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Abstract 

This work defines for the first time the reaction scheme, initial conditions, diffusion-reaction 
equations, electrode boundary conditions, and current expression for the diffusional 
CrevE1CirrE2C’ mechanism. All species are considered dissolved in solution; electron 
transfer occurs only at the electrode surface and is described by Butler-Volmer kinetics. This 
mathematical model provides a unified platform for studying complex diffusional 
electrochemical mechanisms involving chemical pre-equilibria, two electrode reactions, 
irreversible intermediate transformation, and catalytic regeneration. By adjusting selected 
kinetic constants, the model may reproduce simpler limiting mechanisms such as E, CE, EC, 
ECE, EC’, EE, and other more complex mechanisms evaluated out of the simples one. 
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1. The reaction scheme 

 

Reversible preceding chemical step, Crev: 

A ⇌ Red   (𝑘𝑓 ,  𝑘𝑏 , 𝐾𝑒𝑞 =
𝑘𝑓

𝑘𝑏
) 

This equilibrium defines the chemical conversion between the precursor A and the 
electroactive reduced species Red before the first electrode step. 

First electron-transfer step followed by an irreversible chemical transformation, E1Cirr: 

Red ⇌ Int1 + 𝑒− (𝑘𝑠,1,  𝛼1) 

This step describes the first heterogeneous electron transfer at the electrode surface, 
where Red is converted into the first intermediate Int1. 

Int1 → Int2  (𝑘𝑐,𝑖𝑟𝑟) 

This irreversible chemical step consumes Int1 in solution and generates Int2, thereby 
coupling homogeneous kinetics to the first electron-transfer process. 

Second electron-transfer step, E2: 

Int2 ⇌ Ox + 𝑒−   (𝑘𝑠,2,  𝛼2)) 

This step represents the second heterogeneous electron transfer at the electrode surface, 
converting Int2 into the oxidized species Ox. 

Catalytic regenerative step, C’: 

Ox + Y → Int2    (𝑘𝑐𝑎𝑡) 

This catalytic reaction regenerates Int2 from Ox in the presence of the solution species Y 
and may amplify or reshape the voltammetric response. 

2. Concentration notation 

𝑐𝑖 = 𝑐𝑖(𝑥, 𝑡),   𝑖 = A, Red, Int1 ,Int2, Ox, Y 

Each concentration depends on distance from the electrode surface and time. The 
coordinate x is measured perpendicular to the electrode, with x = 0 at the electrode surface 
and x approaching infinity in the bulk solution. 

𝐷𝑖 = diffusion coefficient of species 𝑖 

The diffusion coefficient describes how rapidly each dissolved species is transported 
through the solution by diffusion. 

3. Differential equations in solution 
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∂𝑐A

∂𝑡
= 𝐷A

∂2𝑐A

∂𝑥2
− 𝑘𝑓𝑐A + 𝑘𝑏𝑐𝑅𝑒𝑑 

This equation states that A changes by diffusion, by consumption in the forward chemical 
reaction, and by regeneration from Red in the backward reaction. 

∂𝑐𝑅𝑒𝑑

∂𝑡
= 𝐷𝑅𝑒𝑑

∂2𝑐𝑅𝑒𝑑

∂𝑥2
+ 𝑘𝑓𝑐A − 𝑘𝑏𝑐𝑅𝑒𝑑 

Red is formed from A and consumed back to A in the reversible chemical equilibrium, while 
its electron-transfer conversion is treated only at the electrode boundary. 

∂𝑐𝐼𝑛𝑡1

∂𝑡
= 𝐷𝐼𝑛𝑡1

∂2𝑐𝐼𝑛𝑡1

∂𝑥2
− 𝑘𝑐,𝑖𝑟𝑟𝑐𝐼𝑛𝑡1 

Int1 is depleted in solution by the irreversible chemical transformation into Int2. Its 
electrochemical formation is introduced through the surface flux condition. 

∂𝑐𝐼𝑛𝑡2

∂𝑡
= 𝐷𝐼𝑛𝑡2

∂2𝑐𝐼𝑛𝑡2

∂𝑥2
+ 𝑘𝑐,𝑖𝑟𝑟𝑐𝐼𝑛𝑡1 + 𝑘𝑐𝑎𝑡𝑐𝑂𝑥𝑐Y 

Int2 is produced by the irreversible transformation of Int1 and by catalytic regeneration 
from Ox and Y. 

∂𝑐𝑂𝑥

∂𝑡
= 𝐷𝑂𝑥

∂2𝑐𝑂𝑥

∂𝑥2
− 𝑘𝑐𝑎𝑡𝑐𝑂𝑥𝑐Y 

Ox is consumed in solution by the catalytic reaction with Y, while its electrochemical 
formation is defined at the electrode surface. 

∂𝑐Y

∂𝑡
= 𝐷Y

∂2𝑐Y

∂𝑥2
− 𝑘𝑐𝑎𝑡𝑐𝑂𝑥𝑐Y 

Y is consumed together with Ox in the catalytic regeneration step. If Y is present in large 
excess, its concentration may be treated as constant. 

If Y is in present in large excess, then it holds that: 

𝑐Y ≈ 𝑐Y
∗ = constant 

𝑘𝑐𝑎𝑡′ = 𝑘𝑐𝑎𝑡𝑐Y
∗ 

𝑘𝑐𝑎𝑡𝑐𝑂𝑥𝑐Y ≈ 𝑘𝑐𝑎𝑡′𝑐𝑂𝑥 

These expressions convert the second-order catalytic step into a pseudo-first-order 
reaction, which simplifies numerical simulation. 

4. Initial conditions 

At t = 0 and for all x greater than or equal to 0: 

𝑐A(𝑥, 0) = 𝑐A
∗  
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The initial concentration of A is equal to its bulk value throughout the solution. 

𝑐𝑅𝑒𝑑(𝑥, 0) = 𝑐𝑅𝑒𝑑
∗  

The initial concentration of Red is equal to its bulk value. If the preceding equilibrium is 
established before the experiment, cRed* is related to cA* through Keq. 

𝑐𝑅𝑒𝑑
∗

𝑐A
∗ = 𝐾𝑒𝑞 

This relation expresses the initial chemical equilibrium between A and Red before the 
potential perturbation is applied. 

𝑐𝐼𝑛𝑡1(𝑥, 0) = 0 

Initially, Int1 is absent because the first electron-transfer step has not yet generated it. 

𝑐𝐼𝑛𝑡2(𝑥, 0) = 0 

Initially, Int2 is absent unless it is deliberately added before the experiment. 

𝑐𝑂𝑥(𝑥, 0) = 0 

Initially, Ox is absent because the second electron-transfer step has not yet produced it. 

𝑐Y(𝑥, 0) = 𝑐Y
∗ 

The catalytic reactant Y is initially present at its bulk concentration. 

5. Bulk boundary conditions 

For x approaching infinity and t greater than 0: 

𝑐A(∞, 𝑡) = 𝑐A
∗ 

𝑐𝑅𝑒𝑑(∞, 𝑡) = 𝑐𝑅𝑒𝑑
∗  

𝑐𝐼𝑛𝑡1(∞, 𝑡) = 0 

𝑐𝐼𝑛𝑡2(∞, 𝑡) = 0 

𝑐𝑂𝑥(∞, 𝑡) = 0 

𝑐Y(∞, 𝑡) = 𝑐Y
∗ 

These conditions express semi-infinite diffusion. Far from the electrode, the solution 
remains unaffected by the electrode reaction and retains the initial bulk composition. 

6. Butler-Volmer kinetic formalism 

The formal potentials of the two electrode steps are denoted as E1^0’ and E2^0’. The 
overpotentials are: 

𝜂1(𝑡) = 𝐸(𝑡) − 𝐸1
0′ 
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𝜂2(𝑡) = 𝐸(𝑡) − 𝐸2
0′ 

The overpotential defines the thermodynamic driving force for each electron-transfer step 
at a given applied potential. 

First electrode step: 

𝑣1(𝑡) = 𝑘𝑠,1 [𝑐𝑅𝑒𝑑(0, 𝑡)exp (
(1 − 𝛼1)𝐹𝜂1(𝑡)

𝑅𝑇
) − 𝑐𝐼𝑛𝑡1(0, 𝑡)exp (−

𝛼1𝐹𝜂1(𝑡)

𝑅𝑇
)] 

This Butler-Volmer expression gives the net heterogeneous rate of the Red/Int1 couple. 
Positive v1 corresponds to oxidation of Red to Int1. 

Second electrode step: 

𝑣2(𝑡) = 𝑘𝑠,2 [𝑐𝐼𝑛𝑡2(0, 𝑡)exp (
(1 − 𝛼2)𝐹𝜂2(𝑡)

𝑅𝑇
) − 𝑐𝑂𝑥(0, 𝑡)exp (−

𝛼2𝐹𝜂2(𝑡)

𝑅𝑇
)] 

This expression defines the net heterogeneous rate of the Int2/Ox couple. Positive v2 
corresponds to oxidation of Int2 to Ox. 

7. Electrode-surface flux boundary conditions 

At x = 0: 

𝐷A

∂𝑐A

∂𝑥
|

𝑥=0
= 0 

A is not directly involved in electron transfer, so its electrode-surface flux is zero. 

𝐷𝑅𝑒𝑑

∂𝑐𝑅𝑒𝑑

∂𝑥
|

𝑥=0
= 𝑣1(𝑡) 

This condition couples diffusion of Red to its heterogeneous consumption or production at 
the electrode surface. 

𝐷𝐼𝑛𝑡1

∂𝑐𝐼𝑛𝑡1

∂𝑥
|

𝑥=0
= −𝑣1(𝑡) 

Int1 has the opposite surface flux to Red because it is generated when Red is oxidized and 
consumed when the reverse reaction occurs. 

𝐷𝐼𝑛𝑡2

∂𝑐𝐼𝑛𝑡2

∂𝑥
|

𝑥=0
= 𝑣2(𝑡) 

This boundary condition links the surface concentration of Int2 to its oxidation or 
reduction in the second electron-transfer step. 

𝐷𝑂𝑥

∂𝑐𝑂𝑥

∂𝑥
|

𝑥=0
= −𝑣2(𝑡) 
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Ox has the opposite surface flux to Int2 because it is produced during oxidation of Int2 and 
consumed during the reverse process. 

𝐷Y

∂𝑐Y

∂𝑥
|

𝑥=0
= 0 

Y does not exchange electrons directly with the electrode, so its electrode-surface flux is 
zero. 

8. Total Faradaic current 

For one-electron transfers: 

𝐼(𝑡) = 𝐹𝐴[𝑣1(𝑡) + 𝑣2(𝑡)] 

The total current is the sum of the Faradaic contributions from both electrode reactions. 
Depending on the sign convention used in the simulation, the sign of the current may be 
reversed. 

9. Square-wave voltammetric potential program 

During square-wave voltammetry, the applied potential is pulsed around a staircase 
potential. A general representation is: 

𝐸(𝑡) = 𝐸𝑠𝑡𝑎𝑖𝑟(𝑡) ±
𝐸𝑠𝑤

2
 

The square-wave amplitude Esw and the staircase increment dE define the potential 
perturbation, while the frequency f defines the experimental time scale. 

𝜏 =
1

𝑓
 

The period tau determines how much time is available for diffusion, electron transfer, and 
homogeneous chemical reactions during each square-wave cycle. 

10. Useful dimensionless kinetic parameters 

𝐾𝑠,1 =
𝑘𝑠,1

√𝐷𝑅𝑒𝑑𝑓
 

This parameter compares the rate of the first heterogeneous electron-transfer step with 
diffusion over the square-wave time scale. 

𝐾𝑠,2 =
𝑘𝑠,2

√𝐷𝐼𝑛𝑡2𝑓
 

This parameter compares the second heterogeneous electron-transfer rate with diffusional 
transport during the experiment. 
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𝐾𝑐ℎ𝑒𝑚,1 =
𝑘𝑓 + 𝑘𝑏

𝑓
,   

These parameters compare the reversible preceding chemical reaction rates with the 
frequency of the square-wave perturbation. 

𝐾𝑐,𝑖𝑟𝑟 =
𝑘𝑐,𝑖𝑟𝑟

𝑓
 

This parameter indicates whether the irreversible conversion of Int1 into Int2 is slow, 
intermediate, or fast within the experimental time window. 

𝐾𝑐𝑎𝑡 =
𝑘𝑐𝑎𝑡𝑐Y

∗

𝑓
 

This parameter describes the relative importance of catalytic regeneration compared with 
the square-wave frequency under pseudo-first-order conditions. 
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Figure 1: Forward and backward voltammograms showing the effect of Kchem,2 i.e. effect 
of rate of irreversible chemical step 
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Figure 2: Forward and backward square-wave voltammograms showing the effect of Kcat 
i.e. effect of rate of irreversible regenerative step of CrevE1CirrE2C’ mechanism 

 

 

 

 

 

 

 



12 
 

REFERENCES 

1. R. Gulaboski, Journal of Solid State Electrochemistry 24 (2020) 2081-2081 

2. R. Gulaboski, E. S. Ferreira, C. M. Pereira, M. N. D. S. Cordeiro, A. Garau, V. 

Lippolis, A. F. Silva, Journal of Physical Chemistry C 112 (2008) 153-161 

3. V. Mirceski, M. Lovric, R. Gulaboski, Journal of Electroanalytical Chemistry 515 

(2001) 91-100. 

4. R. Gulaboski, V. Mirceski, Macedonian Journal of Chemistry and Chemical 

Engineering 39 (2020) 153-166 

5. V. Mirceski, R. Gulaboski, Macedonian Journal of Chemistry and Chemical 

Engineering 33 (2014), 1-12 

6. V. Mirceski, R. Gulaboski, Journal of Solid State Electrochemistry 7 (2003) 157-

165 

7. M. Janeva, P. Kokoskarova, V. Maksimova, R. Gulaboski, Electroanalysis 31 

(2019) 2488-2506 

8. R. Gulaboski, V. Mirceski, S. Komorsky-Lovric, M. Lovric, Electroanalysis 16 

(2004) 832-842 

9. R. Gulaboski, C.M. Pereira, M.N.D.S Cordeiro, I. Bogeski, F. Silva, Journal of Solid 

State Electrochemistry 9 (2005) 469-474 

10. B. Sefer, R. Gulaboski, V. Mirceski, Journal of Solid State Electrochemistry 16 

(2012) 2373-2381. 

11. P. Kokoskarova, Rubin Gulaboski,  Electroanalysis 32 (2020) 333-344. 

https://doi.org/10.1002/elan.201900491 

12. R. Gulaboski, C. M. Pereira, Electroanalytical Techniques and Instrumentation in 

Food Analysis; in Handbook of Food Analysis Instruments (2008) 379-402. 

13. M. Jorge, R. Gulaboski, C. M. Pereira, M. N. D. S. Cordeiro, Journal of Physical 

Chemistry B 110 (2006) 12530-12538. 

14. V. Mirceski, D. Guziejewski, L. Stojanov, R. Gulaboski, Analytical Chemistry 91 

(2019) 14904-14910. 

15. V. Mirceski, R. Gulaboski, F. Scholz, Journal of Electroanalytical Chemistry 566 

(2004) 351-360. 

16. R. Gulaboski, M. Chirea, C. M. Pereira, M. N. D. S. Cordeiro, R. B. Costa, A. F. 

Silva, J. Phys. Chem. C 112 (2008) 2428-2435 



13 
 

17. R. Gulaboski, V. Mirceski, S. Komorsky-Lovric, M. Lovric, Electroanalysis 16 

(2004) 832-842 

18. R. Gulaboski, C. M. Pereira, M. N. D. S. Cordeiro, A. F. Silva, M. Hoth, I. Bogeski, 

Cell Calcium 43 (2008) 615-621 

19.  R. Gulaboski, V. Mirceski, F. Scholz, Amino Acids 24 (2003) 149-154 

20.  V. Mirceski, R. Gulaboski, Croatica Chemica Acta 76 (2003) 37-48. 

21.  F. Scholz, R. Gulaboski, Faraday Discussions 129 (2005) 169-177. 

22. R. Gulaboski, K. Caban. Z. Stojek, F. Scholz, Electrochemistry Communications 6 

(2004) 215-218. 

23. V. Mirceski, R. Gulaboski, Journal of Physical Chemistry B, 110 (2006) 2812-2820. 

24. V. Mirceski, R. Gulaboski, B. Jordanoski, S. Komorsky-Lovric, Journal of 

Electroanalytical Chemistry, 490 (2000) 37-47. 

25. R. Gulaboski, Macedonian Journal of Chemistry and Chemical Engineering 41 

(2022) 151-162 

26. R. Gulaboski, P. Kokoskarova, S. Petkovska, Analytical&Bioanalytical 

Electrochemistry, 12 (2020) 345-364. 

27. V. Mirčeski, R. Gulaboski, F. Scholz, Electrochemistry Communications 4 (2002) 

814-819 

28. M. Jorge, R. Gulaboski, C. M. Pereira, M. N. D. S Cordeiro, Molecular Physics 104 

(2006) 3627-3634. 

29. R. Gulaboski, V. Mirceski, M. Lovric, Macedonian Journal of Chemistry and 

Chemical Engineering 40 (2021) 1-9. 

30. R. Gulaboski, P. Kokoskarova, S. Risafova, J. Electroanal. Chem. 868 (2020) 

114189. 

31. R. Gulaboski, V. Mirceski, Journal of Solid State Electrochemistry 28 (2024) 1121-

1130. 

32. V. Mirceski, B. Mitrova, V. Ivanovski, N. Mitreska, A. Aleksovska, R. Gulaboski, 

Journal of Solid State Electrochemistry 19 (2015) 2331-2342. 

33. I. Spirevska, L. Soptrajanova, R. Gulaboski, Analytical Letters 33 (2000) 919-928. 

34. R. Gulaboski, B. Jordanoski, Bulletin of Chemists and Technologist of Macedonia 

19 (2000) 177-181 



14 
 

35. R. Gulaboski, M. Lovrić, V. Mirčeski, I. Bogeski, M. Hoth, Biophysical Chemistry 137 

(2008)        49-55. 

36. R. Gulaboski, V. Mirčeski, S. Mitrev, Food Chemistry, 138 (2013) 116-121. 

37. R. Gulaboski, V. Mirčeski, M. Lovrić, Journal of Solid State Electrochemistry 23 

(2019) 2493-2506 

38. V. Mirceski, R. Gulaboski, F. Scholz, Electrochemistry Communications 4 (2019) 814-

819. 

39. Rubin Gulaboski, V. Mirceski, Journal of Solid State Electrochemistry 28 (2024) 1121-

1130. 

40. R Gulaboski, F Borges, CM Pereira, M Cordeiro, J Garrido, AF Silva, Combinatorial 

chemistry & high throughput screening 10 (2007), 514-526 

41. Rubin Gulaboski, Valentin Mirćeski, Carlos M Pereira, M Natalia DS Cordeiro, A 

Fernando Silva, François Quentel, Maurice L'Her, Milivoj Lovrić, Langmuir, 22 (2006) 

3404-3412 

 


