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Abstract 
Three fast and reversible electrode reactions that are connected by two reversible 
chemical reactions that are permanently in the equilibrium are analysed theoretically for 
square wave voltammetry. The dependence of peak potentials on the dimensionless 
equilibrium constants of chemical reactions is calculated. The influence of the basic 
thermodynamic parameters on the square wave voltammetric responses is analysed. 
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Introduction 

Multistep electrode processes appear in electrochemistry of many organic compounds [1-9]. 

Some of these mechanisms include chemical steps [10-15]. In this communication, a theory of three 

electrode reactions that are coupled by two reversible chemical reactions is developed for square 

wave voltammetry under equilibrium conditions. The acronym of this mechanism is ECECE [16,17]. 

It was observed in reductions of dibromonitrobenzene [17] and benzoquinone dioxime [18-20] and 

oxidation of catechol in methanol [21,22]. Theoretical models of ECECE are developed for reversible 

electrode reactions and totally irreversible chemical reactions in cyclic voltammetry [16] and 

chronoamperometry [17,19]. 

The model 

It is assumed that the product of the first electrode reaction is the reactant of the first chemical 

reaction and that the product of the latter is the reactant of the second electrode reaction. Also, it 

is assumed that the reactant and the product of the second chemical reaction connect the second 

and the third electrode reactions in the same way: 

A ↔ B+ + e- (1)
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B+ + X- ↔ E  (2) 

E ↔ F+ + e-  (3) 

F+ + Y- ↔ G  (4) 

G ↔ H+ + e-  (5) 

Furthermore, it is assumed that the mass transport can be described by the stationary, planar, 

semiinfinite diffusion model and that the reagents X- and Y- are present in great excess, so that the 

variation of their concentrations can be neglected. Finally, it is assumed that both chemical reactions 

are permanently in the equilibrium. The model is based on the following differential equations: 

𝜕𝑐A 𝜕𝑡⁄ = 𝐷 𝜕2𝑐A 𝜕𝑥2⁄   (6) 

𝜕𝑐Int1
𝜕𝑡⁄ = 𝐷 𝜕2𝑐Int1

𝜕𝑥2⁄   (7) 

𝜕𝑐Int2
𝜕𝑡⁄ = 𝐷 𝜕2𝑐Int2

𝜕𝑥2⁄   (8) 

𝜕𝑐H 𝜕𝑡⁄ = 𝐷 𝜕2𝑐H 𝜕𝑥2⁄    (9) 

𝑐Int1
= 𝑐B + 𝑐E  (10) 

𝑐Int2
= 𝑐F + 𝑐G (11) 

𝑡 = 0,   𝑥 ≥ 0:         𝑐A = 𝑐A
∗ , 𝑐B = 𝑐E = 𝑐F = 𝑐G = 𝑐H = 0   

𝑐X = 𝑐X
∗ , 𝑐Y = 𝑐Y

∗   (12) 

𝑡 > 0, 𝑥 → ∞:         𝑐𝐴 →  𝑐A
∗ , 𝑐X →  𝑐X

∗ , 𝑐Y →  𝑐Y
∗ , 𝑐B → 0  

𝑐E → 0, 𝑐F → 0, 𝑐G → 0, 𝑐H → 0   (13) 

𝑥 = 0:     𝑐X = 𝑐X
∗ , 𝑐Y = 𝑐Y

∗      (14) 

𝑐B,x=0 = 𝑐A,x=0 exp(𝐹(𝐸 − 𝐸1
0) 𝑅𝑇⁄ ) (15) 

𝐾1𝑐𝑋
∗ = cE,x=0 cB,x=0⁄     (16) 

𝑐F,x=0 = 𝑐E,x=0 exp(𝐹(𝐸 − 𝐸2
0) 𝑅𝑇⁄ )    (17) 

𝐾2𝑐Y
∗ = 𝑐G,x=0 𝑐F,x=0⁄    (18) 

𝑐H,x=0 = 𝑐G,x=0 exp(𝐹(𝐸 − 𝐸3
0) 𝑅𝑇⁄ )   (19) 

𝐷(𝜕𝑐A 𝜕𝑥⁄ )x=0 = 𝐼1 𝐹𝑆⁄    (20) 

𝐷(𝜕𝑐Int1
𝜕𝑥⁄ )

x=0
= (𝐼2 − 𝐼1) 𝐹𝑆⁄    (21) 

𝐷(𝜕𝑐Int2
𝜕𝑥⁄ )

x=0
= (𝐼3 − 𝐼2) 𝐹𝑆⁄    (22) 

𝐷(𝜕𝑐H 𝜕𝑥⁄ )x=0 = −𝐼3 𝐹𝑆⁄     (23) 

𝑥 > 0:   𝐾1𝑐X
∗ = 𝑐E 𝑐B⁄     (24) 

𝐾2𝑐Y
∗ = 𝑐G 𝑐F⁄    (25) 

The meanings of symbols are reported in Table 1. Differential equations are solved by the 

numerical method [23]. The solution is the system of recursive formulae for the dimensionless 

current: 

𝛷2,𝑚 = 𝑢5(𝑢1 + 𝑢2 − 𝑢3 − 𝑢4)−1 − ∑ 𝛷2,j𝑠m−j+1
m−1
j=1    (26) 
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Table 1. Meanings of symbols 

𝑐𝐴, 𝑐𝐵, 𝑐𝐸 , 𝑐𝐹 , 𝑐𝐺 , 𝑐𝐻  Concentrations of species A, B+, E, F+, G and H+ 

𝑐𝐴
∗, 𝑐𝑋

∗ , 𝑐𝑌
∗   Concentrations of species A, X- and Y- in the bulk of solution 

𝐷   Common diffusion coefficient 

𝐸  Electrode potential 

𝐸1
0, 𝐸2

0, 𝐸3
0  Standard potentials of the first, the second and the third electrode reactions 

𝑑𝐸  Potential step in square wave voltammetry 

𝐸𝑆𝑊  Square wave amplitude 

𝐸𝑝  Peak potential 

𝐹  Faraday constant 

𝑓  Square wave frequency 

𝐼1, 𝐼2, 𝐼3  Currents of the first, the second and the third electron transfers 

𝐾1, 𝐾2  Equilibrium constants of the first and the second chemical reactions 

𝑅  Gass constant 

𝑆  Electrode surface area 

𝑇  Temperature  

𝑡  Time 

 

𝛷1,m = 𝑢6 + 𝑢7 ∑ 𝛷2,j𝑠m−j+1 − ∑ 𝛷1,j𝑠m−j+1
m−1
j=1

m
j=1    (27) 

𝛷3,𝑚 = 𝑢8 ∑ Φ2,j𝑠m−j+1 − ∑ Φ3,j𝑠m−j+1
m−1
j=1

m
j=1    (28) 

𝛷k = 𝐼k(𝐹𝑆𝑐A
∗ )−1(𝐷𝑓)−1 2⁄    (29) 

𝑠p = √𝑝 − √𝑝 − 1   (30) 

m = 1, 2, 3 …. (31) 

𝑢1 = (1 + 𝐾2𝑐Y
∗)−1   (32) 

𝑢2 = 𝐾1𝑐X
∗(1 + 𝐾1𝑐X

∗)−1 exp(𝐹(𝐸 − 𝐸2
0) 𝑅𝑇⁄ )   (33) 

𝑢3 = 𝑢2[1 + (1 + 𝐾1𝑐X
∗) exp(𝐹(𝐸 − 𝐸1

0) 𝑅𝑇⁄ )]−1   (34) 

𝑢4 = 𝑢1𝑧3(1 + 𝑧3)−1   (35) 

𝑧3 = 𝐾2𝑐Y
∗𝑢1 exp(𝐹(𝐸 − 𝐸3

0) 𝑅𝑇⁄ )   (36) 

𝑢5 = 5√𝜋 2⁄  𝑢2𝑧1(1 + 𝑧1)−1    (37) 

𝑧1 = (1 + 𝐾1𝑐X
∗) exp(𝐹(𝐸 − 𝐸1

0) 𝑅𝑇⁄ )   (38) 

𝑢6 = 5√𝜋 2⁄  𝑧1(1 + 𝑧1)−1   (39) 

𝑢7 = (1 + 𝑧1)−1   (40) 

𝑢8 = 𝑧3(1 + 𝑧3)−1   (41) 

The sum 𝛷 = 𝛷1 + 𝛷2 + 𝛷3 is reported as a function of electrode potential. 

Results and discussion 

Square wave voltammograms of the mechanism (1) – (5) under equilibrium conditions depend 

on the standard potentials of electron transfers and the dimensionless constants 𝐾1𝑐𝑋
∗  and 𝐾2𝑐𝑌

∗  of 

chemical reactions. An ideal case in which the concentrations of reagents X- and Y- can be changed 

experimentally from zero to the limit of solubility is investigated here. If 𝐸1
0 = 𝐸2

0 = 𝐸3
0, 𝐾1𝑐X

∗  = 1 

and 𝐾2𝑐Y
∗  = 1, the response is a single peak with the dimensionless net peak current Δ𝛷p = 2.44 that 
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appears at 𝐸p = 𝐸1
0. This is shown in Fig. 1. The real peak current depends linearly on the square 

root of frequency, but the net peak potential is independent of frequency. If the concentration of Y- 

is reduced to zero, the third electrode reaction vanishes and the net peak current is diminished to 

1.50 but the peak potential does not change. Finally, if the concentrations of both X- and Y- are set 

to zero, only the first electrode reaction occurs and the net peak current is 0.75 at the same peak 

potential. 

 

 
Fig. 1 Dimensionless square wave voltammograms of electrode reactions (1) – (5).  

𝐸1
0 = 𝐸2

0 = 𝐸3
0, 𝑑𝐸 = 5 mV and 𝐸𝑆𝑊 = 50 mV. 𝐾1𝑐𝑋

∗  = 1 and 𝐾2𝑐𝑌
∗  = 1 (1), 𝐾1𝑐𝑋

∗  = 1 and 𝐾2𝑐𝑌
∗  = 0 (2)  

and 𝐾1𝑐𝑋
∗  = 0 and 𝐾2𝑐𝑌

∗  = 0 (3) 

Fig. 2A shows that the variation of X- concentration may lead to the split response. If 𝐾1𝑐X
∗  = 300 

and 𝐾2𝑐Y
∗  = 1, two peaks appear at -0.135 V and 0 V vs. 𝐸1

0. The peak currents are 0.81 and 1.53, 

respectively, which means that the first electron is transferred at lower potential than the other 

two. If 𝐾1𝑐X
∗  = 1000 the first peak potential is -0.175 V vs. 𝐸1

0  and if 𝐾1𝑐X
∗  = 100 only a shoulder 

appears at about -0.13 V, both for 𝐾2𝑐Y
∗  = 1. These indicate that the first chemical reaction consumes 

the first product B+ and decreases the formal potential of the first electrode reaction. The influence 

of Y- concentration is shown in Fig. 2B. If 𝐾2𝑐Y
∗  = 300 the peak currents are 1.71 and 0.78 and the 

peak potentials are -0.145 V and -0.005 V vs. 𝐸1
0. As the second chemical reaction consumes the 

product of the second electrode reaction, the formal potentials of both the first and the second 

electron transfers are diminished and only the third transfer occurs at the standard potential. These 

explanations are confirmed by the relationships between net peak potentials and the logarithm of 

dimensionless constants 𝐾1𝑐X
∗  and 𝐾2𝑐Y

∗  that are shown in Fig. 3. If 𝐾2𝑐Y
∗  = 1 and 𝐾1𝑐X

∗  > 300 the 

potential of the first peak is given by the formula: 𝐸p,1 − 𝐸1
0 = −2.3 (𝑅𝑇 𝐹⁄ ) log(𝐾1𝑐X

∗) + 0.005 V, 

which is predicted for an EC mechanism in the equilibrium [24]. The slope of the line 1 in Fig. 3A is -

0.020 V. It corresponds to the single peak responses. This slope can be explained by the theory of 

EEE mechanism with unstable intermediates [3]: 

𝐸p = [𝐸1
0 − (𝑅𝑇 𝐹⁄ ) ln(𝐾1𝑐X

∗) + 𝐸2
0 − (𝑅𝑇 𝐹⁄ ) ln(𝐾2𝑐Y

∗) + 𝐸3
0 ] 3⁄    (42) 

𝐸p = (𝐸1
0 + 𝐸2

0 + 𝐸3
0) 3⁄ − 2.3 (𝑅𝑇 3𝐹⁄ ) log(𝐾1𝑐X

∗)   (43) 
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A 

 
B 

 
Fig. 2. Square wave voltammograms of electrode reactions (1) – (5). Net responses and their forward and 

backward components are shown. 𝐸1
0 = 𝐸2

0 = 𝐸3
0, 𝐾1𝑐𝑋

∗  = 300 and 𝐾2𝑐𝑌
∗  = 1 (A) and 300 (B).  

All other parameters are as in Fig. 1 
 

If 30 < 𝐾1𝑐X
∗  < 300 the main peak is preceded by the shoulder at about -0.13 V. The variation of 

the second dimensionless constant is shown in Fig. 3B. The potential of the single peak is defined by 

eq. (42) if -1 < log(𝐾2𝑐Y
∗) < 2. Outside this range either the responses with shoulders or the split 

responses appear. If 𝐾2𝑐Y
∗  < 0.005 the concentration of the third reactant G is much smaller than 

the concentration of the second product F+ and the formal potential of the third electrode reaction 

is higher than the third standard potential. 

At this point several special cases can be analyzed. The first one is the ECE mechanism that 

appears if 𝐾2𝑐Y
∗  = 0. Fig. 4A shows the relationship between peak potentials and the logarithm of 

the first dimensionless constant. The slopes of straight lines 1, 2 and 3 are -0.03, -0.06 and -0.06 V, 

respectively. 
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A 

 
B 

 
Fig. 3. Dependence of net peak potentials on the logarithm of dimensionless equilibrium 

constants of chemical reactions (2) and (4). 𝐸1
0 = 𝐸2

0 = 𝐸3
0 and 𝐾2𝑐𝑌

∗  = 1 (A) and 𝐾1𝑐𝑋
∗  = 1 (B). 

The lines are linear approximations 

The first slope corresponds to the average of the formal potentials of the first and the second 

electrode reaction: 

𝐸p = [𝐸1
0 − (𝑅𝑇 𝐹⁄ ) ln(𝐾1𝑐X

∗) + 𝐸2
0] 2⁄    (44) 

𝐸p = (𝐸1
0 + 𝐸2

0) 2⁄ − 2.3 (𝑅𝑇 2𝐹⁄ ) log(𝐾1𝑐X
∗)    (45) 

The slopes of the second and the third straight lines correspond to either EC, or CE mechanism 

in the equilibrium [24]. This agrees with the previous calculations [15]. Very similar relationships 

appear in the ECECE mechanism in which the standard potential of the third electrode reaction is 

much higher than the other two standard potentials. This can be seen in Fig. 4B. The slopes of 

straight lines in Figs 4A and 4B are identical. 
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A 

 
B 

 
Fig. 4. Dependence of net peak potentials on the logarithm of dimensionless equilibrium constant of the first 

chemical reaction. 𝐸1
0 = 𝐸2

0 = 𝐸3
0 and 𝐾2𝑐𝑌

∗  = 0 (A) and 𝐸1
0 = 𝐸2

0, 𝐸3
0 − 𝐸1

0 = 0.5 V and 𝐾2𝑐𝑌
∗  = 1 (B).  

The lines are linear approximations 

The second special case is the influence of the reagent Y- on the second and the third electrode 

reactions that are separated from the first electrode reaction. If the first standard potential is 

400 mV lower than the other two standard potentials and if 𝐾1𝑐X
∗  = 1, the response consists of either 

two, or three peaks. This is shown in Fig. 5A. The first peak is independent of 𝐾2𝑐Y
∗  while the 

dependence of the second and the third peaks on the logarithm of 𝐾2𝑐Y
∗  resembles the relationships 

of the ECE mechanism. Within a wide range -2 < log(𝐾2𝑐Y
∗) < 2 the second peak satisfies the straight 

line 𝐸p,2 − 𝐸1
0 = -0.03 log (𝐾2𝑐Y

∗) + 0.410 V. If 𝐾2𝑐Y
∗  > 300 the second peak is defined by the equation 

𝐸p,2 − 𝐸1
0 = -0.06 log(𝐾2𝑐Y

∗) + 0.425 V and the third peak potential is equal to the third standard 

potential. If 𝐾2𝑐𝑌
∗  < 0.001 the second peak tends to 0.42 V and the third peak approaches the 

asymptote 𝐸p,3 − 𝐸1
0 = -0.06 log(𝐾2𝑐Y

∗) + 0.395 V. However, if the separation of the first electrode 
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reaction from the other two is not high enough, the responses of the first and the second reactions 

may overlap under certain conditions. Fig. 5B shows the relationships between peak potentials and 

the logarithm of 𝐾2𝑐Y
∗  for the differences 𝐸2

0 − 𝐸1
0 = 0.2 V and 𝐸3

0 − 𝐸1
0 = 0.2 V. This figure differs 

from Fig. 5A if 𝐾2𝑐Y
∗  > 100. Under the influence of high value of the second dimensionless constant, 

the formal potential of the second electrode reaction is diminished and approaches the first 

standard potential. The line 2 in Fig. 5B is defined by the equation: 𝐸p,1 − 𝐸1
0 = -0.03 log  (𝐾2𝑐Y

∗) + 

+ 0.1 V. This means that it satisfies the following relationship: 

𝐸p = (𝐸1
0 + 𝐸2

0) 2⁄ − 2.3 (𝑅𝑇 2𝐹⁄ ) log(𝐾2𝑐Y
∗)   (46) 

A 

 
B 

 
Fig. 5. Dependence of net peak potentials on the logarithm of dimensionless equilibrium constant of the 

second chemical reaction. 𝐾1𝑐𝑋
∗  = 1 and 𝐸2

0 − 𝐸1
0 = 0.4 V and 𝐸3

0 − 𝐸1
0 = 0.4 V (A) and 𝐸2

0 − 𝐸1
0 = 0.2 V  

and 𝐸3
0 − 𝐸1

0 = 0.2 V (B) 



Milivoj LOVRIĆ J. Electrochem. Sci. Eng. 7(3) (2017) 119-129 

doi:10.5599/jese.409 127 

These mixed responses can be formed only if the difference between formal potentials is smaller 

than 0.1 V [3]. If this condition is not satisfied, three peaks appear at all concentrations of the 

reagent Y-. An example is shown in Fig. 6. The straight lines 1 and 2 are given by the equations: 

𝐸p,3 − 𝐸1
0  = -0.06 log(𝐾2𝑐Y

∗) + 0.4 V and 𝐸p,2 − 𝐸1
0  = -0.06 log(𝐾2𝑐Y

∗) + 0.32 V, respectively. They 

demonstrate that the second chemical reaction influences only the second electrode reaction if 

𝐾2𝑐Y
∗  > 10 and only the third electrode reaction if 𝐾2𝑐Y

∗  < 0.1. 

 

 
Fig. 6. Dependence of net peak potentials on the logarithm of dimensionless equilibrium 

constant of the second chemical reaction. 𝐸2
0 − 𝐸1

0 = 0.3 V, 𝐸3
0 − 𝐸1

0 = 0.4 V and 𝐾1𝑐𝑋
0 = 1 

The mixed response of the second and the third electrode reactions may split into two peaks if 

the second dimensionless equilibrium constant is bigger than the certain limiting value. Fig. 7 shows 

the relationship between the logarithm of this critical constant and the difference between the third 

and the second standard potentials. It satisfies the following equation: 

log(𝐾2𝑐Y
∗)crit. = -17.4 (𝐸3

0 − 𝐸2
0) + 2.176 (47) 

The last special case considers the possibility that the reagents X- and Y- are identical, so that 

their concentrations cannot be changed separately. In the simplest version of this mechanism it is 

assumed that 𝐾1 = 𝐾2. Fig. 8 shows relationship between peak potentials and the logarithm of 𝐾1𝑐X
∗  

under this condition. It can be compared to Fig. 3. If 𝐾1𝑐X
∗  < 0.005 the first peak corresponds to the 

single electron transfer, while the second peak is a consequence of the transfer of two electrons. 

On the contrary, if 𝐾1𝑐X
∗  > 500 the first peak is twice as big as the second one. The slope of the 

straight line 1 is -0.040 V. This means that it satisfies eq. (42). Considering that 𝐾2𝑐Y
∗  = 𝐾1𝑐X

∗  one 

obtains: 

𝐸p,1 = (𝐸1
0 + 𝐸2

0 + 𝐸3
0) 3⁄ − 2.3 (2𝑅𝑇 3𝐹⁄ ) log  (𝐾1𝑐X

∗)   (48) 

The slopes of straight lines 2 and 3 are -0.060 V. They both describe mixed responses that include 

two electrons. The first one is the CECE mechanism and the second one is ECEC mechanism: 

𝐸p,2 = [𝐸2
0 − 2(𝑅𝑇 𝐹⁄ ) ln(𝐾1𝑐X

∗) + 𝐸3
0] 2⁄    (49) 

𝐸p,2 = (𝐸2
0 + 𝐸3

0) 2⁄ − 2.3 (𝑅𝑇 𝐹⁄ ) log(𝐾1𝑐X
∗)  (50) 

𝐸p,1 = (𝐸1
0 + 𝐸2

0) 2⁄ − 2.3 (𝑅𝑇 𝐹⁄ ) log(𝐾1𝑐X
∗)   (51) 
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Fig. 7. Dependence of the critical value of the dimensionless equilibrium constant of the second 

chemical reaction on the difference between standard potentials of the third and the second 

electron transfer steps. 𝐾1𝑐𝑋
∗  = 1 and 𝐸2

0 - 𝐸1
0 = 0.4 V 

 

Fig. 8 Dependence of net peak potentials on the logarithm of the common dimensionless 

equilibrium constant. 𝐸1
0 = 𝐸2

0 = 𝐸3
0 and 𝐾2𝑐𝑌

∗ = 𝐾1𝑐𝑋
∗  

Comparing to Fig. 3, the response exhibits a single peak within rather narrow range  

-1 < log  (𝐾1𝑐X
∗) < 1, 

Conclusions 

The difference between the ECECE and the simple EEE mechanisms under equilibrium conditions 

is in the dependence of the former on the concentrations of the reagents of chemical reactions. By 

the variation of concentrations of these reagents, the potentials of peaks can be changed and the 

number of peaks can be increased under some conditions. Depending on standard potentials of 

electrode reactions, several special cases of ECECE mechanism can be distinguished. The first ECE 
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mechanism can be analyzed separately if the third standard potential is much higher than the other 

two. Also, the second ECE mechanism appears isolated if the first standard potential is much lower 

than the other two. The influence of dimensionless equilibrium constants of chemical reactions on 

the certain peak potential depends on the number of electrons that are transferred at this potential. 

If chemical reactions include the same reagent, the first two, or the last two electrons may be 

transferred according to the ECEC, or CECE mechanisms, respectively. 
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