the two slopes of the V-shaped curves allowed 

a direct measurement of the apparent transfer coefficient (under the assumption that it is 

independent of the potential).  
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Figure 8: Ferrocyanide oxidation in 0.1 M K2SO4 at a gold RDE (a) polarization curves as a 

function of the rotation rate and (b) Koutecky-Levich plot. 
 

 

Figure 9: Nyquist plot of the impedance response for the ferrocyanide oxidation in 0.1 M 
K2SO4 at a gold RDE as a function of the potential at 900 rpm – Symbols: experimental 

results; Solid line: fit with the equivalent circuit presented in Figure 5. 
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Figure 10: Experimental values of 𝑅𝑅𝑡𝑡 (red circles) and 𝑅𝑅𝑑𝑑 (blue squares) determined for the 

ferrocyanide oxidation in 0.1 M K2SO4 at a gold RDE for (a) 100 rpm and (b) 900 rpm. 
 

5. Conclusions 
In the absence of an influence of mass transfer, the charge-transfer resistance associated with 

an electrochemical reaction tends toward zero as the reaction overpotential tends toward 

infinity. The present work shows that, for a faradaic reaction influenced by mass transport of a 

reacting species, the charge-transfer resistance approaches a finite value as the reaction 

overpotential tends toward infinity (equation (18)), and the current approaches the mass-

transport-limited value. Conversely, the diffusion resistance approaches a finite value as the 

reaction overpotential tends toward zero (equation (24)). For a well-defined reaction with 

potential-independent values of apparent transfer coefficients, the asymptotic limits for the 
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charge-transfer and diffusion resistances should be the same (Eq. 26). Differences in these 

values can be attributed to changes in reaction mechanism as functions of overpotential. 

These theoretical developments were supported by experimental results performed for both a 

reversible redox mediator (the ferri/ferrocyanide couple) and an irreversible electrochemical 

system (the oxygen reduction reaction). For the latter, it was shown that EIS measurements 

performed at different potentials allowed investigation of complex mechanisms.  
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Figure Captions 

Figure 1: Evolution of the contribution of the kinetic current based on the bulk concentration 
to the mass-transfer-limited current as a function of the scaled potential. 

Figure 2: Evolution of the normalized charge transfer and diffusion resistance (left scale) and 
normalized current (right scale) as a function of the scaled potential. 

Figure 3: Oxygen reduction reaction at a gold RDE in 0.1 M K2SO4 (a) polarization curves as 
a function of the rotation rate and (b) Koutecky-Levich plot for a potential of -1 V/MSE. 

Figure 4: Nyquist plots of the impedance response at 100 rpm for the ORR on a gold RDE in 
0.1 M K2SO4 with potential as a parameter. Symbols: experimental results; Solid line: fit with 
the equivalent circuit presented in Figure 5.  

Figure 5: Electrical equivalent circuit used for fitting the impedance diagrams. Re is the 
electrolyte resistance, Rct, the charge-transfer resistance, Zdiff, the diffusion impedance, and Q 
and α the CPE component accounting for the double-layer capacitance.  

Figure 6: Experimental values of 𝑅𝑅𝑡𝑡 (red circles) and 𝑅𝑅𝑑𝑑 (blue squares) determined for the 
ORR (a) 100 rpm and (b) 900 rpm. 

Figure 7: Experimental values for the kinetic current evaluated from equation (28) for the 
ORR with rotation rate as a parameter. The value of 3.4×10-3 A/cm2 was obtained by 
extrapolation of the Koutecky-Levich plots, e.g., Figure 3b. 

Figure 8: Ferrocyanide oxidation in 0.1 M K2SO4 at a gold RDE (a) polarization curves as a 
function of the rotation rate and (b) Koutecky-Levich plot. 

Figure 9: Nyquist plot of the impedance response for the ferrocyanide oxidation in 0.1 M 
K2SO4 at a gold RDE as a function of the potential at 900 rpm – Symbols: experimental 
results; Solid line: fit with the equivalent circuit presented in Figure 5. 

Figure 10: Experimental values of 𝑅𝑅𝑡𝑡 (red circles) and 𝑅𝑅𝑑𝑑 (blue squares) determined for the 
ferrocyanide oxidation in 0.1 M K2SO4 at a gold RDE for (a) 100 rpm and (b) 900 rpm. 
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