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Abstract 

Relevant electrochemical processes present rate equations with non-unity reaction orders. 

For such reactions, an analytical treatment is developed for the stationary voltammetric response 

and the surface concentrations at the rotating disc electrode and at microelectrodes of any shape, 

as frequently/preferably employed to reveal their electrode kinetics. The expressions deduced are 

applicable when one or both redox species are initially present and cover any degree of 

reversibility. 

From the general solution obtained, the limit cases of fully reversible and irreversible 

reactions are derived. By linearizing the current-potential response of the former, the reaction 

orders can be determined, as well as the value of the reversible half-wave potential that strikingly 

depends on whether one or both species are initially present in contrast with the case of unity 

orders. For irreversible processes, the linearization of the complete current-potential response is 

also possible and it enables us to extract the reaction order and the half-wave potential. An 

expression for the latter is given as a function of the heterogeneous rate constant and the mass 

transport coefficient. Additional protocols of kinetic analysis are discussed on the basis of Tafel 

and Koutecký-Levich-like plots. 

 
 
Keywords: Nonunity reaction orders; Analytical theory; Steady state voltammetry; Electrode 

kinetics; Electrocatalysis 
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1. Introduction 

 There exists a number of complex electrochemical processes that show nonunity reaction 

orders. Some examples that have been postulated include the reaction order of O2 and H+ in the 

oxygen reduction reaction (ORR) at the rotating disc electrode (RDE) [1], the oxidation of 

thiolates and reduction of disulfides [2], the oxidation of bromide [3], the hydrogen and chlorine 

evolution reactions [4] (see also Supporting Information, section S4), … Also, a variety of 

reversible electron transfers with nonunity stoichiometry have been reported (see [5–9] and 

references therein), which could show kinetic limitations when using fast rotation speeds at the 

RDE or microelectrodes. 

 For the processes above mentioned under steady state conditions (that is, when RDE or 

ultramicroelectrodes with any potential waveform are used), the following relationship has been 

proposed between the observed rate of reaction and the surface concentrations of electroactive 

species O and R, s
i

c  (i=O, R) [1–4]: 

( ) ( ) ROs s
ROv f bk c k c

 
= −                     (1) 

where O  and R  are the cathodic and anodic reaction orders, and fk  and bk  the apparent1 

potential-dependent heterogeneous rate constants. Eqn. (1) is a rate equation that, in a simplistic 

yet insightful way, could be ascribed to the ‘operational’ reaction 

O RO e R
f

b

k

k
n − ⎯⎯⎯→⎯⎯⎯+                                                        (I) 

with the rate constants being given by the Butler-Volmer formalism [10], 

( )

( ) ( )
( ) O R

O

R

0

1
0 0

1 10 0

b

f

f

b

k
e c

k

k k c e

k k c e

 −


−
−

− − 




=



=

=
                 (2) 

where 

( )0nF
E E

RT
= −               (3) 

0k  ,   and 0E   refer to apparent heterogeneous rate constant, charge transfer coefficient and 

formal potential, respectively, and 0c  to the standard concentration, which ensures the 

dimensional correctness (usually, 
0c =1 mol dm-3) [10]. Considering reaction (I) will enable us to 

develop a general theoretical framework from which the more realistic cases of fully reversible 

[5–9] and irreversible [1,4] processes will be easily derived, and procedures will be established 

for the identification of the reaction orders and kinetic parameters. This is very valuable to get 

 
1 It should be borne in mind that the true nature of processes underlying rate expressions like Eqn. (1) are 

likely complex (see Supporting Information). 
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fruitful insights into the process, for example, assisting the benchmarking of the electrocatalytic 

performance of electrode materials, as well as elucidating of mechanistic nuances. 

In this work, a detailed theoretical study of an electrochemical process following Eqn. (1) 

and Scheme (I) will be carried out. A general expression for the surface concentrations and the 

current-potential response will be deduced for any degree of reversibility and any cathodic and 

anodic reaction orders. The expressions are applicable to the rotating disc electrode (RDE) and to 

microelectrodes of any geometry. Also, it is considered that both the oxidized and reduced species 

may be initially present in solution. From the general theory developed, the particular expressions 

for the current-potential response and the half-wave potential of the fully reversible and fully 

irreversible regimes will be derived. In the reversible limit, the theoretical solutions coincide with 

those obtained for transient [9] and stationary [11] conditions. It is also pointed out that, in 

contrast with unity reaction orders, the reversible half-wave potential is dependent on whether 

one or both species are initially present. For sufficiently small 
0k   values, the fully irreversible 

regime is reached; this is found to occur ‘earlier’ (i.e., at larger 
0k  ) as O  or R  are greater. For 

the quantitative analysis, various protocols are discussed based on the linearization of the 

complete I-E response, and on the generalizations of the Tafel and the Koutecký-Levich plots to 

high orders. 
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2. Theory 

 Under steady state mass transport conditions in the absence of migration and convection, 

the following boundary value problem (bvp) must be solved to describe the voltammetric response 

of Scheme (I): 

2

G O

2

G R

0

0   

c

c





= 


= 

             (4) 

;  q→  

( ) ( )R RO O       ,  * *c q c c q c= =        (5) 

;Sq q=  

O O R R

O R
N S N S

N Nq q q q

D c D c

q q
= =

    
= −   

     
                          (6) 

( ) ( )O RO O

O R

O
N S

s s

f b

N q q

D c
k c k c

q
=

 
= − 

 

 


             (7) 

where *
i

c  and 
i

c  (i=O, R) refer to the concentrations of the redox species at the bulk of the 

solution and to the concentration profile which depends on the spatial coordinates q, respectively, 

and 2
G  to the stationary diffusion operator for the microelectrode geometry (see Table S1 in the 

Supporting Information). The current response, when a constant or time variable potential is 

applied to an electrode of an arbitrary geometry (G) of area A, being both O and R solution 

soluble, can be written in a general form as: 

O O R R

O R
N S N S

N Nq q q q

D c D cI

nFA q q
= =

    
= = −   

     
                         (8) 

where 
N

q  refers to the spatial coordinate (q) normal to the electrode surface, and 
S

q  to its value 

at the surface of the electrode. 

When the RDE is used, convection plays a fundamental role.  In this case, another 

stationary behaviour appears and Eqn. (4) should be replaced by: 

O O

z

R R

z

2

O 2

2

R 2

0

0   

c c

z z

c c

z z

D v

D v

 

 

 

 


− = 


− =


                    (9) 

with being the axial component of the velocity that is given by [12]: 

1 2 1

z

3 2 2 2 30 51023 0 33333/ /v . z . z ...− −= −   +   +                       (10) 

zv
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where   is the kinematic viscosity of the electrolyte and   the angular velocity of the electrode. 

Under usual conditions, the axial component of the velocity is approximated to the first term on 

the right hand side [13]. 

For all the above conditions, it can be easily demonstrated that, whatever the reversibility 

degree of the process, the stationary concentration profiles can be written as [11,14,15]: 

( ) ( ) ( )

( ) ( ) ( )

* s *
O O O O G,O

* s *
R R R R G,R

c q c c c H q

c q c c c H q







= + −

= + −
        (11) 

where ( )G,iH q  is a continuous function2 that depends on the set of spatial coordinates (q) of the 

specific electrode geometry G (but not on the applied potential), so that the potential-dependence 

in (11) is restricted to the surface concentrations (see below), that is, to the terms ( )s *
i ic c−  (i=O, 

R). It can be easily proven that, independently of the electrode geometry, function ( )GH q  is the 

same as for the case O =1, R =1 [11], referred to as case 1:1 hereafter. 

From Eqns. (8) and (11) it follows that the flux of redox species i at the electrode surface 

can be expressed as: 

O O O R R R

O O R R

* s * sD c c D c cI

nFA

   − −
= = −   

     
                (12) 

with i  (i=O, R) being the stationary thickness of the linear diffusion layer for the experimental 

conditions (i.e., electrode geometry or mass transport mode) considered, defined as [15]: 

( )

N S

G,i

N

i

1

q q

H q

q
=

=
  
 

 

   (i=O, R)          (13) 

Eqn. (13) is applicable to one-dimensional geometry systems (spherical and cylindrical 

microelectrodes) and to RDE. For two-dimensional (disc and band microelectrodes) or more 

complex geometries, electrode surface averaged or heuristic expressions of 
i  must be employed 

(see Table S2).  

 It is possible to re-write Eqn. (12) in terms of the so-called mass transport coefficient, 

defined as: 

i

i

i

D
m


=    (i=O, R)         (14) 

such that Eqn. (12) can be re-written as  

 
2 An analytical equation for function ( )G,iH q  has only been obtained for one-dimensional systems. For 

example for spherical electrodes ( )sphe,i 0H r r / r= . 
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( )O O R R

* s * sI
C C C C

nFA
= − = − −     (15) 

where 

s s * *O O

O O O O

O O

s s * *R R

R R R R

R R

;         

;        

m m
C c C c

m m
C c C c


= = 



= =


 

 

        (16) 

Expressions for the mass transfer coefficient im  are dependent  on the  microelectrode 

geometry or mass transport conditions. Thus, for example, 2 3 1 2 1 60 62 / / /
i im . D   −=  for the RDE 

and i

s

4
i

D
m

r
=


 for a disc microelectrode of radius rs. The expressions of im  for a wide variety of 

microelectrodes are given in Table S2 of the Supporting Information.      

From Eqn. (15), the following relationship is immediately deduced: 

R O R O

s s * *C C C C+ = +           (17) 

By combining Eqns. (7) and (15)-(17), the following general relationships for s

OC  and 

s

RC  are obtained:  

( ) ( ) ( )
O R

O R

1 1

O R

O R O O O O

O R

0s * * s * s

f bK C K C C C C C
m m

− −

   
− + − − − =   

  

 
  

   (18) 

( ) ( ) ( )
O R

O R

1 1

O R

R O R R R R

O R

0* * s s * s

f bK C C C K C C C
m m

− −

   
+ − − + − =   

  

 
  

   (19) 

where 

O

O

R

R

f f

b b

K k
m

K k
m


= 



=





               (20) 

 Eqns. (18)-(19) allows us to determine the expressions of the surface concentrations of 

species O and R for any reaction orders and reversibility degree of the process. For example, for 

the more usual cases O :1 and 1: R  Eqns. (18)-(19) become: 

- Case O :1,  

( ) ( ) ( )
O

O

1

O

O O O R

O

1 1 0s s * *

f b b bK C C K C K K C
m

−

 
+ + − + − = 

 




    (21) 

- Case 1: R , 

( ) ( ) ( )
R

R

1

R

R R R O

R

1 1 0s s * *

b f f fK C C K C K K C
m

−

 
+ + − + − = 

 




    (22) 



8 
 

Note that, in agreement with Eqns. (21) and (22), the solutions for the surface 

concentrations of species O for case O :1 are formally equivalent to those corresponding to 

species  R for the case 1: R  by simply changing 
fK  by bK , O  by R , and Om  and 

O

*C  by Rm  

and 
R

*C , respectively. 

 By solving Eqns. (21)-(22), the explicit expressions of the surface concentrations of both 

electrolytic species are obtained when both O and R are initially present in the electrolytic solution 

for the orders 2:1, 3:1, 1:2 and 1:3, and also for the well-known case 1:1 (see Eqns. (S1)-(S6) of 

the Supporting Information). The expressions of the surface concentrations corresponding to the 

most common case where only oxidised species is initially present are the following: 

- 1:1 case 

O O

O

R O

R

1

1

   
1

s * b

f b

fs *

f b

K
c c

K K

Km
c c

m K K

+ 
= + + 


=
+ + 

      (23) 

- 2:1 case 

( )

O

O

O

R O O

R

41
1 1

2 1

1

2

*

fs b

f b

s * s

K cK
c

K K

m
c c c

m

 +
 = + −

 +
 


= − 



      (24) 

- 3:1 case 

( )

O O

O

R O O

R

31 1 3
2 sinh asinh

3 3 2 1

1

3

fs *b

f b

s * s

KK
c c

K K

m
c c c

m

  +
  =

  +   


= − 


    (25) 

- 1:2 case 

( )

R

O O R

O

O
O

R

R 2

2

8
1

1 1
2 1

s * s

*

b f
fs

b
f

m
c c c

m

m
K K c

K m
c

K K


= − 


 
 

+  = + −
 

+
  
 

     (26) 

- 1:3 case 

( )

R
O O R

O

O

R O

R

3

1 3 31
2 sinh asinh 3

3 3 12 1

s * s

f fs * b

b ff

m
c c c

m

K K m K
c c

K m KK


= − 


  +   =
  ++

  

  (27) 
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The expressions of 
O
sc  and 

R
sc  for the particular cases of reversible and fully irreversible 

limiting behaviours are easily obtained by making f bk ,k →  and 0bk → , respectively, in Eqns. 

(23)-(27), and are given in Table 1.  

 The general expression for the current-potential response response (when R is not initially 

present in solution) can be easily deduced by inserting Eqns. (12) and (14) into Eqn. (7). Thus, 

under these conditions it is obtained that: 

( ) ( )
O R

O R1 1
O O R

O Ocat cat cat

O R Ol,ss l,ss l,ss

1* *

f b

m mI I I
k c k c

mI I I

− −   
= − −      

   

 

  

 
                (28) 

where 

O OR R

cat

O Rl,ss O O

1
s s

* *

c m cI

mI c c

   
= − =   

   




           (29) 

cat
O Ol,ss

O

*n
I FAm c=


         (30) 

Eqn. (28) in the more general situation where R 0*c   is given by Eqn. (S7) of the Supporting 

Information. 

2.1. Reversible and fully irreversible electrode reactions 

The current-potential curves corresponding the reversible [5–9] and irreversible [1,4] 

limits can be easily deduced by introducing the particular expressions of the surface 

concentrations of species O and R corresponding to these limiting behaviours (see Table 1) into 

Eqn. (7). 

2.1.1 Linearized reversible response 

 For the reversible case, by making f bk ,k →  in Eqn. (28), and taking into account that 

( ) O R0

b fk / k e c
 −

= , the current-potential response can be linearized in the form E-ln(f(I)). The 

general expression obtained is valid independently of the value of O  and R . Thus, the linearized 

response is given by: 

( )

O

O R

R

cat

l,ss

cat

l,ss

1 2

cat

l,ss

ln 2 lnr

/

I I

IRT RT
E E

nF nF I

I

−

  −
     

= + +  
  
   
  



 


        (31) 

with  

( )
R O R

R O0 O OR
1 2 0

O R

ln ln 2
*

r

/

cmRT RT
E E

nF m c nF

−

−
    

  = + +   
    

  

 


                (32) 
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Therefore, a plot of the applied potential versus ( )( ) ( )( )O Rcat cat cat

l,ss l,ss l,ssln I I / I / I / I−
 

 

should be linear in agreement with Eqn. (31), with an slope equal to ( )RT / nF  and an intercept 

( ) ( )O R

1 2 ln 2r

/E RT / nF
−

+
  . In contrast with the case 1:1, when both species are initially present 

in solution ( *

R
0c  ), the reversible half-wave potential does not have the same expression (see 

Eqn. (S10) of the Supporting Information): 

( )
O RR O R

R O

cat an

0 O O
1 2 0 cat

R

ln ln 2 ln
*

l ,ss l ,ssr ´ R
/

O l ,ss

I IcmRT RT RT
E E

nF m c nF nF I

−−

−
   −   
 = + + +             

   

 


 (33) 

It is important to highlight that Eqns (31)-(33) are valid not only under stationary conditions but 

also for transient conditions and whatever the electrode geometry (that is, for any shape and size 

of electrode considered); for example, in the case of a planar electrode the mass transport 

coefficient is given by ( )iim D / t=  . 

2.1.2. Linearized fully irreversible responses 

 For the fully irreversible limit, 0bk → , the general expression (28) of the current-

potential response becomes into: 

( )
O

O

O cat

l,ss

1*

f

I
I n k c

I
FA

 
= −  

 





                                           (34) 

which is obviously independent of the value of coefficient R  and therefore coincident with the 

case O :1 (see below). From Eqn. (34), the following linearized expression is deduced: 

( )

O

O

cat

l,ss

cat

l,ss1irrev,cat

1 2

cat

l,ss

ln 2 ln/

I I

IRT RT
E E

nF nF I

I

−

  −
     

= + +  
  
   
  





 
         (35) 

with 

( )
O

O

1
0

1irrev,cat 0 O O
1 2 0

O

ln 2 ln
*

/

k cRT RT
E E

nF nF m c

−

−
   

  = + +  
   



 

 
         (36) 

The expression of 
irrev,an

1 2/E  is given by Eqn. (S12) of the Supporting Information. 

Moreover, contrarily to the reversible case, Eqns. (36) and (SI.12) for the irreversible cathodic 

and anodic half wave potentials are only totally rigorous under stationary conditions [16]. 

According to (35), for irreversible processes, a plot of the applied potential versus 
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( )( ) ( )( )Ocat cat cat

l,ss l,ss l,ssln I I / I / I / I−


 should be linear, with a slope equal to ( )RT / nF  and an 

intercept ( ) ( )O1irrev,cat

1 2 ln 2/E RT / nF
−

+
 . 

By inverting both members, Eqn. (34) can also be written as: 

Ocat

l,ss

cat

l,ss

1 1

k

I

I I I I

 
=   − 



                                               (37) 

with 
kI  being the purely kinetic current: 

( )
O

Ok f

*n kI FA c=


                                               (38) 

Eqn. (37) coincides with Eqn. (14) in [1] and it is a generalized Koutecký-Levich equation 

for nonunity reaction orders, which for O 1 =  becomes into: 

cat

l,ss

O

O O

1 1 1 1

k

*
kI I I nI FAD c

= + +=


      (for O 1 = )                 (39) 

Eqns. (34)-(39), contrarily to the reversible case, are only exact under stationary 

conditions.  

Finally, the well-known cathodic Tafel approximation is obtained directly from Eqn. (7) 

under irreversible cathodic potentials ( 0bk → ) when diffusion is not effective ( O O

s *c c ). This 

limit can be also obtained from Eqns. (35)-(36) by making 
cat

l,ssI I  (i.e., at potentials 

corresponding to the foot of the wave). Thus, the following potential current relationship is 

obtained, 

( ) ( )( ) ( )
O O1

0 0 0

Oln ln*RT RT
E E nFAk c c I

nF nF

−
 = + −

 

 
                   (40) 
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Table 1. Expressions for the surface concentrations of species O and R corresponding to reversible and fully irreversible processes 

Case Reversible  Fully Irreversible  

1:1 

O

R

O O

O

R

1

s *

m
e

m
c c

m
e

m





=

+

                               (T1) 

O

R

R O

O

R

1

s *

m

m
c c

m
e

m



=

+

                               (T2) 

O O

1

1

s *

f

c c
K

=
+

                               (T3) 

R O
1

fs *

f

K
c c

K
=

+
                               (T4) 

2:1 

O O R

O 0

R O

8
1 1

2 2

*

s m c me
c

m me c

 
 = + −
 
 




               (T5) 

( )O

R O O

R

1

2

s * sm
c c c

m
= −                       (T6) 

( )O O

1
1 4 1

2

s *

f

f

c K c
K

= + −                   (T7) 

( )O

R O O

R

1

2

s * sm
c c c

m
= −                      (T8) 

3:1 

O O R

O 0

R O

91 3 1
2 sinh asinh

3 3 3 2

*

s m c me
c

m mc e

  
=     

  




         (T9) 

( )O

R O O

R

1

3

s * sm
c c c

m
= −                          (T10) 

O

O

31 1
2 sinh asinh 3

3 23

*

s

f

f

c
c K

K

  
=    

  
    (T11) 

( )O

R O O

R

1

3

s * sm
c c c

m
= −                   (T12) 

1:2 

2
0

O OR
R 0

O R

1 16 1
4

*

s c mc m
c e

m me c

 
  = + − 

  
 




                 (T13) 

( )O

O O R

R

2s * sm
c c c

m
= −                          (T14) 

O O

1

1

s *

f

c c
K

=
+

                        (T15) 

R O
1

fs *

f

K
c c

K
=

+
                        (T16) 

1:3 

3
0

O OR
R 0

O R

2 1 27
sinh asinh

3 23

*

s c mc m
c e

m mce

  
   =      

  




       (T17) 

 ( )O

O O R

R

3s * sm
c c c

m
= −                             (T18) 

 



13 
 

3. Results and discussion 

 Figure 1 illustrates how, independently of the potential-time perturbation applied, there 

is a univocal current-potential relationship whatever the reaction orders and kinetics when 

stationary conditions are achieved. For this, the current-potential response of case 2:1 (n = 2) with 

different electrochemical reversibility are compared under transient (spherical microelectrode 

with 
0 100 mr =  ) and steady state (

0 1 mr =  ) conditions when applying two different 

perturbations: a linear potential waveform (i.e., in linear sweep voltammetry, LSV) or a semi-

circular waveform, as introduced by Compton et al. [17,18] (see Eqn. (22) in [17]). 

As reported for case 1:1 [18], the transient responses in the two techniques differ 

significantly, with the semi-circular waveform providing larger peaks as a consequence of the 

extremely fast scan rate around the shift potential. This is particularly remarkable for reversible 

processes (Fig. 1a) where a very sharp peak is observed. 

As can be expected, the differences above mentioned vanish when reaching steady state 

conditions (
0 1 mr =   in Fig. 1), showing the univocal current-potential relationship, independent 

of the potential-time perturbation applied. Thus, the voltammograms obtained with linear or 

semicircular (or any other: staircase, sinusoidal, …) waveform tend to be sigmoidal and 

overlapping as r0 decreases, whatever the electrode kinetics and reaction orders. 

< Figure 1 > 

 Figures 2 and 3 show the stationary current-potential ( ) ( )0

l,ssI / I E E − −  curves 

calculated from Eqn. (28) for different reaction orders (Figure 2: O =1, 2, 3 and R =1; Figure 3, 

O =1, R =1, 2, 3). These curves have been calculated for different values of the heterogeneous 

rate constant ( )0 1log cm sk / − =  4, 2, 0 −2 and −4, at a spherical microelectrode with 

RO 0 1r =  = =  µm and 5

O R 10D D −= =  cm2 s-1 (i.e., RO 0 1m m .= =  cm s-1), when only species 

O is initially present  with 
3

O 10*c −=  M. From these curves it can be seen that, for any reaction 

orders, the I/E response moves towards more negative potentials as 0k   decreases, with their 

position varying from the half wave potentials of the reversible process (Eqn. (32)) to that 

corresponding to a fully irreversible one (Eqn. (36)). Note that the half wave potential, 1 2/E , of 

these curves is more negative or more positive than that corresponding to case 1:1, depending on 

whether O > R   (Figure 2) or O < R  (Figure 3), respectively (see also Figure 4). This fact, along 

with the identical response of the fully irreversible curves corresponding to cases 1: R  (see  curves  

with ( )0log k =  − 4 for cases 1:1, 1:2 and 1:3 in Figure 3), leads to that the effect of 0k   on the 

response is more notorious in cases O :1 (with O > 1). This behaviour clearly shows that cases 
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2:1 and 3:1 (curves a and b in Figure 2) present greater sensitivity to the charge transfer kinetics 

than cases 1:2 and 1:3 (curves a and b in Figure 3). 

<Figure 2 > 

< Figure 3 > 

 The plots in Figure 4 correspond to the variation of the half wave potential (referred to 

the formal potential) with ( )0
Olog k / m  for different reaction orders (1:2, 1:3, 1:1, 2:1 and 3:1). 

These curves show that for large values of 0k  , E1/2 tends to the value corresponding to the 

reversible limit predicted by Eqn. (32). As 0k   decreases, 
1 2/E  becomes more negative until 

reaching the fully irreversible limit where 
1 2/E varies linearly  with ( )0log k  , as indicated in Eqn. 

(36); note that the greater the O  or R values are, the earlier the irreversible limit is reached (i.e., 

at larger values of 0k  ). Also, as has been previously indicated, the curves of all the cases 1: R  

(with R =1, 2 and 3) coincide in the irreversible region according with Eqn. (35). 

< Figure 4 > 

 In Figures 5-7 different approaches for the characterization of the reaction orders and 

kinetics of reversible and irreversible heterogeneous charge transfers are considered.  

According to Eqns. (31) and (35), for fully reversible and irreversible processes the values 

of the reaction orders can be recognized by identifying the values O  and R  that linearize the plot 

E vs ( )( ) ( )( )O Rcat cat cat

l,ss l,ss l,ssln I I / I / I / I−
 

, as shown in Figure 5 for cases 2:1 and 1:2 as 

representative examples. For reversible reactions, the slope of E vs 

( )( ) ( )( )O Rcat cat cat

l,ss l,ss l,ssln I I / I / I / I−
 

 will be 
RT

nF
 and the formal potential is accessible from the 

intercept, which is concentration-dependent for non-unity orders (Eqn. (32)) (see curves with 

0log( ) 4k  =  in Figs. 5a (solid lines) and 5b (dashed lines)). 

< Figure 5 > 

 With regard to fully irreversible processes, the slope 
RT

nF
=
 
 
 

 of the plot E vs 

( )( ) ( )( )Ocat cat cat

l,ss l,ss l,ssln I I / I / I / I−


 (see curves with 
0log( ) 2k   −  in Figs. 5a and 5b) enables us 

to determine  and, subsequently, the formal potential or the heterogeneous rate constant from 

the intercept (Eqn. (36)). For this, experiments at different concentrations of reactant can yield 

more consistent conclusions. Thus, for O = 1 the intercept should not depend on O

*c ; otherwise (

O  ≠ 1), the intercept will vary linearly with ( )Oln *c  with a slope of 
( )O 1 RT

nF

−


: 
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  ( )O

0
10 O O O

0

O

( 1)
Intercept ln 2 ln ln

*k RT cRT RT
E

nF nF m nF c

−
   −  = + + +      

  

  
  (41) 

< Figure 6 > 

Complementary to the above, Tafel and Koutecký-Levich-like analyses of the stationary 

( ) ( )0

l,ssI / I E E − −  waves of irreversible reactions can be carried out. With respect to the 

Koutecký-Levich-like analysis, for O =1 the inverse of the current at a given potential (i.e., fixed 

Ik value) increases linearly with O  (see Eqn. (39)). For O  ≠ 1, the plot O 
1

 vs
I

  is not predicted 

to be linear, which serves as a diagnosis criterion of a higher kinetic order. In such situation (see 

Eqn. (34)), the log-log plot ( ) cat
l,ss

ln   ln 1
I

I vs
I

 
 
 
 

−  obtained at a given potential with different 

values of O  (i.e., different RDE speed rotations or different microelectrode size) can be used: 

( ) ( ) O cat

l,ss

kln ln ln 1
I

I
I

I
 

= + −  
 

                                              (42) 

in such a way that the value of the slope will correspond directly to the reaction order of the 

reactant and the value of kf can be obtained from the intercept (see Eqn. (38)). This is illustrated 

in Figure 6 for case 2:1. Then, a conventional analysis of kf at different potentials [13] provides 

the values of  and k0. Note that the fully irreversible regime where the above applies can be 

approached by enhancing the mass transport conditions (for example, by using smaller electrodes 

or faster rotation speeds) so that the quantitative analysis is more simple and accurate. 

< Figure 7 > 

Regarding the Tafel analysis (see Figure 7), according to Eqn. (40) the intercept of the 

Tafel plot varies with the reactant concentration whatever the value of 
O : 

 ( ) ( )0 0 O
Tafel OIntercept ln ln *RTRT

E nFAk c
nF nF

 = + +


 
  (43) 

so that the slope of ( )Tafel OIntercept   ln *vs c  enables the determination of O ,  or n, and the values 

of 0E   or 
0k   can be extracted from the intercept. 

   

< Figure 8 > 

 Finally, the response of high-order reactions in differential techniques is considered in 

Figure 8. As shown in Fig. 8a,  The effect of the electrode kinetics is analogous to that reported 

for case 1:1 [15] so that the peak becomes smaller and broader and it shifts towards more negative 

potentials as  decreases. The variation of the peak potential with the electrode kinetics for 
0k 
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different pulse amplitudes and reaction orders is shown in Fig. 8b (solid lines), in comparison 

with the corresponding half-wave potential of the direct-current voltammogram (empty circles). 

For nonunity orders, in general, the peak potential does not coincide exactly with E1/2, being 

slightly more positive or negative depending on the values of 
O  and 

R ; the pulse amplitude 

also has a scarce effect. The discrepancies are not significant in the irreversible limit (< 10 mV) 

and most notorious in the quasireversible one (up to 30 mV). Also note that, as mentioned above, 

the kinetic limitations take place at larger 
0k  -values as the reaction orders are higher. 
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4. Conclusions 

 Analytical solutions have been obtained for the surface concentrations and current-

potential response of electrode processes that show high reaction orders, specifically, first-, 

second- or third-order kinetics with respect to the oxidized or the reduced species. The solutions 

are applicable under steady state conditions reached by using either the rotating disc electrode or 

microelectrodes of any geometry. 

 When the electrode kinetics is very fast (reversible processes), the plot E vs 

( )( ) ( )( )O Rcat cat cat

l,ss l,ss l,ssln I I / I / I / I−
 

 is predicted to be linear, whatever the electrode geometry and 

also under transient conditions. Hence, the reaction orders can be identified as the O  and R

values that linearize the experimental plot E vs ( )( ) ( )( )O Rcat cat cat

l,ss l,ss l,ssln I I / I / I / I−
 

; then, the half-

wave potential is obtained from the corresponding intercept. The latter is dependent on the bulk 

concentrations of the redox species for high orders. 

 In the case of irreversible reactions, the expression for the half-wave potential has been 

given and the current-potential response can also be linearized as E vs 

( )( ) ( )( )Ocat cat cat

l,ss l,ss l,ssln I I / I / I / I−


 by adjusting the O  value; subsequently, the slope of such plot 

enables the determination of the charge transfer coefficient, while the heterogeneous rate constant 

can be obtained from the intercept. In this analysis, the whole voltammogram is considered so 

that it can be expected to provide more representative results than the conventional Tafel plot. A 

complementary analysis of the complete wave is the generalized Koutecký-Levich plot 

( ) cat
l,ss

ln   ln 1
I

I vs
I

 
 
 
 

− , the slope of which corresponds to the reaction order and the intercept 

enables the determination of the kinetic parameters. 
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Figures 

 

Figure 1. Voltammetry of case 2:1 with n = 2 at spherical microelectrodes and different k0’-values 

(indicated on the graphs) in sweep voltammetry with linear (LSV) and semicircular potential 

waveforms under transient (
0

100 mr =  ) and steady state (
0

1 mr =  ) conditions. D = 10-5 cm/s, 

v = vavg = 25 mV/s, Eshift = E1/2,rev. The inset in graph (a) corresponds to the potential waveform in 

each technique. The arrows indicate the y-axis corresponding to each curve. For the latter, the 

analytical solutions obtained in Section 2 were employed; the transient responses of the reversible 

process were obtained with the analytical solution reported in [9]  and with numerical simulations 

for the non-reversible cases [19]. 

*

O

I

v
c

DF
FA

RT

 = , 0 5.= . 
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Figure 2. Stationary ( ) ( )cat 0

l,ssI / I E E − −  curves calculated from Eqn. (28) for cases 1:1, 2:1 and 

3:1 with RO 1= =   µm and 5

O R 10D D −= =  cm2 s-1, calculated for different values of the rate 

constant (values of ( )0 1log cm sk / −  indicated on the curves). 0 5.= , n = 2, 
3

O 10*c −=  M. 
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Figure 3. Stationary ( ) ( )cat 0

l,ssI / I E E − −  curves calculated from Eqn. (28) for cases 1:3, 1:2 and 

1:1 corresponding to O R 1= =   µm and 5

O R 10D D −= =  cm2 s-1, calculated for different values of 

the rate constant (values of ( )0 1log cm sk / −  indicated on the curves). 0 5.= , n = 2, 
3

O 10*c −=  

M. 
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Figure 4. Variation of the half wave potential of the stationary current-potential curves with 

( )0

Olog k / m  for different reaction orders (indicated on the curves). 0 5.= , n = 2. 
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Figure 5. (a)
0( )E E −  vs ( )( ) ( )( )O Rcat cat cat

l,ss l,ss l,ssln I I / I / I / I−
 

 curves of case 2:1 and (b) 

0( )E E −  vs ( )( ) ( )( )O Rcat cat cat

l,ss l,ss l,ssln I I / I / I / I−
 

 curves (solid lines) and 
0( )E E −  vs 

( )( ) ( )( )Ocat cat cat

l,ss l,ss l,ssln I I / I / I / I−


 curves (dashed lines) of case 1:2. Calculated from Eq. (28) for 

different values of ( )0 1log cm sk / −  (indicated on the curves). 
1

RO 0 1 cm sm m . −= = , 
3

O 10*c −=  

M. 
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Figure 6. (a) ( ) ( )cat 0

l,ssI / I E E − −  curves for case 2:1 with 
0 6 -110  cm sk − = , calculated from Eqn. 

(28) and different values of log(  / m)   (indicated on the graph). (b) Generalized Koutecký-

Levich analysis of the stationary response in figure 6a for three different values of the applied 

potential (indicated on the graph). 0 5.= , n = 2, 5
RO 10D D −= =  cm2 s-1, 

3

O 10*c −=  M. 
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Figure 7. Tafel analysis of the stationary current-potential curves calculated from Eqn. (28) for 

cases 1:1, 2:1, 2:1, 1:3 and 3:1 (see Inset) corresponding to O R 1= =  µm and 5

O R 10D D −= =  

cm2 s-1, calculated for different values of the rate constant shown in the curves. 
3

O 10*c −=  M. 

( )0log 4k  = − , 0 5.= . Dashed line in the inset indicates the limit of the foot of the cathodic 

waves. 
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Figure 8. (a) ( ) ( )cat 0

SW l,ssI / I E E − −  curves calculated from Eqn. (28) for the cases 1:1, 2:1 and 3:1 

with O R 1= =   µm and 5

O R 10D D −= =  cm2 s-1, calculated for different values of the rate constant 

(values of ( )0 1log cm sk / −  shown on the curves). 
3

O 10*c −=  M, 
SW 50 mVE = . (b) Variation of 

E1/2-E0’ (symbols) and Epeak-E0’ (lines) with ( )0

Olog k / m . The values of Epeak have been obtained 

in square wave voltammetry with 
SWE =10 mV (red lines), 50 mV (green lines) and 100 mV 

(blue lines). The same responses would be obtained with differential staircase voltammetry or 

differential pulse voltammetry for equivalent pulse amplitudes (i.e., E = 2ESW). Potential step = 

5 mV, 
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