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Abstract:

The ion transfer-electron transfer coupled reactions that occur in thick-film modified electrodes is
analysed in this work, including a homogeneous catalytic reaction in one of the phases. The model of
two polarized interfaces composed in series presented investigates the similarities and differences that
arise when compared with the classical electrochemical chemical catalytic mechanism (EC') in a single
electrode|solution interface. Special attention is paid to the charge balance of the diffusive flux at each
of these two interfaces and to the distribution of the total applied potential at each one. The aim is to
find how the applied potential is distributed between the S|L interface and the L|L interface and its
dependence on simple external parameters. This will allow us to fully understand the system for its
future application in the interfacial electrosynthesis of new materials.

Keywords: ion transfer-electron transfer coupled reactions; thick-film modified electrodes;
homogeneous redox catalysis, diffusion-controlled current.

1. Introduction

Nearly half a century ago, Prof. Savéant and co-workers introduced the concept of
homogeneous redox catalysis [1-6]. This is an alternative Electrochemical-Chemical
mechanism with a catalytic reaction (EC") where a redox catalyst couple (Red/Ox™) can react
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on the electrode surface and then, a homogeneous charge transfer process occurs with a
substrate (A) in solution [7—14]. The electrode can continuously serve as a source or a sink of
electrons while the catalyst couple acts as a mediator which interacts with a substrate to yield a
product of interest through a homogeneous charge transfer. The process also regenerates one of
the species of the redox catalyst couple. Generally, the mediator, also called redox shuttle [15],
is used to achieve a more efficient electron transfer between the electrode and the substrate.
Therefore, low overpotential is required for this indirect process to take place. A practical
example of this is the homogeneous oxidation of aliphatic amines in aprotic media by
electrochemically generated ferrocenium, which acts as a suitable mediator [16].

In addition, one existing strategy for the study of solid|liquid (S|L) and liquid|liquid
(L|L) interfaces simultaneously, is the use of both of them in series in an electrochemical
system. This can be accomplished e.g. by covering an electrode with a thick film of organic
electrolyte and submerging it in an aqueous immiscible electrolyte. In this setup, two polarized
interfaces are created. Thus, electrochemical processes involve the simultaneous injection-
ejection of ions through a L|L interface with coupled electron transfer reaction at a S|L interface.
At the same time, the total applied potential on the system is distributed between these two
interfaces, according to the concentration ratios of the involved species at each one of them
[17,18][19]. Similar approaches combining coupled ion transfer-ion transfer were previously
described for supported liquid membranes [20][21][22][23].

In recent years, we have worked in different theoretical studies on the thick film
modified electrode strategy [19,24]. A general model of a thick organic film-modified electrode
has been proposed to analyse the facilitated proton transfer-electron transfer coupled reactions
(FPT-ET reactions) in presence of aqueous buffer solutions [24,25]. Furthermore, analytical
equations to calculate the half-wave potential for the FPT-ET reactions at thick organic film-
modified electrodes (including ion pairing in the organic phase and considering a non-ideal
electrolyte solution in both phases) have also been developed [25]. Theoretical and
experimental approaches were integrated for the study of these systems, considering some
analytical applications derived from fundamental electrochemical features [25,26]. Finally,
water autoprotolysis-electron transfer coupled reactions was explored, obtaining detailed
mechanistic information at thick-film modified electrodes [27]. In these previously published
works, emphasis was placed on different ion transfer processes that occur at the L|L interface
(i.e.: simple ion transfer, facilitated proton transfer and facilitated proton transfer via water
hydrolysis). Now the effect of homogeneous chemical reactions coupled to the electron transfer
process at the S|L interface is explored.

In this work, we contribute to the insight into these systems with a model that considers
two polarized interfaces arranged in series (S|L|L interfaces), including a homogeneous
catalytic reaction in one of the phases. The ion transfer-electron transfer coupled reaction is
analysed, underlining the similarities and differences that emerge when considering a system
composed by S|L|L interfaces or a single one (S|L interface). The flux equality at each of these
two interfaces and the distribution of the external potential difference applied between the S|L
and L|L interfaces are particularly taken into account.

2. Materials and Methods
2.1 Model

A model considering simultaneous electron transfer at a S|L interface and ion transfer at a
LIL interface and including a homogeneous catalytic reaction was developed. A catalyst or



mediator is present in the organic phase, initially as a reduced species (Red). A redox couple
species, initially as a reduced species (A) and non-electroactive in the potential range
considered, reacts in contact with the catalyst oxidized species (Ox") to regenerate the same
reduced species (Red) and the redox couple oxidized species (B) (see Scheme 1). Supporting
electrolyte is also explicitly considered in the organic phase (OY) and in the aqueous phase
(MX). The existing interfacial equilibria are the following:

Red (0) " Ox"(0)+e (R.1)
Anion” (0) __ Anion” (w) (R.2)
Cation” (w) __ Cation" (0) (R.3)

where Cation"'=M";O" and Anion =X ;Y
while the homogeneous catalytic reaction is:

Ox’(0)+A(0) .~ Red(0)+B(0) (R.4)

where &, (Mflsfl) and k, (Mflsfl) are the forward and backward rate constants. The general

case involves a second-order reaction.

In order to deduce the model for ion transfer-electron transfer coupled reactions, the
same set of assumptions as those in a previous paper were made [19]. These correspond to the
points (1)-(11) mentioned in Ref. [19]. Assumptions (12)-(14) are included in this work to allow
the consideration of homogeneous catalytic reaction:

1. The interfaces between the aqueous and the organic phase and between the electrode and
organic phase are stationary and planar.

2. Both phases remain quiescent and contain enough inert electrolyte so that mass transport
takes place only by diffusion. The potential drop due to solution resistance is neglected, as well
as other common electrochemical phenomena such as adsorption and desorption, double layer
charge and discharge.

3. The transfer of the hydrophilic ions H* and OH- is considered negligible in the potential
window used in all the experiments shown.

4. The partition of the mediator species to the aqueous phase, either electrically charged (Ox™)
or neutral (Red), is neglected.

5. The redox reaction taking place at the electrode surface and the transfer of the other ions
through the L|L interface, are reversible and diffusion controlled, dependent on the Nernst
equation.



6. The thickness of the organic phase (L) must be large enough to avoid overlap between the
diffusion layers of the species generated or consumed at the S|L interface and the L|L interface,
as long as the resistance of the electrolytic solution is minimized.

7. Both interfaces present the same surface area, large enough for edge effects to be negligible.
Therefore, the semi-infinite linear condition is assumed.

8. Since the electron transfer and ion transfer processes are coupled, the current at both
interfaces must be equal.

9. The activity coefficients for all species are assumed to be equal to one.
10. Neither double-layer effects, adsorption, nor ion-pair formation are considered in the model.

11. The applied potential is distributed between the S|L interface and the L|L interface at any
time. The potential difference on the former defines the concentration ratio of the redox species
and on the latter the ion concentration ratios.

12. For simplicity, the partition of the A and B species to the aqueous phase, either electrically
charged or neutral, is neglected.

13. The presence of the aqueous phase does not affect the kinetics of the homogeneous catalytic
reaction in the organic phase.

14. A and B are non-electroactive species on the electrode surface at the potential range
considered.

These assumptions allow for the simulation of current-potential responses by
numerically solving Fick’s equations of diffusion for all species in one spatial dimension. The
explicit finite difference method was used for this work [24,26-31]. The S|L interface is defined
to be at x =0 and the L|L interface at x = L, as shown in Scheme 1. The value of L was set as

12,/D il sy » Where D, is the highest of the diffusion coefficients and ¢ is the

max,exp

maximum duration between all of the simulations, this guarantees that diffusion layers do not
overlap (assumption 6) [19,24-27]. The organic phase contains the catalyst or mediator (Red
and Ox"), a redox couple (A and B), and both phases can contain all of the remaining species
(M*, X-, O and Y-). The Red and A species are initially dissolved in the organic phase (in

respective concentrations cli{lei; and Cjim ). The organic (OY) and the aqueous (MX) supporting

electrolytes are initially dissolved in their respective phases (in respective concentrations Cg;;

and Cli\r,l[i;(). All of the electrolytes are considered to be completely dissociated. In order to start

simulations at equilibrium, the distribution potential (A(V,%q) was calculated from the analytical

concentrations and the standard transfer potential for each ion i (AZV¢I.°) by adapting the
approach developed in Ref. [24,25,32]. All equilibrium concentrations can be calculated from
this distribution potential. The initial potential difference (at # = 0) is calculated as the sum of
the Galvani potential difference at each interface: E(0)=A’¢(0)+ [—A;”¢(O)]

[19,24,26,27,33]. The Galvani potential difference between the electrode and the organic phase
is calculated from the initial concentrations of the Red and Ox™ species which are externally



fixed, while A} #0) is set equal to the distribution potential at the L|L interface, calculated as
described above [19,24,25,27,33].

organic phase aqueous phase

Red B
X X-
Ox* A
0

Scheme 1: Schematic representation of reactions involving electron transfer at the S|L interface and ion
transfer at the L|L interface. Homogeneous catalytic reaction (R.4) is schematized. WE: working
electrode, RE: reference electrode, CE: counter electrode.

The boundary conditions involve the Nernst equation for the coupled processes, i.e.
electron transfer and the transfer of ion i:

o (00| "(L,0)
Crea(0,0) | €7 (L,0)

F S w

=expi—| E(O) - A, + AV S | (1)
RT

where € . (0,7) and ¢;,y(0,¢) are the mediator species concentrations at x =0 (S|L interface)

at time ¢, ¢ (L,?) and ¢/ (L,t)are the concentrations of ion i at x =L (L|L interface) at time f,

E(t) is the externally applied potential, A}ds,, is the standard reduction potential associated to

Reaction R.1. and A ¢’is the standard transfer potential of ion i. This condition, together with
assumption 11, which can be mathematically expressed as:

E(t)=Ag(t)+[-AY4(1)] )

where A’@(¢) and A)¢(¢) are the Galvani potential differences across the S|L and L|L

interfaces at time ¢, respectively, implies that the electron transfer at the S|L interface satisfies
its Nernst equation, as well as each ion at the L|L interface [19,33]. Considering the effect of

c .(x,0
the homogeneous catalytic reaction (R.4) to be negligible, the ratio % was fixed for all
cRed X,



cases as 1079, since for values lower than 1074, no significant changes were observed. This
allows for the determination of the initial S|L potential difference, and the initial external
potential difference, E(0), from Egs. (1) and (2).

Additional boundary conditions include the flux equality at x =0 for the mediator
species,

p %o @D oy 8ey(0.0)

o T o Red T o 3)
for the redox couple (assumption 14),
cc,(0,¢) oc,(0,¢
W00 _ae00 n,
ox ox
and flux equality at x =L for every ionic species:
,oc’ (Lt L oc' (Lt
O _ LB o

toox G
where i represents each of the ions.

Assumption (8) requires the current at both interfaces to be equal. This can be expressed
mathematically as:

oc (L,t) oc. .(0,1)
.DW’—’:D°+OX— 6
IZZZ = o (6)

Finally, semi-infinite diffusion conditions imply:

Cour (L,t)= Cop (%,0) (7)
Crea(Ls) = g ®)
e (Lt)=c™ 9)
(L, 1) =c3(x,0) (10)
¢/ (0.t)=c} (x.0) (11)
&' (o0,t)= ¢ (x,0) (12)

for any species i except Ox*, Red, A and B, where the superindex init denotes initial values for
the variable.

In this work, cyclic voltammograms are simulated by applying the following external
potential:



Eay=] AP0 =890 if 1< 13)
ASP(0) =AY P(0)+v(t—24) if t> A

where v is the potential sweep rate.

In the potential region where the homogeneous catalytic reaction occurs, the diffusion
mass transport for all species of interest follows the relationships:

ocy  (x,t oc x,1 0 0 © o
% —HRed % +k/'CoX+ (x, t)CA(xa t) _kbCRed (x’ 4 )CB(x’ t)

ac; . (x,1) _y o . (x,1)

S22y S (o) (50 o)

(14)

a0 o

aCB (xs t) ach (zx’ t) +k ngX+ (X, t )CZ (X, t ) _kbcl:ed (X, t )C}g (X, t)

oc, (x,t) Iy o (x, 1) B

P> P ko (60 (%,0) +hCreg (X, D) (X, 7)

and,

o’ (x,t) o’ (x, 1)
[ ZDZ i

where index i indicates ionic species.

A modification of the Powell hybrid method [34-39] was used to solve Egs. (1)-(15)
which describe the boundary conditions for the diffusion differential equations. The time step
was chosen in order for the simulation to converge for all tested conditions. Experimental time

and space are divided in M (6t =1, /M ) and N (6x<,/2D_, St ) subintervals [29]. The

number of time steps (M) and the number of boxes (N) used in the simulation depend on the
kinetic constants of the homogeneous chemical reaction and on the maximum diffusion
coefficient (D,,,,). In order to avoid oscillations in the numerical computation, the value of both

A (: kfcli{“;;) and 4, (: kbcg‘;g) have to be lower than 0.1 [29]. According to this, a minimum
value of M can be defined as follows [40]:

1028, if 2, > 4,
M > (16)
1028, if 2, <4,



where 7, =2(Ag,,, — A, )/v with Ag,  and Ag,

initial

being the final and initial

potential values. Results were checked for step size independence.

3. Results and discussion

In first section, we analyse the ion transfer-electron transfer coupled reactions in the
presence of a homogeneous catalytic reaction. This allows understanding some expected
differences of adding a second polarizable interface concerning a conventional homogeneous
electrocatalytic system. In the second and third sections, we describe the effect of the ionic
concentration in the aqueous phase on the voltammetric response. The outcome at different scan
rates and potential cycling of thick-film setup with homogeneous catalytic reaction are also
described in these sections.

3.1 Ion transfer-electron transfer coupled reactions in the presence of a
homogeneous catalytic reaction.

The thick-film setup offers the unusual versatility that allows working in excess or
defect of a redox probe (present in one of the phases) with respect to the ionic species initially
dissolved in the other phase. The general behaviour of these conditions has been extensively
analysed in previous works, and are used here as initial input [19,24-27]. In the present work,
the typical conditions for the thick-film setup, which involve the use of an excess of ionic
species in the aqueous phase with respect to the redox probe dissolved in the organic phase, is
analysed in the first place. In Fig. 1(a), simulated cyclic voltammograms obtained in the
presence and in the absence of A species at 0.020 Vs™! are shown.

The initial concentration of redox probe was fixed at one order of magnitude below the
initial concentration of the aqueous ionic species. In the presence of 1.00 M concentration of A
species, and employing a slow scan rate, a strong loss of reversibility with an enhancement of
the anodic peak current is observed. This is a limiting current type profile, similar to a sigmoidal
shape, but with a noticeable hysteresis. In these simulations, a useful tool to understand this
behaviour is computing the evolution of the concentration profiles of the redox probe as a
function of the distance from the S|L interface into the organic phase (Fig. 1(b)). As it can be
observed, in the presence of A, the profiles of Red and Ox" are distinctive, showing a notable
decrease in the thickness of the diffusional layer. The corresponding ionic species concentration
profiles from the L|L interface as a function of the distance into the aqueous phase are displayed
in Fig. 1(c). These profiles show a greater consumption of ionic species into the aqueous phase
when A species is present in the organic phase. This is because the catalytic process regenerates
Red species, allowing it to continue reacting at the S|L interface, since there remains enough
concentration of X~ at the L|L interface [19]. This is also the observed phenomenon in a single
interface system. It should be noted that all concentration profiles shown in this work were

taken at the switching potential value ( £, ) of the respective cyclic voltammograms. In panels
(d) and (e) of Fig. 1, the interfacial concentration profiles at x = 0 (S|L interface) and x = L (L|L
interface), respectively, can be observed. As the catalytic process occurs, a considerable change

in the transfer potential value is observed. Also, a different path of Red and Ox" interfacial
concentrations is perceived, depending on the direction (forward or backward) of the scan
potential values. This is in agreement with the hysteresis observed in the corresponding current-



potential profile in the presence of A species. The presence of A causes a considerable increase
of the catalytic current, showing a large consumption of species at the interface with a
simultaneous variation of the shape of the current-potential profile.

We analyse the effect of the relationship between the scan rate and the rate of the
homogeneous catalytic reaction. As the scan rate increases, the regeneration of Red is
kinetically unfavored with respect to the charge transfers. Thus, as it can be observed in Fig.
2(a), a peak-shape voltammogram is recovered at the higher calculated scan rate (v=2.000 Vs-
1). This behaviour is analogous to that previously described for a conventional electrocatalytic
process on a solid electrode, as is depicted in panel (c) of figure 2 in ref [16]. This advises that
the depletion of Ox" species next to the S|L interface by the chemical reaction is dependent on
the rates of both processes. Likewise, in the thick-film setup, the ionic species at the L|L
interface are depleted in higher proportion at lower scan rates. Consequently, a higher
consumption of ionic species is observed at the L|L interface at v =0.020 Vs! than at v=2.000
Vs (Fig. 2(b)), because longer experimental time allows a greater extent of the homogeneous
catalytic reaction (R.4). Special attention must be paid to this behaviour because it has
significant effect on the value of the potential difference at this interface, as will be analysed in
a later section.

Another effect to take into account is that high initial concentrations of A species can
significantly reduce the thickness of the layer where the catalysed reaction takes place, bringing
it closer to the electrode surface. Analogous concentration profiles at the S|L interface obtained

in the presence of A species at £, are obtained both at high (v=2.000Vs™") and low (
v=0.020Vs") scan rates (see Fig. S1 and Fig. S2).

3.2 Effect of the aqueous ionic species concentration on the homogeneous catalytic
reaction.

In this section, we focus on monitoring the homogeneous catalytic reaction (Reaction
R.4) in the organic phase by controlling the initial concentration ratio between the initial ionic
species concentration in the aqueous phase and the initial redox probe concentrations in the
organic phase (c]iv“ét(/ciR“:d) . At this point, it is important to clarify that, for simplicity, we describe
all the process in terms of the anion concentration of the aqueous electrolyte, but it is clear that
all present ions (at aqueous or organic phase) are involved in the process to a greater or lesser
extent depending on their values of standard transfer potential across the L|L interface [19,41].
The main insight of this analysis is that since the ionic species does not limit the ion transfer-
electron transfer coupled process; the chemical reaction (R.4) can progress inside the organic
phase. Two different scenarios, at lower and higher initial concentration of X~ with respect to
the initial redox probe concentration, can be described by interpreting the voltammetric profiles

shown in Fig. 3(a). In great excess of aqueous ionic concentration (log(clifd‘;/cil;‘i;) >2.00) a

sigmoidal-shaped curve is obtained, because both during the forward and backward scans the
oxidation process prevails in these conditions. Nevertheless, if the aqueous ionic species
concentrations are not above this concentration threshold, the current-potential profile obtained
presents only a forward anodic peak, without the corresponding cathodic signal. In both cases,



Ox" species are depleted near the S|L interface by (R.4), but in the latter, X~ is also depleted at
the L|L interface during the potential scan.

Because of the electron transfer-ion transfer coupled process, Red species cannot react
at the S|L interface if X species are not present at the L|L interface. In Fig. 3(b) it can be seen
that approximately at 0.15V, Red interfacial species at the S|L interface stops reacting, while at

the same time, Ox" interfacial species stops being produced. Whereas in Fig. 3(c), it can be
observed that C;V, (L,t ) reaches zero aproximately at 0.15V, thus, if the interfacial X~

concentration at the L|L interface is not in excess with respect to Red interfacial concentration
in the S|L interface, the complete process stops. It is worth mentioning here that the addition of
a second immiscible phase marks a significant difference with respect to the traditional EC’
mechanism, since although Red and A species are available to react, a limiting current type
profile is not reached in the thick film setup. This is exclusively attributed to the concerted ion
transfer-electron transfer nature of this process, where the total ion fluxes at the L|L interface
must be equal to the charge flux at the S|L interface.

Following with the same setup and the same parameters settings, in Fig. 4(a),
voltammograms at increasing scan rates are shown. A progressive increase in the scan rate
causes two different effects in each phase, and once again a limiting current type profile is
observed. On the aqueous phase, fewer moles of X~ are consumed at the L|L interface at higher
scan rates. In the organic phase, as mentioned, the regeneration of Red is kinetically unfavoured.
Thus, the interfacial concentration of X~ does not limit the overall electrochemical process. In
this instance, it is interesting to analyse how the total applied potential in the system, is
distributed between each of the interfaces in series, and its effects. Panels (b) and (¢) of Fig. 4,
show the external applied potential

(E =Ayp+|—A)4|)and the individual potential difference for the L|L (~A,'#) and for the S|L

interface (A} @) as a function of the experimental time. As it can be observed, at 0.020 Vs'!, for

example, A’¢ remains constant during a large portion of the experimental time (blue line in

Fig. 4(b)). Almost the opposite behaviour occurs when sweeping at a higher scan rate. At
1.000 Vs, the L|L interface acts practically as a non-polarizable interface, that is, its potential

difference remains nearly constant in a great range of the experimental time (red line in Fig.
4(c)). In this way, we arrive at a noteworthy conclusion: the splitting of the applied external
potential between the two serial interfaces can be easily manipulated by varying the scan rate
of the voltammetric experiment. The explanation of that is related to the variation in the
interfacial concentration of the involved species. In the case of lower scan rates, a great
consumption and production of ionic species takes place at the L|L interface, while interfacial
species concentration are less variable at the S|L interface during the experiment. The opposite
situation occurs at higher scan rates at each one of the interfaces.

The existence of a homogeneous catalytic reaction in the non-aqueous phase ensures the
availability of the Red species in the vicinity of the electrode. For a given set of kinetic constants
for R.4. and potential scan rates, the total current of the system is controlled by the diffusion of
the ionic species and does not depend on the ratio of initial concentrations of the mediator and
the redox couple. At low potential scan rate, the Red concentration gradient is high and therefore
the current flowing throughout the system (through the S|L interface and the L|L interface) is
also high (Eq. (6)). Concomitantly, the ion concentration gradient at the L|L interface is also
high, with a high depletion of ionic species on the aqueous side of the L|L interface. In this
experimental condition, the availability of ionic species in the aqueous phase conditions the



homogeneous catalytic reaction. If the potential scan rate increases, the voltammogram reaches
a limiting current characteristic of a coupled catalytic reaction. At high potential scan rates, a
current-potential profile is recovered that responds to a diffusion-controlled and reversible
charge transfer process.

3.3 Effect of the successive potential scans on the homogeneous catalytic reaction

Considering the input parameters of the system, it is possible to select the initial
conditions to switch between different response patterns during the voltammetric experiment.
In Fig. 5(a) two consecutive potential scans of simulated cyclic voltammograms are shown.
During the first scan, a limiting current type profile is obtained. During the second scan, a higher
half-wave potential is observed, and a limiting current is reached until around 0.3 V, where the
current begins to drop. This behaviour is related to the depletion of X~ at the L|L interface as
shown in panel (b) of Fig. 5, which corresponds to about 16 s of experimental time at

v=0.200Vs . At this point of the experiment, a significant change in both interfacial potential

differences is observed. Given the interfacial depletion of X~, the potential difference at the
L|L interface undergoes an increase of about 0.15 V (with respect to the applied potential) in a
short period, while the S|L interface undergoes a decrease of around 0.2 V in the same time
interval. The time at which this split in the potential difference arises can be externally
controlled by varying the scan rate.

Therefore, the experimental time at which the depletion of X~ at the L|L interface occurs
can be in the first sweep or in subsequent scans. This will depend on the relationship between
the scan rate and the kinetic constant of the catalytic reaction. Fig. 6 shows simulated cyclic
voltammograms at the same scan rate for different values of forward rate constants of reaction
(R4). As the forward rate constant increases, the current-potential profiles tend to be higher
until the depletion of ionic species at the L|L interface.

In the particular set of variables chosen for the simulations in Fig. 7, the current drops
during the backward scan of the first cycle (see black line) and also drops during the forward
scan of the second cycle (see blue line). This gives an approximate idea of the relationship
between the two main rate variables that control this process. Whenever this drop in the current
value is observed, it signals the experimental time at which the depletion of ionic species at the
L|L interface occurs. More strictly, since in a concerted system, the total current must equal to
the total ion fluxes at the L|L interface and also to the charge flux at the S|L interface, (see Eq.
5) an insufficient ion flux can be the limiting factor in the total current of the system.

4. Conclusion

As in several previous works [19,24-27] we have studied through simulations the thick-
film modified electrode, where the reduction of a redox probe is coupled to the transfer of the
most hydrophobic anionic species existent in the aqueous phase, due to the lower global free
energy of transfer for this overall process. In this case, we have demonstrated the possibility of
using this setup as a convenient system to understand the effect of the ionic concentration in
the aqueous phase in the voltammetric response when a catalytic reaction takes place in the
organic phase.



In this work it was demonstrated how a set of external parameters such as the potential
scan rate, the successive voltammetric cycles and the concentration ratios between the mediator,
the redox couple and ionic species allow us to understand how the applied potential is
distributed between the S|L interface and the L|L interface.

Given that L|L interfaces offer a reproducible environment for the preparation of
interfacial films of interesting materials such as conducting polymers [42,43], certain
nanoparticles [44], and their metal composites [45], the experimental setup described in this
study will allow the development of promising applications in the interfacial electrosynthesis
of thin film materials at the L|L interface.

Recently, coulometric thin layer cell using the conducting polymer-coated electrode
have been proposed and used for the realization of stripping voltammetry and absolute
determination of redox-inactive ions [46—51]. Clearly, in this experimental setup, ion transfer-
electron transfer coupled process occur in a multilayer arrangement of thin films. Although
there is a new electrode|electroactive polymer interface and the phases are thin films, the
conceptual framework is the same. An extension of the model presented in this work can be
used, including at least the resolution of the corresponding Poisson-Boltzmann equation for the
calculation of the electric potential at each interface and the Poisson-Nernst-Planck equation
for the ion transport [52—-54]. The condition of electroneutrality is not obeyed in the systems
where the thickness of one of the liquid phases is in the order of magnitude of the Debye
screening length [55]. We will include in future research the modelling of systems with thin
films such as those used in coulometric thin layer cells.
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Figure Captions

Figure 1: (a) Simulated cyclic voltammograms obtained in absence (——) or in presence (—-—) of 1.00 M initial
concentration of A species. (b) Interfacial concentration profiles of Red species at S|L interface in absence of A
species (-——--) and in presence of A species (——) and Ox™ species in absence of A species (—-) and in presence
of A species (—--) for the corresponding voltammograms as function of the distance inside the organic phase.
Profiles were taken at the switching potential value ( £, ). (¢) Interfacial concentration profiles at the L|L interface

of aqueous X species in absence of A species (———) and in presence of A species (—-); and of organic X~ species
in absence of A species (-----) and in presence of A species (--—---) for the corresponding voltammograms as function
of the distance to the interface. Profiles were taken at the switching potential value (E,). (d) Interfacial
concentration profiles at the S|L interface of Red species in absence of A species (—--) and in presence of A
species (—-); and Ox™ species in absence of A species (——) and in presence of A species (-—---) for the
corresponding voltammograms as function of the total applied potential difference. (e) Interfacial concentration
profiles at the L|L interface of aqueous X~ species in absence of A species (—--) and in presence of A species

(—); and organic X~ species in absence of A species (-—-) and in presence of A species (——) for the
corresponding voltammograms as function of the total applied potential difference.

Simulation parameters:

k, =250 M"'s™, k, =00M's" AYg" =—0.100V,A"¢° =0.600V , A’g’ =-0.700V,
K oy o "M [Unie)

AYgY =0.725V Aige, ==0.050V v = 0.020Vs™ ¢y =1.00M, ¢y, =5.00x107 M,
G =5.00x10" M, ¢y =1.00x10°M ,D¥ =100 10 cm’s'  and D% =&D . with

£=1.12 (H,01,2-DCE interface)

Figure 2: (a) Simulated cyclic voltammograms obtained in presence of 1.00M initial concentration of A species
at different scan rates. v = 0.020 Vs~ (——)and v =2.000V s~ (—). (b) Interfacial concentration profiles

at L|L interface of X~ species in presence of 1.00 M initial concentration of A species for the corresponding
voltammograms as function of the total applied potential difference, C; (L, t ) at 0.020Vs™' (—), C;_ (L, t )

at 0.020Vs" (—). cy (L) at 2.000Vs' (—) ¢} (L) at 2.000Vs' ().

init

Cux = 5.00x10™ M., Other simulation parameters are the same as in Fig. 1.

Figure 3: (a) Simulated cyclic voltammograms obtained at v = 0.020Vs™' in presence of 1.00 M initial
concentration of A species at different X~ initial concentrations: C;:I; =5.00x10° M(—) and
c;;t( =5.00x10" M (—-). (b) Interfacial concentration profiles at S|L interface of Red species in presence of

1.00 M initial concentration of A species as function of the total applied potential difference. C;ed ( 0,7 ) (——),



ng+ (O,t )( ). (¢) Interfacial concentration profiles at L|L interface of X species in presence of 1.00 M

initial concentration of A species as function of the total applied potential difference. C;z_ (L,t )( ) and

C;, (L, t ) (—--). Panels (b) and (c): CiMni;( =5.00x10" M. Other simulation parameters are the same as in Fig.

1.

Figure 4: (a) Simulated cyclic voltammograms obtained in presence of 1.00 M initial concentration of A species
at different scan rates: v =0.020Vs™ (——), v=0.200Vs" (—)and v=1.000Vs™" (-—-). (b) Potential
difference at each interface as a function of the experimental time. External applied potential (—-), individual

potential difference for the L|L interface (—A;V¢) (——) and individual potential difference for the S|L interface
(Ai¢) (—). v=0.020 Vs™'. (c) Potential difference at each interface as a function of the experimental time.

External applied potential (—--), individual potential difference for the L|L interface (—A:¢) (—), individual

init

potential difference for the S|L interface (AZ¢) (), v=1.000Vs™". ¢, =5.00x 10” M and oother simulation

parameters are the same as in Fig. 1.

Figure 5: (a) Simulated cyclic voltammograms obtained in presence of 1.00 M initial concentration of A species
at v =0.200 V s . First cycle (——) and second cycle (—-). (b) Interfacial concentration profiles at L|L interface

of X species in presence of 1.00 M initial concentration of A species as function of the experimental time.
C)“(’, (L, t ) (——)and C;, (L, t ) (—). (¢) Potential difference at each interface as a function of the experimental

time. Individual potential difference for the L|L interface (—A:¢) (—) and individual potential difference for

init

the S|L interface (AZ¢) (—). ¢y =35.00% 10” M and other simulation parameters are the same as in Fig. 1.

Figure 6: Simulated cyclic voltammograms obtained in presence of 1.00 M initial concentration of A species at
vy=0.200Vs'. For different values of forward rate kinetic constant in (R.4) kf =10.00 M"'s™ (—),

k, =25.00 M's™ (—), k, =50.00 M's” (—)and k, =100.0 M™'s™ (—-). Other simulation parameters

are the same as in Fig. 1.

Figure 7: Simulated cyclic voltammograms obtained in presence of 1.00 M initial concentration of A species at v
=0.150 Vs-!. First cycle (——) and second cycle (——). Other simulation parameters are the same as in Fig. 1.
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>Model including a homogeneous catalytic reaction in a thick-film electrode setup.

Highlights

>Tunable distribution of the applied potential between the two serial interfaces.

>External parameters allow us to understand how the applied potential is distributed.
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