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ABSTRACT 

Electrochemical reactions can effectively follow nonunity stoichiometries as can be found in 

the electrochemistry of halides, hydrogen and metal complexes. The voltammetric response of these 

systems shows peculiar deviations with respect to the well-described features of the 1:1 stoichiometry. 

With the aim of specifying such differences, a rigorous and manageable analytical theory is deduced 

for the complete characterization of reversible electrode processes with complex stoichiometry in 

cyclic voltammetry (CV) at macroelectrodes. Particularly, the main features of the CV of 2:1, 1:2, 3:1 

and 1:3 processes (that is, the peak currents and potentials and the influence of the scan rate and of 

the species concentration and diffusion coefficients) are given and compared with the 1:1 case in order 

to propose unambiguous diagnostic criteria of the stoichiometry of the electrode reaction. Also, 

expressions for the concentration profiles and surface concentrations of the redox species are given. 
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INTRODUCTION 

The global reaction scheme of key electron transfer processes show non-unity stoichiometry 

such as it is the case of the electro-oxidation of the hydride ion in molten salts1: 

22H 2 He     

the electro-oxidation of halide anions (X-)2–5:  

-
33X X 2e   

and the electro-oxidation of mercury in complexing media6–9: 

  jHg L HgL + 2   (j=1-4)j e   

The above processes follow multistep mechanisms where several electron transfers are coupled to 

heterogeneous or homogeneous physicochemical processes such as the adsorption-desorption 10 or 

chemical reaction of intermediates. When such different steps are fast and reversible, the overall 

response of the system will approach, apparently, that of the following a:b E scheme:  

O + e  Ra n b                                   (I) 

that is, it will be perceived phenomenologically as the simultaneous transfer of n electrons to a 

molecules of reactant yielding b molecules of product. This has been reported, for example, for the 

hydrogen-hydride couple at Cu in LiCl-CsCl melts 1 and the Hg(II) thiocyanato complexes-mercury pair 

9. Also, Scheme (I) with a=2, n=2 and b=1 has been proposed in previous literature for the proton-

hydrogen redox couple at Pt electrodes and nanoparticles 11–13. 

In spite of the seeming simplicity of the theoretical treatment of these processes, a general 

analytical explicit resolution of the boundary value problem (bvp) corresponding to Scheme (I) in 

voltammetry has not been possible in spite of the efforts made over decades. Thus, analytical solutions 

for the current-potential response of complex stoichiometries are only available under steady state 

conditions3,14 and in single pulse polarography15, including the expressions for the half-wave potential. 

To the best of our knowledge, no analytical explicit solutions have been deduced for the current-
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potential response, the concentration profiles (essential in spectroelectrochemistry) and the surface 

concentrations in multipulse techniques under transient conditions. 

In order to fill the gap above-mentioned, a general analytical treatment of reversible electron 

transfers of complex stoichiometry at macroelectrodes is developed in this work, finding the general 

mathematical form of the concentrations profiles and the relationship between the surface 

concentrations of the redox species for any stoichiometry, any voltammetric technique and any 

diffusion coefficients. Among other aspects, the present theoretical study demonstrates rigorously the 

relationship between the surface concentrations of the redox species, as well of their time 

independence under linear diffusion and Nernstian conditions, so that the superposition principle is 

applicable. This also proves that the bvp for any a:b stoichiometry is mathematically identical to that 

of a 1:1 process, the only additional difficulty being the calculation of the values of the surface 

concentrations by simply solving a system of algebraic equations. Moreover, the theory presented can 

be used as a first approach to this kind of electron transfer processes, enabling the a priori analysis of 

the system’s chief variables and particular behaviours as well as serving as a reference for the 

validation of more complex models. 

Exact explicit solutions are deduced for the concentration profiles, the surface concentrations 

and the current-potential response of the 2:1, 1:2, 3:1 and 1:3 mechanisms considering that both the 

oxidized and reduced species are initially present in solution. The particular features of the cyclic 

voltammetry of these complex stoichiometry mechanisms, as compared with the 1:1 case, are 

analysed, discussing their characteristic features and behaviours that serve as diagnosis criteria and 

guidelines for quantitative analyses. 
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THEORY 

Let us consider the process depicted in Scheme (I) behaving reversibly and implying the 

apparently simultaneous transfer of n electrons to a molecules of reactant O (Scheme I) upon the 

application of a constant potential pulse (E), it can be demonstrated (see Supporting Information) that 

the diffusion problem can be reduced to a single variable problem so that the surface concentrations 

are constant and the concentration profiles of the redox species ( O( )  i O, Rc x ,t ,  ) have the following 

mathematical form whatever the a:b stoichiometry16: 
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where x refers to the distance to the electrode surface, t to the time of the perturbation,  i O, R*c i   

to the bulk concentrations of the redox species, s
ic  to their surface concentration and iD  to their 

diffusion coefficient. Eqs. (1) imply that the linear diffusion layer is given by the same expression (

Dt ) for any values of the stoichiometric coefficients.  

By inserting Eqs. (1) into the mass conservation condition (see Eq. (SI.3) in the Supporting 

Information), the following general relationship is immediately deduced for the surface 

concentrations: 

s s * *
O O R R O O R Rc c c c  b D a D b D a D                                                    (2) 

Note that this has been derived here rigorously, verifying its previous use based on “intuition” under 

transient conditions 17.  

When the redox species show equal diffusion coefficients ( O RD D ), from Eqs. (1) and (2) it is 

readily proven that the above relationship (2) holds at any point in solution (and moment of the 

experiment), that is: 

* *
O R O R       (  , )c ( ) c ( ) c c x tb x ,t a x ,t b a                                          (3) 
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Also, from Eqs. (1) the current response is deduced to have the following form: 
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                                                         (4) 

where n is the number of electrons and A the electrode area. From Eq. (4), a general expression for 

the half-wave potential ( 1/2E ) is obtained 9,11,14: 
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where 0'E  is the formal potential of the redox couple O/R,  

O

R

 
D
D

                                                                                      (6) 

and *
Oc  and *

Rc  are on the molar scale. Note that the half-wave potential under linear diffusion 

conditions shows a logarithmic dependence with the square root of the ratio between the diffusion 

coefficients, while under steady state conditions such dependence is with the ratio O RD / D . 

The 2:1, 3:1, 1:2 and 1:3 stoichiometries 

 Manageable explicit expressions for the surface concentrations and for the current-potential 

response can be obtained for the 2:1 and 3:1 stoichiometries. Thus, by combining the surface Nernstian 

condition (see Eq. (SI.4) in the Supporting Information) with Eq. (2), the following expressions for s
Oc  

and s
Rc  are deduced: 

 
O R

2
s
O

s s
R O R O

2
c c

  2:1 stoichiometry

 

8c
4

          c c c c
2 2

* *

* *

e e e     
      



 

   

                          (7) 



7 
 

 
s
O O R

s s
R O R O

1 3sinh asinh
3     3:1 stoichiome

3
try

 

 
3

3c c c

         c c c c
3 3

* *

* *

e

e





  
      

 
    


 



 


   

       (8) 

and: 

      1/2

nF
RT

E E      (9) 

with concentrations being referred on the molar scale. Thus, s
Oc  and s

Rc  for a discrete potential-time 

perturbation, the surface concentration are constant within each pulse, being only dependent on the 

potential applied in each moment and not on the previous history of the experiment. Hence, as 

demonstrated in 18, the superposition principle is applicable, which has important implications as 

discussed in the Supporting Information. Once s
Oc  is known, the expression for the current response is 

immediately obtained from Eq. (4): 
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Attending to that the 1:2 and 1:3 mechanisms are mirror image of the 2:1 and 3:1 schemes, 

respectively, all the above solutions can be readily extended to the 1:2 and 1:3 situations by replacing 

  , Oc* , OD , Rc*  and RD  with   , Rc* , RD , Oc*  and OD , respectively. Thus, after some manipulations, 

one obtains: 
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and: 

 O R R
O

1
  1:2 stoichiometry

c c1 8c    
2 4 2

* *
*DI e

nFA t e





              

 
 

              (14) 

    O O R
O 1

1
1

c c c   1:3 stoichiometry
3

sinh asinh 3 3
33

1* * *D
e

e
I

nFA t




  
 

 
 

           



 (15) 

 

Multipulse techniques 

 As detailed in the Supporting Information, the superposition principle is applicable in this 

problem, which enables us to obtain the following general expressions for the concentration profiles 

upon the application of any sequence of arbitrary potential pulses E1, E2,… Em…, Ep:  
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where: 
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As in the case of a single potential pulse, for any p-th pulse the concentration of the redox species at 

the electrode surface hold that: 

s(p) s(p) * *
O O R R O O R Rc c c cb D a D b D a D                                          (18) 

which can be also extended to the whole concentration profile only if 1  :   

(p) (p) * *
O R O R     (  , )c ( ) c ( ) c c   x tb x ,t a x ,t b a                                  (19) 

For the case of cyclic staircase voltammetry (CSV) where all the potential pulses have the same 

duration (  ), the following expression is obtained for the dimensionless current-potential response: 
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where v /E   is the scan rate, E  the step potential and: 
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Following the procedure indicated in the Supporting Information, the surface concentrations 

of the redox species are determined by solving the bvp given by Eqs. (SI.12)-(SI.15) at the p-th potential 

pulse applied. Then, the concentrations profiles and the current-potential response are obtained by 

substituting the expression (or value) of (m)
Ocs  in Eqs. (16) and (20). Note that, as proven elsewhere 19, 

the response in cyclic voltammetry can be modelled with Eq. (20) by using a sufficiently small value of 

the step potential ( E < 0.01 mV 16,18,19).  

The 2:1, 3:1, 1:2 and 1:3 stoichiometries 

For the 2:1, 1:2, 3:1 and 1:3 stoichiometries, explicit solutions can be found for the surface 

concentrations and voltammetric response (see Supporting Information) so that: 
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with: 
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where the equilibrium potential ( eqE ) is given by:  
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so that  
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O
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c
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; note that concentrations are referred to the molar scale. The expressions for 

the surface concentrations in each pulse and so for functions  mF   are formally the same for all the 

applied pulses (including m = 1) only differing in the value of m .  
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RESULTS AND DISCUSSION 

Diagnostic criteria based on the CV shape 

Attending to the experimental systems indicated in the Introduction, the key diagnostic 

features of the cyclic voltammograms of the 2:1, 1:2, 3:1 and 1:3 E mechanisms with n=2 are studied 

in Figure 1 for the most frequent situation where only one redox species is initially present. The relative 

and absolute positions of the peaks differ from those of the 1:1 E mechanism as reflected on the values 

of the potentials of the forward ( p,fE ) and backward ( p,bE ) peaks and on the peak-to-peak separation 

( pp p,f p,bE E E   ) (see Table 1).  Note that the ppE -value enables us to discriminate between the 

unity and the 2:1 and 1:2 stoichiommetries ( ppE  being in both cases between the values of the 1:1 

stoichiometry with n=1 and n=2), though not between the unity and the 3:1 and 1:3 stoichiommetries 

that show a peak-to-peak separation similar to that of the E mechanism with n=1.  

 With regard to the peak currents, the magnitude of the forward peak ( p,fI , or p,f  in 

dimensionless form) of complex stoichiommetries is comparable to that of the 1:1 case with the same 

number of electrons transferred per molecule (n/a) (see Figure 1), though the deviations with respect 

to the predictions of the well-known Randles-Sevcik equation16,20–23 are quantitatively significant and 

experimentally detectable (> 10%, see Table 1). The ratio between the peak currents in the forward 

and backward scans ( p,f p,b/  , see Chapter 6 in 22) is another parameter of interest that is proposed 

to unveil coupled chemical reactions when its value differs from the unity that corresponds to 

reversible 1:1 E mechanism22. As shown in Figure 1, when complex stoichiometries are considered, 

p,f p,b/   is close to 1 in the 2:1 case, slightly larger in the 3:1 stoichiometry and significantly smaller 

(<0.9) in the 1:2 and 1:3 cases.  
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Figure 1. Cyclic voltammograms (Eq. (20)) of the 2:1 (a), 1:2 (b), 3:1 (e) and 1:3 (f) mechanisms for n=2. The 
concentration profiles (Eqs. (16)) of the redox species in the 2:1 (c) and 1:2 (d) mechanisms are also plotted at 

two points of the forward and reverse scans (indicated on the graphs). 0.01 mVE  , *
R 0c  , T = 298.15 K.  

(a) (b) 

(c) (d) 

(e) (f) 
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Mechanism f,pI  
f,p

f,p

O*
O

I

c
D Fv

FA
RT

   
 pp mVE ** Decrease of *

Oc  

3:1 

1/2v   

0.1011 n3/2 109/n 
Shift to negative 

potentials 

2:1 0.1766 n3/2 84/n 
Shift to negative 

potentials 

1:1 0.4463 n3/2 57/n Unaffected 

1:2 0.3843 n3/2 84/n 
Shift to positive 

potentials 

1:3 0.3460 n3/2 109/n 
Shift to positive 

potentials 
 

Table 1. Summary of criteria for the elucidation of the 2:1, 1:2, 3:1 and 1:3 E mechanisms based on the features 

of the cyclic voltammetry response. *
Rc  = 0.  ** T = 298.15 K, vertexE  . 

The concentration profiles of the redox species for the 2:1 and 1:2 stoichiometries are also shown 

in Figures 1c and 1d at different moments of the scan. In general, the profiles of the reduced and 

oxidized species are asymmetric unlike in the 1:1 case under the same conditions ( *
R 0c   and 1  ).  

In the forward scan towards negative potentials, the concentration of species O is steadily depleted 

near the electrode as it is reduced to R. As expected, the accumulation of species R in the vicinity of 

the electrode surface is remarkably larger in the 1:2 mechanism than in the 2:1 case. In the reverse 

scan, species R is oxidized back to species O once positive enough potential values are reached. In this 

potential region, the profiles of species R and O show a maximum or a minimum, respectively, as a 

consequence of the amount of species previously generated or consumed in the experiment, which is 

not fully balanced by diffusion.  

Effect of the scan rate 

The effect of the scan rate (v) on the cyclic voltammograms is considered in Figure 2, finding that 

the influence is totally analogous to that described for the reversible 1:1 E mechanism 16,22,23. Thus, the 

peak current scales linearly with the square root of v, while the shape and position (i.e., the peak 

potentials) of the voltammogram are independent of v. Moreover, for any stoichiometric coefficients, 
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an isopoint corresponding to null current is observed 19 so that the current in the reverse scan turns 

from positive to negative at the same potential whatever the scan rate employed.  

 

 
Figure 2. Influence of the scan rate (v = 25, 100 and 250 mV/s) on the CV response (Eq. (20)) of different non-
unity mechanisms with n = 2. Other conditions as in Figure 1. 

Effect of the reactant concentration 

As can be concluded from Eq. (5), when the values of the stoichiometric coefficients a and b 

differ, the half-wave potential depends on the bulk concentrations of the redox species ( *
Oc  and *

Rc ). 

Hence, a distinctive behaviour of the voltammetry of nonunity stoichiommetries is that the position of 

the signal depends on the initial concentration of the redox species.  

The influence of the reactant concentration (species O in our case) is studied in Figure 3, being 

more significant in the 3:1 and 1:3 cases as expected attending to the *
Oc –dependence predicted by 

the expression for the half-wave potential (Eq. (5)). Thus, the CV signals shifts ca. 29mV per decade of 
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reactant concentration ( *
Oc ) in the 2:1 and 1:2 stoichiometries and ca. 58mV per decade in the 3:1 and 

1:3 cases. The shift takes place towards more positive potentials as the bulk concentration of species 

O is increased for a > b, while the opposite behaviour is observed for a < b. This contrasts with the 1:1 

case where *
Oc  only has a scaling effect on the voltammograms without affecting the position. Hence, 

the stoichiometry of the electrode reaction can be revealed experimentally from the shift of the signal 

when modifying the bulk concentration of the reactant species. 

 

 
Figure 3. Influence of the bulk concentration of species O ( *

Oc = 10-4, 10-3 and 10-2 M) on the CV response (Eq. 

(20)) of different non-unity mechanisms with n = 2. Other conditions as in Figure 1.  
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CONCLUSIONS 

A rigorous yet simple analytical theory has been developed to model the voltammetry of 

reversible electrode reactions with nonunity stoichiometry (a:b) at macroelectrodes. The general 

mathematical form of the concentration profiles and of the relationship between the surface 

concentrations of the redox species have been demonstrated to be the same for any stoichiometric 

and diffusion coefficients and in any voltammetric technique. Also, the surface concentrations are 

deduced to be time-independent so that the superposition principle is applicable for any a:b values 

and, hence, a general solution for multipulse techniques could be deduced. 

 For the 2:1, 1:2, 3:1 and 1:3 stoichiometries, explicit solutions have been obtained for the 

current-potential response, surface concentrations and concentrations profiles in cyclic voltammetry 

(CV). The CV curves show distinctive features and behaviours for nonunity stoichiometry, specifically, 

the values of the forward peak current ( p,fI ) and the peak-to-peak separation ( ppE ) deviate 

significantly from the values expected for the 1:1 stoichiometry with the same number of electrons 

transferred per molecule, and the position of the signal depends on the concentration of the reactant 

species ( *
Oc ). Accordingly, once the n/a-value has been determined, for example, via diffusion-

controlled chronoamperometry, the stoichiometry can be revealed from the ppE  and p,fI  values and 

the shift of the peak positions with *
Oc , for which simple analytical expressions have been given here. 

On the other hand, the scan rate (v) have the same influence on the CV curves whatever the 

stoichiometric coefficients so that the forward peak current scales with v1/2 and there is an isopoint 

corresponding to null current. 
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Supporting Information 

Analytical resolution of the boundary value problem of the a:b E mechanism at macroelectrodes in a 

first potential pulse (Section SI-1), double potential pulse (Section SI-2) and multipulse tecniques 

(Section SI-3). Study of the effect of the diffusion coefficient and bulk concentration of the product of 

the electrode reaction on the cyclic voltammetry (Section SI-4). 
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