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A B S T R A C T   

The cyclic voltammetry (CV) of surface-immobilized electroactive species undergoing two-electron transfers (so- 
called surface EE mechanism) is comprehensively studied in this work, considering any electron transfer kinetics 
(k0′

1 , k0′

2 ) and any values of their formal potentials (E0′

1 , E0′

2 ). Hence, a large number of possible situations arise, 
which are systematized through the definition of apparent electrochemical rate constants for both electron 
transfers (which account for the combined effect of k0′

i (i = 1,2), ΔE0′

(= E0′

2 − E0′

1 ) and the scan rate), with their 
values and ratio determining the features of the voltammetric signal. 

Guidelines are established for the elucidation of the reversibility of the process as a function of the relative 
values of such apparent rate constants, which reflects on the symmetry of the CV signals in the forward and 
reverse scans. Thus, as the second transfer is more favorable than the first one, kinetically and/or thermody
namically, the process behaves as more irreversible. Also, simple protocols of quantification of the corresponding 
kinetic and thermodynamic parameters are given on the basis of the analysis of the height, width, number and 
position of the CV peaks.   

1. Introduction 

Molecules undergoing multi-electron transfers are highly relevant in 
a number of scientific and technological fields including the (bio) 
catalysis of electrochemical reactions [1,2], electrosynthesis of new 
compounds and materials [3–6], activity of organometallic anticancer 
agents [7], molecular electronics [8], electroanalysis [9],… In many 
cases, the redox (bio)molecule is immobilized on a conductive substrate 
in order to improve their stability, facilitate their recovery, and ‘tune’ 
the electron transfer (ET) rates, which can increase the sensitivity, 
reproducibility and selectivity of the electrochemical response [10,11]. 

The features of redox films are typically tested via voltammetric 
methods, specifically by cyclic voltammetry (CV) [1,12,13]. Interest
ingly though, theoretical models and procedures of analysis of voltam
metric data of surface-confined redox species are scarce in the literature 
[14], especially with regard to the more general and frequent situation 
of non-reversible ETs. Indeed, in a limited number of works by Hubbard 
[15], Laviron [16], Oldham [17] and Maldonado [18] is the behavior of 

quasireversible mono-electron transfers investigated. Regarding 
non-reversible multi-electron transfers, to the best of our knowledge, 
theoretical studies are restricted to contributions by Bond [19,20], 
Gulaboski [21,22], and the analytical theory obtained by our group for 
the two-electron transfer of surface-bound species (surface EE mecha
nism) [23]. 

Attending to the above, this work includes a comprehensive inves
tigation of the CV of the surface EE mechanism. The study does not 
presuppose neither electrochemical reversibility, nor the normal 
(E0′

1 > E0′

2 ) or inverted (E0′

1 < E0′

2 ) ordering of the formal potentials [24]. 
Instead, it presents a complete analysis on how the kinetics of the first 
and second ETs affect the features of the current-potential (I/E) signal. 
The chief parameters of the voltammetric behavior in the different ki
netic regimes (reversible, quasireversible and irreversible) are identi
fied, defining ‘apparent’ kinetic rate constants of the ETs that account 
for the entangled influence of both kinetic and thermodynamic factors, 
as well as of the experimental scan rate. In most cases, by appropriate 
experimental design and scrutiny of the shape, magnitude and symmetry 
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of the cyclic voltammograms, such factors can be unraveled so that the 
individual values of the standard heterogeneous rate constants and the 
formal potentials can be determined. For this, guidelines and suitable 
protocols are provided in this work, pointing out the key influence of the 
ratio between the apparent rate constants of the two ETs. Systems of 
special experimental relevance on which the theoretical formalism here 
presented can be applied are, among others, quinone and anthraquinone 
moieties [25], flavins [26], polyoxometalates [27] and redox protein 
and enzymes [28]. 

2. Theory 

Let us consider a surface process where a surface-immobilized spe
cies O can be electro-reduced according to the following EE mechanism: 

O + e− ⟷kred,1
kox,1 I

(
E0′

1

)
I + e− ⟷kred,2

kox,2 R
(
E0′

2

)
(I)  

with O (oxidized), I (intermediate, or half-reduced) and R (reduced) 
referring to the different redox states of adsorbed molecule O, kred,i and 
kox,i are the heterogeneous charge transfer rate constants for the 
reduction and oxidation processes, respectively, of step i (i = 1, 2), and 
E0′

1 and E0′

2 are the formal potentials of the first and second steps, 

respectively. The average formal potential, E0′

, is given by: 

E0′
=

E0′
1 + E0′

2

2
(1) 

Also, a key parameter in the study of the EE process is the difference 
between the formal potentials, ΔE0′

, defined as: 

ΔE0′ = E0′

2 − E0′

1 (2) 

In reference [23], an analytical expression for the CV response of the 
surface EE mechanism given in reaction scheme (I) was obtained for any 
degree of reversibility and for any ordering of the formal potentials 
(either normal, ΔE0′

< 0, or inverted, ΔE0′

> 0 [24]), under the as
sumptions that the adsorption of molecule O follows the Langmuir 
isotherm, the heterogeneity of the electroactive monolayer can be 
ignored and no desorption takes place in the time scale of the experi
ment. Thus, the current associated to process (I) when a CV perturbation 
is applied (equivalent to a sequence of constant potentials E1, E2, ...,Enp 

of duration τ with a small pulse amplitude, ΔE < 0.001mV [23]) is given 
by: 

Ip
CV

QF
= δpKp

1 ϑp
1 − γpKp

2 ϑp
2 p = 1, 2, ... np (3)  

with δp and γp being coefficients given in Section SI1 of Supporting In
formation (SI) for any kinetic model, 

ϑp
i = exp(− Kp

i τ) i = 1, 2; p = 1, 2, ... np (4)  

where 

Kp
i = kp

red,i + kp
ox,i i = 1, 2; p = 1, 2, ... np (5)  

and 

QF = FSΓT (6)  

with F being the Faraday constant, S the electrode area and ΓT the total 
excess. 

Hereafter, the Butler-Volmer kinetic model will be assumed so that 
the rate constants for reduction and oxidation processes are given by 
[12,13,29]: 

kp
red,i = k0′

i e− αf (Ep − E0
′

i )

kp
ox,i = k0′

i e(1− α)f(Ep − E0
′

i )

⎫
⎪⎬

⎪⎭

i = 1, 2
p = 1, 2, ... np

(7)  

where k0′

i is the standard heterogeneous rate constant for the ET cor
responding to step i (i = 1, 2), α is the charge transfer coefficient, 
assumed equal for both ETs, and 

f =
F

RT
(8)  

with R and T having their usual meaning. 
In CV, it is appropriate to introduce the following dimensionless 

variables: 

ψCV =
ICV

QF a
(9)  

k0′

i,CV =
k0′

i

a
i = 1, 2 (10)  

a = v f (11)  

where v is the scan rate, and for the sake of simplicity the superscript p 
has been, and will be hereafter, omitted. 

Attending to the central importance of the average formal potential, 

E0′

(Eq. (1)), in the behavior of an EE mechanism [13,23,30], the 
reduction and oxidation rate constants for both ETs (Eqs. (7)), and 
taking into account Eq. (10), can be re-written as follows: 

kred,1,CV = k0′

1,CV e− αfΔE0
′

2 e− αf(E− E
0
′

)

kox,1,CV = k0′

1,CV e(1− α)fΔE0
′

2 e(1− α)f(E− E
0
′

)

kred,2,CV = k0′

2,CV eαf ΔE0
′

2 e− αf(E− E
0
′

)

kox,2,CV = k0′

2,CV e− (1− α)f ΔE0
′

2 e(1− α)f(E− E
0
′

)

(12)  

which clearly show the intrinsic influence of ΔE0′

(Eq. (2)) in the defi
nitions of the electrochemical rate constants of mechanism (I). Thus, 
from Eq. (12), two apparent heterogeneous rate constants can be defined 
both for the reduction and the oxidation processes. For α = 0.5, they 
fulfill that: 
(

k0′

1,CV,app

)

red
= k0′

1,CVe− f
2

ΔE0
′

2 =
(

k0′

2,CV,app

)

ox
10− Rk

(
k0′

2,CV,app

)

red
= k0′

2,CVef
2

ΔE0
′

2 =
(

k0′

1,CV,app

)

ox
10Rk

(13) 

Eq. (13) show that the overall rate of an EE process is determined by 
the values of k0′

1,CV, k0′

2,CV and ΔE0′

. Also, the CV response depends on the 

ratio between k0′

1,CV and k0′

2,CV through the parameter Rk, defined as the 
common logarithm of their ratio [23], 

Rk = log

(
k0′

2,CV

k0′
1,CV

)

(14)  

so that from Eqs. (13) and (14) it is derived that: 

Rk,app,red = log
(

k0′

2,CV,app

/
k0′

1,CV,app

)

red
= Rk +

0.5f
2.3

ΔE0′

Rk,app,ox = log
(

k0′

2,CV,app

/
k0′

1,CV,app

)

ox
= Rk −

0.5f
2.3

ΔE0′
(15) 

It is worth pointing out that, just by careful inspection of Eq. (12) and 
without any further theoretical development, the two following 
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predictions become obvious for the most typical value of α = 0.5, 
independently of the reversibility of the two ETs:  

1 Provided that 

kred,1,CV(E) = kox,2,CV( − E)
kred,2,CV(E) = kox,1,CV( − E) (16)   

it immediately follows that the CV responses in a cathodic scan and an 
anodic scan will be symmetric with respect to the point (E = E0′

, ICV = 0)
for any value of ΔE0′

. The conditions in (16) are clearly fulfilled when 
k0′

1,CV = k0′

2,CV, that is, when Rk = 0 (see Eq. (14) and Fig. 1a).  

2 Note that Eq. (16) are also fulfilled in the more general case where 
k0′

1,CV ∕= k0′

2,CV (that is, Rk ∕= 0), if the values of k0′

1,CV and k0′

2,CV are 

interchanged between the anodic and the cathodic scans so that Eqs. 
(14) and (15): 

Rk,app,ox = − Rk,app,red (17)   

Therefore, for any value of ΔE0′

and Rk, the cathodic CV response of a 
given Rk-value is equivalent to the anodic response of − Rk but rotated 

180⁰ around the point (E0′

, 0)) (see Fig. 4b) [23]. This characteristic 

allows us to easily locate the point (E0′

, 0) in any experimental response, 
as indicated in Section 3.2 (see Figure SI-1). Considering such behavior, 
only reduction or oxidation curves need to be analyzed; hereafter, the 
study will be focused on the former. 

From Eq. (15) with T = 298.15 K (see Eq. (8)), 

Rk,app,red = Rk +
1

118.3
ΔE0′

Rk,app,ox = Rk −
1

118.3
ΔE0′

(
ΔE0′ in mV

)
(18) 

Note that for ΔE0′

= 118.3mV, Rk,app,red = Rk + 1. Thus, a shift of 
118.3mV in ΔE0′

is equivalent to a unity of Rk, i.e. k0′

2,CV = 10 k0′

1,CV Eq. 
(14)). For example, from Eq. (18), Rk,app,red becomes null for Rk = 0 and 
ΔE0′

= 0, for Rk = − 1 and ΔE0′

= 118.3mV, for Rk = 1 and ΔE0′

= −

118.3mV, and so on. As will be shown below, some characteristic fea
tures of the I/E response are governed by Rk,app,red and Rk,app,ox, therefore 
being common for the multiple pairs of ΔE0′

and Rk that lead to the same 
value of these apparent variables. Indeed, Eqs. (15) and (18) point out 
the complex influence of ΔE0′

in non-reversible EE processes (quasir
eversible – EEquasi − and irreversible – EEirr), in contrast with the case of 
a reversible behavior (EErev mechanism) where the role of ΔE0′

is intu
itive and well-known: Two well-separated peaks associated to two 
reversible one-electron transfers appear for ΔE0′

<< 0 (species I in 
mechanism (I) is stable) and only one peak corresponding to a reversible 
two-electron transfer process for ΔE0′

>> 0 (species I is unstable), with 
the transition from two peaks to one peak at ΔE0′

= − 71.2mV [13,30]. 
In contrast, for example, the voltammetry of a non-reversible EE process 
can show two peaks in the forward scan even for positive values of ΔE0′

, 
provided that Rk,app,red is negative enough, that is, (k0′

1,CV,app)red is large 

enough with respect to (k0′

2,CV,app)red (Eq. (15), see Fig. 2b for Rk,app,red < −

0.73, Eq. (18), and Fig. 5); under such conditions, the second ET shows 
a kinetic hindrance larger than the first ET so that the intermediate 
species I is ‘kinetically stabilized’. 

3. Results and discussion 

From the definitions and comments in Section 2, it is clear that the 
CV response of the EE mechanism is controlled by apparent combined 
parameters Eqs. (13) and (15). Nevertheless, for the sake of practical 
understanding, results and discussions will be presented in terms of 
more conventional variables: k0′

1,CV, k0′

2,CV, their ratio (Rk =

log(k0′

2,CV /k0′

1,CV)) and ΔE0′

( = E0′

2 − E0′

1 ). Simultaneously, the interpre
tation of the results in terms of the apparent governing variables will be 
carried out. First, the case where k0′

1,CV = k0′

2,CV (that is,Rk = 0) will be 
considered (Section 3.1); next, the generalization to any value of Rk will 
be carried out (Section 3.2). 

Fig. 1. (a) Dimensionless CV response, ψCV − (E − E0′

1 ), for a surface EE process 

with Rk = 0 for k0′

1,CV = k0′

2,CV(= k0′

CV) = 1, and three values of ΔE0′

(in mV): 
− 200 (black curves, normal ordering of formal potentials), 0 (green curves, 
transition normal-inverted) and 200 (red curves, inverted ordering of formal 

potentials) Eqs. (3) and (9). The symmetry point (E0′

, 0) for each ΔE0′

is marked 
with a filled circle in the same color as the corresponding CV curve. (b) Forward 

ψCV − (E − E0′

) curves for the surface EEirr mechanism with Rk = 0, k0′

CV = 10− 2 

and several values of ΔE0′

shown on the curves Eqs. (3) and (9). The black 
curve, ψCV − (E − E0′

), corresponds to an Eirr process with k0′

CV = 10− 2, with E0′

being the formal potential of the redox couple. The point (EEE
irr,hyp − E0′

, 0) is 

marked with the symbol (*) (see also Eq. (23) for (DEEE
irr )hyp). α = 0.5, T =

298.15 K. 
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3.1. Equal values of the standard heterogeneous rate constants of both 
ETs (Rk = 0) 

Fig. 1a shows the dimensionless CV response for a surface EE process 
with k0′

1,CV = k0′

2,CV = k0′

CV = 1 and three values of ΔE0′

(= − 200 mV −
normal ordering of the formal potentials − , 0 mV − ordering transition 
− and 200 mV − inverted ordering). In the case under study of Rk = 0, 
as anticipated in Section 2, it can be observed that the response in the 
reverse scan is morphologically identical to that in the forward scan for 
all the three values of ΔE0′

, so that voltammograms show a symmetry 

center at (E0′

, 0) [23], which is marked on the graph for each ΔE0′

-value, 
i.e., in all cases Rk,app,red = − Rk,app,ox Eqs. (17) and (18). Hence, only the 
forward scan will be plotted and discussed in this section. Nevertheless, 

to locate the point (E0′

, 0) in the cyclic experimental response, both 
scans are to be registered. 

As can be seen in Fig. 1a, the reversibility of the EE process for k0′

CV =

1 changes depending on ΔE0′

. Indeed, for ΔE0′

= − 200 mV (black 

curve), the signal shows two peaks with practically reversible behavior 
(|ΨCV,peak| = 0.25, and the forward and reverse signals being almost 

symmetrical with respect to the null-current line [30]). When ΔE0′

in
creases, the transition from two peaks to one peak is observed, and the 
forward and reverse signals separate from each other, that is, the process 
behaves as more irreversible. Indeed, for ΔE0′

= 200 mV (red curve), 
the dimensionless peak current and the peak position approach the 
values characteristic of an EE

irr,E0′
1 

process (0.368 and 35 mV − from Eq. 

(24) − , respectively, see below). All the above verifies that the variables 
that act on the reversibility of the CV response are the apparent rate 
constants given in Eq. (13) (when Rk,app,red increases − Rk,app,ox decreases 
− , Eq. (18), the process behaves as more irreversible). Thus, an increase 
of ΔE0′

has an effect on the system’s reversibility similar to that 
well-known for a decrease of k0′

CV. Indeed, as k0′

CV decreases, in the EEirr 

limit, the shape of the CV response for a given ΔE0′

-value becomes in
dependent of k0′

CV (see Fig. 1b), which only affects the position of the 

signal: the smaller the k0′

CV-value, the more negative (or positive) the 
position of the cathodic (or anodic) response (so that the separation 
between the forward and reverse responses increases, see Fig. 2a), while 

Fig. 2. (a) Solid lines: Evolution of DEEE
peak = (EEE

peak − E0′

) for the forward scan 

with ΔE0′

for a surface EE mechanism with Rk = 0 and several values of k0′

CV 

given on the right of the graph: 103 (black line) for EErev behavior; 10 and 1 
(magenta and blue lines), transition EErev - EEquasi and EEquasi - EEirr, respec
tively, as ΔE0′

increases; 10− 1 and 10− 2 (green and red lines), EEirr behavior 
Eqs. (3) and (9); Dashed green and red lines correspond to 

(DEEE
irr )hyp(= EEE

irr,hyp − E0′

) for k0′

CV = 10− 1 and 10− 2, respectively (Eq. (23); 

Dotted lines: E0′

i + (DEEE
irr )hyp − E0′

(i = 1, 2) . The vertical arrow corresponds to 
a shift of 118.3 mV. b) Rk = 0, Left ordinate with upper x-axis: 

(DEEE
peak,irr)hyp(= EEE

peak,irr − EEE
irr,hyp) (red line) and DEEE

peak = (EEE
peak − E0′

) (black line) 

vs ΔE0′

for EEirr and EErev surface processes, respectively. Left ordinate with 
lower red x-axis: (DEEE

peak,irr)hyp(= EEE
peak,irr − EEE

irr,hyp) (red line) vs Rk,app,red for EEirr 

behavior. Right ordinate, upper x-axis: log (kΔE0
′

CV ) vs ΔE0′

for EEirr behavior (red 
line) Eqs. (3), (9) and (30) and (31). Other conditions as in Fig. 1. 

Fig. 3. Upper x-axis: Evolution with ΔE0′

of the dimensionless peak height, 
ψCV,peak Fig. 3a, for the forward scan), and the half-peak width, W1/2 (Fig. 3b) 

for a surface EE mechanism with Rk = 0 for different values of k0′

CV, shown in 
the figure: 103 (black line) for EErev behavior; 10 and 1 (magenta and blue 
lines), transition EErev-EEquasi as ΔE0′

increases; 10− 1 and 10− 2 (green and red 
lines), nearly EEirr and EEirr behaviors, respectively (Eqs. (3) and (9). Lower x- 
axis for EEirr behavior (red curve): ψCV,peak (Fig. 3a) and W1/2 (Fig. 3b) vs 
Rk,app,red. When two peaks appear in the I-E signal, ψCV,peak and W1/2 refer to the 
first one. Other conditions as in Fig. 1. 
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the peak height and width are unaffected (see red lines in Fig. 3a and b). 

Fig. 1b shows the forward ψCV − (E − E0′

) curves for a surface EEirr 

mechanism with k0′

CV = 10− 2 and several distinctive values of ΔE0′

. The 
curve corresponding to a single irreversible ET (Eirr mechanism) with 
k0′

CV = 10− 2 [16] has also been included as a reference (solid black curve, 

ψCV − (E − E0′

) with E0′

being the formal potential of the redox couple). 
As can be observed, two well-separated, identical peaks are obtained for 
very negative values of ΔE0′

(see gray curve). As ΔE0′

increases, the two 
peaks gradually approach, the first one being slightly larger than the 
second one (see red curve); subsequently, the peaks merge together for 
ΔE0′

≥ − 86.3 mV (see light blue curve and Figs. 2a and b), with the 
peak height increasing with ΔE0′

and the peak potential shifting towards 

more negative values vs E0′

. In this single-peak regime, some charac
teristic ΔE0′

-values can be highlighted:  

• ΔE0′

= − 71.2 mV (yellow curve, transition from two peaks to one 
peak for an EErev [30]): The position of the peak in the EEirr process 

(vs E0′

) is practically the same as that for an Eirr process (vs E0′

) -see 
the abscissa labelled with (*).  

• ΔE0′

= − 35.6 mV (magenta curve): The peak height of an EEirr is 
double that of an Eirr, as occurs for the EErev mechanism with respect 
to the Erev mechanism (i.e., a single reversible ET) [30].  

• ΔE0′

≃ 32 mV (green curve): The maximum peak height of EEirr is 
attained (for Rk,app,red = 0.27, Eq. (18), see Figs. 3a and b with the 
lower x-axis).  

• Further increase of ΔE0′

leads to the decrease of the peak current, 
which eventually reaches again a value that doubles that of Eirr (see 
dark blue and brown curves for ΔE0′

= 200 and 250 mV, respec
tively). Indeed, the I/E curves become independent of ΔE0′

and 
identical to that for ΔE0′

= − 35.6 mV, only shifted towards more 

negative potentials with respect to E0′

, but always situated at the 
corresponding E0′

1 , displaced by a quantity dependent on k0′

CV (see 
below and Fig. 2b). This limiting situation, dominated by the first ET, 
where ΔE0′

only affects the position of the peak, has been here 
referred to as EE

irr,E0′
1

, and it is attained for ΔE0′

> 130 mV (less than 

5% difference in peak current and than 2 mV difference in the half- 
peak width), that is, for Rk,app,red > 1.1 (Eq. (18), see Figs. 3a and b 
with the lower x-axis). 

In Fig. 2a, the difference between the peak potentials predicted for 
the EE mechanism for the forward scan, EEE

peak, and the average formal 

potential, E0′

, are plotted versus ΔE0′

for several values of k0′

CV (given on 
the figure): 

DEEE
peak = EEE

peak − E0′ (19)  

where both EEE
peak and E0′

can be directly obtained from the experimental 

response. Note that, depending on the k0′

CV values, different behaviors are 
found:  

• EErev mechanism: 

For k0′

CV = 103 (solid black line), the behavior of the EErev mechanism 

is recognized, the I-E signal showing a single peak at E0′

(dashed black 

line) for ΔE0′

≥ − 71.2 mV and two peaks equidistant from E0′

for ΔE0′

<

− 71.2 mV. Note that for ΔE0′

≤ − 142.4 mV (see Fig. 2b) [30], the peak 
potentials coincide with the respective formal potentials, so that the 

solid black lines in Fig. 2a overlap with the dotted black straight lines 

with slope − 1/2 and 1/2, corresponding to the plots E0′

1 − E0′

and E0′

2 −

E0′

vs ΔE0′

, respectively, according to Eqs. (1) and (2), 

E0′

i = E0′
∓

ΔE0′

2
i = 1, 2 (20)    

• EEirr mechanism: 

With regard to the EEirr mechanism, in terms of peak position(s) this 
limit holds for k0′

CV < 10− 1 ∼k0′

CV<
∼

10− 1 (red and green lines in Fig. 2a). 

In the EEirr regime, the transition from one to two peaks takes place 
around ΔE0′

= − 86.3 mV. Regardless of the ΔE0′

-value, the peak po
tential(s) show(s) a characteristic shift of 118.3 mV (≃ 120 mV) per 
decade of k0′

CV (at T = 298.15 K, compare red and green curves in 
Fig. 2a), 

(
ΔEpeak,irr

)

any ΔE0′ = EEE
peak,irr,i

(
at k0′

CV

)
− EEE

peak,irr,i

(
at 0.1k0′

CV

)

= 118.3 mV (i = 1or2)
(21) 

This shift of the peak potential with k0′

CV is equivalent to that pre
dicted by the Laviron equation for an Eirr mechanism, which for α = 0.5 
fulfills that [16]: 

DEE
peak,irr = EE

peak,irr − E0′ = 35.6 + 118.3 log k0′

CV (in mV) (22) 

The DEE
peak,irr-value quantifies the shift of the peak potential of an Eirr 

process with respect to an Erev reaction (for which EE
peak,rev = E0′

) as a 

function of the standard heterogeneous rate constant, k0′

CV, which is −
201.0 mV for k0′

CV = 10− 2 (marked under the abscissa axis of Fig. 1b). 
Analogously, in the EEirr case, taking this time as reference the average 

formal potential, E0′

, around which the EErev signal is centered (see 
Fig. 2), and attending to the influence of k0′

CV, one can conveniently 
introduce a hypothetical average potential, EEE

irr,hyp, by supposing that this 

is shifted from E0′

in a quantity identical to DEE
peak,irr in Eq. (22). Such 

quantity for EEirr is referred to as (DEEE
irr )hyp and it is therefore defined as 

(see under the abscissa axis in Fig. 1b): 

(
DEEE

irr

)

hyp = EEE
irr,hyp − E0′

= 35.6 + 118.3 log k0′

CV (in mV) (23) 

The point (EEE
irr,hyp − E0′

, 0) is marked as (*) in Fig. 1b. Also, in Fig. 2a, 

the (DEEE
irr )hyp values for k0′

CV = 10− 1 and k0′

CV = 10− 2 have been indicated 
as dashed horizontal straight green and red lines, respectively, which are 
separated by − 82.7 mV and − 201.0 mV, respectively, from the dashed 

horizontal straight black line corresponding to EEE
peak = E0′

(see the 
ordinate axis in Fig. 2a). Note that these same values separate the dotted 
green and red straight lines (with slope ±1/2), respectively, from the 
corresponding dotted black lines. Therefore, it is important to highlight 
that, in the range of values of ΔE0′

where the dotted lines overlap with 
their corresponding solid ones, the peak of the EEirr is located at E0′

1 +

(DEEE
irr )hyp (negative slope) or at E0′

2 + (DEEE
irr )hyp (positive slope). Thus, the 

position of the peaks is the same as that of an Eirr mechanism of formal 
potential E0′

i (i = 1, 2), i.e. (see Eq. (22)), 

EEE
peak,irr = E0′

i + 35.6 + 118.3 log k0′

CV (in mV) (i= 1, 2) (24)    

• The quasireversible transition (EEquasi) 
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For intermediate values of k0′

CV (see solid magenta and blue lines for 
k0′

CV = 10 and 1, respectively, in Fig. 2a), it can also be observed that the 
peak potentials correspond to a process that behaves more irreversibly 
as ΔE0′

increases. Indeed, for k0′

CV = 10 a clear evolution from the EErev 
to the EEquasi behavior is observed (the solid magenta line separates from 
the reversible black one for ΔE0′

> − 50 mV for differences larger than 
2 mV), whereas for k0′

CV = 1, a EEquasi to EEirr transition can be seen (for 

ΔE0′

> 250 mV solid and dotted blue lines are coincident, indicating an 
irreversible behavior). 

Note that the value of ΔE0′

for which the transition two peaks-one 
peak takes place is scarcely affected by the reversibility of the process 
for Rk = 0 (just ≈ 15 mV), being slightly more negative for an EEirr 

process (ΔE0′

= − 86.3 mV, corresponding to Rk,app,red = − 0.73, Eq. 

(18), see Fig. 2b with the lower x-axis) than for an EErev one (ΔE0′

= −

71.2 mV). 
The quantitative kinetic analysis of the EEquasi regime is obviously 

more awkward than the EEirr limit. Attending to that the k0′

CV-value de
creases when the scan rate is increased Eqs. (10) and (11), the experi
mental scan rate can be suitably adjusted in order to reach the EEirr 
behavior. Note that in such strategy the minimization or compensation 
of ohmic drop effects is to be considered since their influence on the CV 
response (broader and smaller peaks, larger peak-to-peak separation) 
can be misinterpreted as kinetic limitations of the ETs. Nevertheless, for 
a large number of experimental systems, the values of scan rate required 
to reach the EEirr behavior are not too high (typically in the range of 1 −
10 V s − 1). 

3.1.1. Determination of k0′
CV 

In order to obtain the value of k0′

CV for an EEirr process, in Fig. 2b (see 
red line) DEEE

peak,irr − (DEEE
irr )hyp(= EEE

peak,irr − EEE
irr,hyp) has been plotted versus 

ΔE0′

(upper x-axis) Eqs. (19) and (23), i.e., (DEEE
peak,irr)hyp vs ΔE0′

with: 
(

DEEE
peak,irr

)

hyp
= EEE

peak,irr − EEE
irr,hyp (25) 

The lower x-axis will be discussed for any Rk in Section 3.2. Note that 
the solid black line in Fig. 2b for the surface EErev mechanism (DEEE

peak,rev =

EEE
peak,rev − E0′

, Eq. (19)) has also been added (as in Fig. 2a). According 
with the above discussion for Figs. 1 and 2a, Fig. 2b is valid for an EEirr 

process with any k0′

CV < 10− 1 Eq. (23)). Under these conditions, the value 
of k0′

CV can be determined from Fig. 2b, if the value of ΔE0′

is known (see 
below for the determination of ΔE0′

). Thus, the value of (DEEE
peak,irr)hyp can 

be obtained as the left ordinate (in mV) of the red curve at the corre
sponding ΔE0′

-value and then the k0′

CV –value can be extracted from the 
following general expression (Eqs. (19), (23) and (25): 

log k0′

CV =

EEE
peak,irr − E0′

−
(

DEEE
peak,irr

)

hyp
− 35.6 (in mV)

118.3
(26) 

So, from Eq. (26) the value of k0′

CV can be obtained from the experi
mental I/E response and Fig. 2b. When two peaks are obtained, this 
calculation can be done twice (see also Section 3.1.3). 

The above procedure is valid for any value of ΔE0′

. Nevertheless, as 
explained above, in the particular case where the red line in Fig. 2b is 
coincident with the dotted straight lines with slope − 1/2 (for ΔE0′

< −

210 mV and ΔE0′

> 90 mV), and 1/2 (for ΔE0′

< − 110 mV and ΔE0′

=

− 35.6 mV), the value of k0′

CV can be obtained directly from the exper
imental I/E response and using Eq. (24). Note that, according to Eq. (20), 

the formal potentials E0′

i (i = 1,2) are known from the values of E0′

(obtained experimentally) and ΔE0′

(determined as indicated in Section 
3.1.2). Alternatively, taking into account Eq. (20), from Eq. (24) it is 
obtained that, 

log k0′

CV =
EEE

peak,irr − E0′
−
(
∓ ΔE0

′

2

)
− 35.6 (in mV)

118.3
(27)  

where the signs (-) and (+) in the ΔE0′

-term refer to the sign of the slope 
of the dotted lines. Thus, for the values of ΔE0′

fulfilling Eq. (27) (see 
Fig. 2b), the value of k0′

CV can be obtained directly from the experimental 
I/E response and using Eq. (27) (see also Section 3.1.3). 

3.1.2. Determination of ΔE0′

and ΓT 

The value of ΔE0′

, when two peaks appear in the voltammogram of 
an EEirr process, can be directly obtained from the difference 
ΔEpeak = (EEE

peak,irr,2 − EEE
peak,irr,1) and Fig. 2b. Also, for any value of ΔE0′

, 
Fig. 3 can be used. 

Figs. 3a and b show the evolution with ΔE0′

(upper x-axis) of the 
dimensionless peak height, ψCV,peak, and the half-peak width, W1/2, 

respectively, for a surface EE mechanism with different values of k0′

CV 
(shown in the figure) that cover from the EErev (black line) to the EEirr 
(red line) behaviours, going through the quasireversible transition. The 
lower x-axis will be discussed in Section 3.2 for any Rk value. Note that 
the values of peak height and half-peak width reach the EEirr limit (red 
line) at smaller k0′

CV than the peak potential; indeed, for k0′

CV = 10− 1, 
where the peak potential behaves as in the EEirr case (Fig. 2a), the peak is 
still larger (Fig. 3a) and sharper (Fig. 3b) than the EEirr peak (compare 
green and red lines). 

As can be observed in Fig. 3b, W1/2 for EEirr is very sensitive to the 

ΔE0′

value in the interval − 167 mV < ΔE0′

< − 35.6 mV, whereas two 
possible values of ΔE0′

are obtained in the interval − 35.6 mV < ΔE0′

<

130 mV (for 2 mV-difference in W1/2). In this case, the scan rate can be 

decreased in order to reach the EErev behavior and obtain ΔE0′

from the 
black curve in Fig. 3b. For ΔE0′

≥ 130 mV the I/E response is identical 
for any value of ΔE0′

, only its position in the E-axis changing (see 
Fig. 1b), and the value of ΔE0′

cannot be discriminated. Therefore, the 
value of k0′

CV cannot be extracted (the position of the peak would lead to 

infinite couples k0′

CV− ΔE0′

). In this case, corresponding to EE
irr,E0′

1 

(Fig. 1b), only the global combined influence of k0′

CV and ΔE0′

on the 
irreversibility can be evaluated from the experimental data (see Section 
3.1.3). 

Alternatively, ψCV,peak in Fig. 3a can be used for ΔE0′

< 130 mV 
(differences larger than 5% in peak current) to determine the ΔE0′

value 
if the total surface coverage, ΓT, is known Eqs. (6) and (9). Conversely, if 
ΔE0′

is known, ΓT can be determined from Fig. 3a. 
In order to guide the experimental kinetic analysis of the EEirr 

mechanism with Rk ≈ 0, the above results have been summarized in 
Scheme 1. 

3.1.3. Considerations about the EEirr behavior. Comparison with the EErev 
mechanism 

From Eq. (26), the expression of the peak potentials for an EEirr 

process can be written in the following form, in a parallel manner to that 
for an Eirr (Eq. (22)),1 

EEE
peak,irr − E0′

= 35.6 + 118.3 log k0′

CV,app (in mV) (28) 

1 In this section, the subscript “red” for the apparent rate constants will be 
omitted for the sake of simplicity. 
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with k0′

CV,app being an apparent rate constant that accounts for the in
fluence of the kinetics and thermodynamics of both ET processes on the 
global rate, defined as, 

k0′

CV,app = k0′

CV kΔE0
′

CV (29)  

where kΔE0
′

CV is given by 

kΔE0
′

CV = 10

(
DEEE

peak,irr

)

hyp
(in mV)

118.3 (30)  

with (DEEE
peak,irr)hyp referring to the left ordinate (in mV) of the red curve 

at the corresponding ΔE0′

-value in Fig. 2b. For the values of ΔE0′

for 
which Eq. (27) is fulfilled, it holds that (DEEE

peak,irr)hyp = ∓ΔE0′

/2 and 

kΔE0
′

CV becomes into (see Eq. (13)) 

kΔE0
′

CV = 10
∓ΔE0

′

2 (in mV)

118.3 = e∓
f
2

ΔE0
′

2 (31) 

In any case, the kΔE0
′

CV -value represents the contribution of ΔE0′

to the 
apparent rate constant (see the right ordinate axis in Fig. 2b), which can 
have a significant effect on the apparent kinetics; for example, for ΔE0′

=

118.3 mV, Eq. (31) with the negative sign yields kΔE0
′

CV = 0.32, i.e. k0′

CV =

3.13 k0′

CV,app. 
Note that Eq. (28) is formally similar to the Laviron equation for an 

Eirr mechanism Eq. (22)) but in terms of k0′

CV,app of the EEirr process so that 

k0′

CV,app can be easily obtained via a data analysis equivalent to that 

proposed by Laviron [16]. Thus, if ΔE0′

is accessible and so kΔE0
′

CV (Eq. 

(30) or ((31), Fig. 2b), the k0′

CV-value can be immediately obtained (Eq. 
(29)). 

The following characteristic cases for an EEirr mechanism can be 
considered:  

1 For values of ΔE0′

fulfilling Eq. (27) (k0′

CV,app = k0′

i,CV,app -i = 1, 2), the 
position of the peaks is the same as that for an Eirr mechanism with 
formal potential E0′

i (i = 1, 2, see Eqs. (22) and (24)).  

a) ΔE0′

<< 0 (normal ordering of formal potentials). From Eq. (13), 
k0′

1,CV,app >> k0′

2,CV,app (Rk,app,red << 0, Eq. ((18))) and two well- 
separated peaks are obtained, each one corresponding to an Eirr 

process with the two peak potentials being given by 
EE

peak,irr,i = E0′

i + DEE
peak,irr (i= 1, 2) (Eq. (22), Figs. 1–3). Since 

EE
peak,rev,i = E0′

i (i= 1, 2) the separation between the peaks is the 

same as that for two Erev processes (see Fig. 2b for ΔE0′

≤ −

210 mV, Rk,app,red ≤ − 1.78).  

b) ΔE0′

= − 35.6 mV. From Eq. (13), k0′

1,CV,app = 2 k0′

2,CV,app 

(Rk,app,red < 0, 

Eq. (18)). The peak obtained is situated at EEE
peak,irr = E0′

2 +

(DEEE
irr )hyp (k0′

CV,app = k0′

2,CV,app = 0.71 k0′

CV) (see Fig. 2b). This value 

of ΔE0′

gives rise to an I/E response that is double that of an Eirr 

process, as in the case of an EErev mechanism in relation to an Erev 

process [30] (see Figs. 1b and 3), and even for quasireversible ETs 
this is so with ca. 3% difference (see Fig. SI-2a). In this particular 
case of ΔE0′

= − 35.6 mV, it is fulfilled that the surface coverages 
of species O, I and R in reaction scheme (I) show characteristic 
relationships that hold independently of the reversibility degree 
of the ETs (see Fig. SI-2b in SI). 

Scheme 1. Flowchart of the protocol proposed for the determination of the heterogeneous rate constant and the formal potentials of the two ETs from the key 
features of the experimental CV signal of an EEirr mechanism for the case Rk ≈ 0, with α = 0.5 and T = 298.15 K. 
(*) When one peak is obtained with W1/2 < 125 mV, two possible values of ΔE0′

are compatible with the experimental peak (see Fig. 3b), except for W1/2 = 104.5 mV 

that corresponds to ΔE0′

= 32 mV. To discriminate between them, an independent determination of ΔE0′

is necessary, for example, by decreasing the scan rate so 
that the EErev regime is approached and the ΔE0′

-value can be unambiguously determined from W1/2,rev (black curve in Fig. 3b). 
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c) ΔE0′

>> 0 (inverted ordering of formal potentials). From Eq. 
(13), k0′

1,CV,app << k0′

2,CV,app (Rk,app,red >> 0, Eq. ((18))), and the first 

ET determines the rate of the overall process (k0′

CV,app = k0′

1,CV,app). 
The intermediate species I in mechanism (I) is unstable and only 
one peak is obtained, being EEE

peak,irr = E0′

1 + (DEEE
irr )hyp. Thus, the 

peak potential varies linearly with ΔE0′

(see Fig. 2b for ΔE0′

> 90 mV), i.e. with log kΔE0
′

CV Eqs. (27) and (31), see the right 

ordinate axis in Fig. 2b, moving to more negative values (vs E0′

) 
as ΔE0′

increases (see Eqs. (29) and (31)). As discussed above, for 
ΔE0′

> 130 mV only k0′

CV,app can be obtained from the experi
mental response. In this limit EE

irr, E0′
1 

situation, the I/E signal is 

double that of an Eirr (and morphologically identical to that for 
ΔE0′

= − 35.6 mV, see Figs. 1b and 3). In the case EErev, as it is 
seen in Figs. 2 and 3, in this limit of ΔE0′

>> 0 the behavior of a 

two-electron Erev mechanism is attained, with EEE
peak,rev = E0′

[30]. 
This limit (two-electron Eirr) is not reached for an EEirr (see Fig 3) 
[7].  

2 For values of ΔE0′

not fulfilling Eq. (27), there is a mixed control of 
the overall rate of the process by k0′

1,CV,app and k0′

2,CV,app, which is 

parameterized by k0′

CV,app.  

a) − 86.3 mV ≤ ΔE0′

≤ − 71.2 mV (Rk,app,red < 0, Eq. ((18))). In 

this short ΔE0′

-range, there is a peculiar behavior of the EEirr 

mechanism, which shows a single peak (unlike EErev) situated at 
more positive potentials than (EEE

irr )hyp ((DEEE
peak,irr)hyp > 0) so that 

k0′

CV,app > k0′

CV Eqs. (29) and (30). For ΔE0′

≈ − 71.2 mV, it holds 

that (DEEE
peak,irr)hyp = 0 (i.e., EEE

peak,irr = EEE
irr,hyp) so that k0′

CV,app = k0′

CV 

(see Fig. 1b).  

b) − 71.2 mV < ΔE0′

≤ 90 mV: the EEirre I/E response shows a 
single peak at more negative potentials than EEE

irr,hyp ((DEEE
peak,irr)hyp 

< 0) so that k0′

CV,app < k0′

CV. 

In the particular case ΔE0′

= 0 (transition between the normal and 
inverted ordering of formal potentials) where k0′

1,CV,app = k0′

2,CV,app = k0′

CV 

(Rk,app,red = 0, Eq. ((18))), there is an inflexion point in the red curve in 

Fig. 2b and k0′

CV,app = 0.63 k0′

CV. 

3.2. Different values of the heterogeneous rate constants of both ETs (Rk 

= log(k0′
2,CV /k0′

1,CV) ∕= 0) 

The previous discussion of the EE mechanism for Rk = 0 in Section 
3.1 can be used as a reference to describe the general behavior of an EE 
process for different values of k0′

1,CV and k0′

2,CV (Rk ∕= 0). 
In Fig. 4a it is plotted the dimensionless CV curves for the transition 

ΔE0′

-value between the normal and inverted ordering of formal poten
tials, ΔE0′

= 0 mV (for which a single peak is observed for an EErev 

process [30]), and k0′

2,CV/k0′

1,CV = 0.1 (Rk = − 1) at different values of 

k0′

1,CV, which can be varied conveniently through the change of the scan 
rate. As can be seen, the CV curves obtained transit through the 
following behaviors as the scan rate is decreased (see also Figure SI-3):  

• A practically EEirr behavior (k0′

1,CV = 10− 1, k0′

2,CV = 10− 2, blue curve), 
with the forward and reverse scans showing two and one peaks, 
respectively.  

• An EEquasi behavior. For k0′

1,CV = 1, k0′

2,CV = 10− 1 (green curve), two 
partially overlapped peaks are observed in the forward scan and a 
single peak in the reverse one, so that the reduction and oxidation 
signals are still asymmetric. As k0′

1,CV is increased (k0′

1,CV = 10, k0′

2,CV =

1, red curve), the two peaks of the forward response merge into one 
that is almost symmetric to the peak in the reverse response.  

• A practically EErev behavior (k0′

1,CV = 102, k0′

2,CV = 10, black curve) 
with the CV response being practically symmetric [30]. 

Fig. 4b shows the dimensionless CV response of an EEirr with ΔE0′

=

0 mV and several values of Rk (= − 2, − 1,0,1,2). As can be observed, 
for any value of Rk ∕= 0 and regardless of the values of the rate constants 
of the ETs, the responses for the forward and reverse scans are different. 

Fig. 4. a) Dimensionless CV response, ψCV − (E − E0′

), for a surface EE process 
with Rk = − 1, ΔE0′

= 0 mV (transition normal-inverted ordering of formal 
potentials) and several values of k0′

1,CV: 102 (black curves, k0′

2,CV = 10, practically 

EErev behavior); 10 (red curves, k0′

2,CV = 1, EEquasi behavior); 1 (green curves, 

k0′

2,CV = 10− 1, EEquasi behavior); 10− 1 (blue curves, k0′

2,CV = 10− 2, practically 

EEirr behavior) Eqs. (3) and (9). The point (E = E0′

, 0) is marked with a filled 

yellow circle. b) Dimensionless CV response, ψCV − (E − E0′

), for a surface EEirr 

mechanism with ΔE0′

= 0 mV at several values of Rk, shown on the curves: 
0 (red curves, k0′

1,CV = k0′

2,CV = 10− 2); − 1 (solid green curves, k0′

1,CV = 10− 2,

k0′

2,CV = 10− 3); − 2 (solid blue curves, k0′

1,CV = 10− 2, k0′

2,CV = 10− 4); 1 (dashed 

green curves, k0′

1,CV = 10− 3, k0′

2,CV = 10− 2); 2 (dashed blue curves, k0′

1,CV = 10− 4,

k0′

2,CV = 10− 2). The point (E = E0′

, 0) is marked with a filled yellow circle. 
Other conditions as in Fig. 1. 
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Nevertheless, as was already asserted in Theory, a rotation of 180⁰ 

around the point (E0′

, 0) (point (0,0) in Fig. 4b) leads to the super
position of the forward and reverse responses for a given value of Rk 
with the reverse and forward ones, respectively, corresponding to − Rk 

(that is, with those corresponding to the interchange of the k0′

1,CV and 

k0′

2,CV values). This behavior is found in Fig. 4b when comparing the 
responses for Rk = 1 and − 1 (dashed and solid green curves), and for Rk 

= 2 and − 2 (dashed and solid blue curves). Thus, the value of E0′

for a 
given experimental CV response for any value of k0′

1,CV and k0′

2,CV can be 
determined by changing the signs of the current and potential axis, and 

from comparison of both the original and treated responses the (E0′

, 0) 
point is located (see Fig. SI-1). 

Note that the variation of the forward I/E response in Fig. 4b for the 
EEirr mechanism when Rk increases at fixed ΔE0′

is similar to that 
described in Fig. 1b for Rk = 0 as ΔE0′

increases. Indeed, the shape of the 
signal varies from two separated peaks (solid blue curve for Rk = − 2), 
as corresponding to two Eirr processes, to one peak with height double 
than that of an Eirr process (dashed blue curve for Rk = 2) corresponding 
to the limit situation EE

irr,E0′
1

. Thus, for ΔE0′

= 0 mV, for which there is 

only one peak for an EEirr with Rk = 0 (Figs. 2 and 4), two peaks can be 
observed due to the kinetic stabilization of the intermediate species I, i. 
e., when k0′

2,CV < k0′

1,CV (Rk < 0). The above is consistent with the fact that 
the general parameter governing the behavior of the process is Rk,app,red, 

which is equal to Rk for ΔE0′

= 0 (Eq. (18)). 
The behavior observed in Fig. 4b can be understood from Figs. 5 -for 

the peak position-, and 3a and b (red lines) with abscissa referred to 
Rk,app,red (lower axis) -for the dimensionless peak height, ψCV,peak, and the 
half-peak width, W1/2, respectively. 

In Fig. 5, equivalently to Fig. 2a, DEEE
peak = EEE

peak − E0′

of the forward 

scan has been plotted versus ΔE0′

, for different values of k0′

1,CV -indicated 
on the right of the graph-, and of Rk ( − 2, − 1,0,1,2, as in Fig. 4b) for an 
EEirr mechanism. As can be observed, for any value of Rk ∕= 0, the plot is 
always the same as that for Rk = 0, being only displaced along the 

ΔE0′

-axis (see Fig. 2b with the lower x-axis). Indeed, for a given value of 
k0′

1,CV, the plot for Rk = ∓ n (n= 1, 2, ...) is that for Rk = 0, only shifted ±

118.3 n (mV) on the ΔE0′

− axis along the corresponding line E0′

1 +

(DEEE
irr )hyp − E0′

(see Fig. 5 and description of Fig. 2a). 

Note that for positive values of Rk, i.e., k0′

1,CV < k0′

2,CV (dashed green 
and blue lines), only one peak will be obtained in the forward I/E 
response for most values of ΔE0′

. Under these conditions, only for very 
negative values of ΔE0′

the intermediate I in mechanism (I) is stabilized. 
Thus, in general, the appearance of two well-separated peaks in the 
forward scan could be indicative of zero or negative values of Rk 

(k0′

1,CV > k0′

2,CV). Note also that, for a given value of ΔE0′

, the separation 
between the two peaks increases when Rk is more negative. Thus, a 
decrease of Rk acts in a similar way to a decrease of ΔE0′

, according with 
the definition of Rk,app,red (Eq. (18)). Indeed, regardless of the individual 

values of Rk and ΔE0′

, the transition between one peak- and two-peak CV 
signals is found at Rk,app,red = − 0.73 (see Fig. 2b with lower x-axis). 

From Fig. 5, the number of peaks and their position(s) in the forward 
scan for any value of ΔE0′

can be obtained from the corresponding curve 
for given values of k0′

1,CV and Rk. For example, for ΔE0′

= 0 mV (vertical 

solid black line), k0′

1,CV = 10− 2 and Rk = − 1 (see solid green line), two 
peaks are obtained (marked with an orange star in Fig. 5), the positions 
of which (see ordinate values in Fig. 5) coincide with those in Fig. 4b 
(solid green line). According to the discussion of Fig. 4b, the number of 
peaks in the reverse scan can be obtained from Fig. 5 for the curve for −
Rk (interchanging the values of k0′

1,CV and k0′

2,CV), and their positions 

would be those indicated by Fig. 5 but with the value of EEE
peak − E0′

changed in sign. Following with the example for ΔE0′

= 0 mV, k0′

1,CV =

10− 2 and Rk = − 1 (i.e., k0′

2,CV = 10− 3), in Fig. 5 only one peak is obtained 

in the reverse scan for k0′

1,CV = 10− 3 and Rk = 1 (i. e. k0′

2,CV = 10− 2, see 

dashed green curve), the peak potential of which fulfills that EEE
peak −

E0′

= + 319.3 mV (see solid green curve in Fig. 4 and the orange star at 

Fig. 5. (a) Evolution of DEEE
peak = (EEE

peak − E0′

) for the forward scan with ΔE0′

for a surface EEirr mechanism at several values of k0′

CV given on the right of the graph 
(10− 2, 10− 3 and 10− 4). Rk = 0 (solid red lines); Rk = − 1 (solid green lines); Rk = − 1 (solid blue lines); Rk = 1 (dashed green lines); Rk = 2 (dashed blue lines) Eqs. 
(3) and (9). The solid black line for the EErev mechanism has also been plotted as reference. Other conditions as in Fig. 1. 

M. López-Tenés et al.                                                                                                                                                                                                                          



Electrochimica Acta 462 (2023) 142694

10

the top of Fig. 5). 
Figs. 3a and 3b (red lines) with the lower x-axis show the evolution of 

the dimensionless peak height, ψCV,peak, and the half-peak width, W1/2, 
respectively, with Rk,app,red. These curves for the EEirr behavior are in

dependent of the particular values of k0′

1,CV and k0′

2,CV. From Fig. 5 it can 

be seen, for example, that for ΔE0′

= 0 and Rk = − 2 (Rk,app,red = − 2, Eq. 
(18)) (solid blue curve), two peaks very separated are obtained, the 
height (Fig. 3a, red line) and W1/2 (Fig. Fig. 3b, red line) of which are 
coincident with those of an Eirr process. This behavior as two separated 
Eirr processes is the same as that for Rk = 0 and ΔE0′

= − 236.6 mV and 
of any other combination of Rk and ΔE0′

yielding Rk,app,red = − 2 . 

3.2.1. Determination of characteristic parameters 
Taking into account the variety of parameters that influence the I/E 

response of an EEirr process, and according with the previous discus
sions, when Rk ∕= 0, that is, the forward and reverse signals are different, 

the value of ΔE0′

(and E0′

) can be obtained by decreasing the scan rate in 
order to reach the EErev behavior (see Figs. 4a and SI-3) and using Fig. 3 
for a EErev mechanism (black lines, see Section 3.1.2). Parallelly, the 
Rk,app,red-value can be extracted from W1/2 (red line in Fig. 3b with lower 
x-axis) or from the peak-to-peak separation when two peaks are 
observed (red line in Fig. 2b with lower x-axis). Then, the Rk-value can 
be immediately obtained from ΔE0′

and Rk,app,red and, finally, the peak 
potential(s) enable us to determine the individual values of the rate 
constants (red line in Fig. 2b with lower x-axis). These results are 
summarized in Scheme 2. 

4. Conclusions 

The CV of the surface non-reversible EE mechanism has been 
unraveled, for any degree of reversibility and any ordering of the formal 
potentials, through the introduction of the apparent rate constants 
(k0′

1,CV,app)red/ox and (k0′

2,CV,app)red/ox that account for the combined in
fluences of the standard heterogeneous rate constants, the formal po
tentials and the scan rate. The individual values of (k0′

1,CV,app)red/ox and 

(k0′

2,CV,app)red/ox and of their ratio (through the combined parameters 

Rk,app,red and Rk,app,ox) have been demonstrated to govern the variety of 
patterns and behaviors of the CV response, so that both the kinetics and 
the thermodynamics of the ETs are to be considered simultaneously in 
the data analysis to avoid misinterpretations. 

Although the quasireversible regime shows the most complex and 
parametrized CV response, general behaviors have been discussed as a 
function of the apparent rate constants. Thus, when the values of the 
heterogeneous rate constants are similar, regardless of the reversibility 
degrees, the cyclic voltammograms show a symmetry center at the zero- 
current axis situated at the average formal potential. On the other hand, 
the situation where the heterogeneous rate constants differ notably can 
be detected by different features (sometimes including different number 
of peaks) of the signal obtained in the forward and the reverse scans. 

For an accurate quantitative analysis, it is convenient to reach the 
irreversible behavior (EEirr) in order to facilitate the quantitative kinetic 
analysis. Note that varying the experimental scan rate enables us to 
modulate the kinetic regime of the system at convenience. Once in the 
EEirr regime, the features of the response (number of peaks, peak height, 
half-peak width and peak-to-peak separation) are only a function of the 
corresponding Rk,app,red/ox = log(k0′

2,CV,app/k0′

1,CV,app)red/ox = Rk ±
0.5 f
2.3 ΔE0′

, 

independently of the particular values of k0′

1,CV and k0′

2,CV. In the partic

ular case of k0′

1,CV = k0′

2,CV, the definition of a new k0′

CV,app Eqs. (29)–(31) 
allows us to express the peak potentials for an EEirr in a similar way to 
that for an Eirr mechanism. 

Simple protocols of quantitative analysis have been established on 
the basis of simple mathematical relationships and/or working curves 
for the peak potential(s), the dimensionless peak height and the half- 
peak width versus ΔE0′

and Rk,app,red/ox, from which the values of k0′

CV 

(similar heterogeneous rate constants) or k0′

1,CV and k0′

2,CV (different het

erogeneous rate constants), ΔE0′

and ΓT can be extracted for 
ΔE0′

< 130 mV; otherwise, the kinetic and thermodynamic contribu
tions to k0′

CV,app cannot be discriminated since the behavior controlled by 
the first transfer is achieved where it is possible to quantify their com
bined influence but not their individual values. 

To sum up, the behavior of the EE process is more irreversible as the 
k0′

1,CV and k0′

2,CV decrease, ΔE0′

(= E0′

2 − E0′

1 ) increases, and/or the rate 

Scheme 2. Flowchart of the protocol proposed 
for the determination of the heterogeneous rate 
constant and the formal potentials of the two 
ETs from the key features of the experimental 
CV signal of an EEirr mechanism for the case 
Rk ∕= 0, with α = 0.5 and T = 298.15 K. 
(*) Given the number of unknown parameters, 
an independent determination of ΔE0′

is 
necessary. Thus, by decreasing the scan rate so 
that the reversible behavior is approached, the 
ΔE0′

-value can be determined from ΔEpeak,rev 

(two peaks) and/or W1/2,rev (two or one peak) 
(black curves in Figs. 2b and 3b).   
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constant of the second transfer is higher than the first one (i.e., as Rk 

increases). Hence, EE processes showing inverted ordering of formal 
potentials will reach the irreversible behavior ‘easier’ than those with 
normal ordering. 
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