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A novel analytical framework has been formulated to describe the current-potential-time response in systems
with two polarized interfaces where one charge transfer process follows a catalytic mechanism, as found in co-
reactant electrochemiluminescence (ECL) systems. The developed theory provides mathematical expressions for
electrochemical and ECL signals, concentrations, and interfacial potentials upon the application of a constant
potential pulse. Theoretical analysis reveals that the chemical regeneration of the redox reactant within the

catalytic cycle has a remarkable impact on the chronoamperometric, voltammetric, and ECL responses, thereby
providing means to estimate the catalytic rate constant and to optimize light emission. The system’s behaviors
are rationalized through the influence of catalysis on the interfacial concentrations and potentials. Also, the
primary theoretical predictions have been experimentally validated using the [Ru(bpy)s]*/oxalate ECL system.

1. Introduction

A number of relevant electrochemical systems comprise multiple
polarized interfaces (PIs) in series where two or more heterogeneous
charge transfers (either electronic or ionic) take place concomitantly:
paired electrolysis, closed bipolar cells (cBPCs), solvent polymeric
membranes, film-modified electrodes, ... [1-7] The charge-balance
coupling of the interfacial processes reflects on peculiar behaviours of
the electrochemical response [8-12], in contrast with conventional 1PI
systems [13].

A chief parameter to be analysed and understood to predict the
behaviour of multiple PI cells is the ratio between the maximum current
that can flow across each interface (hereafter, the parameter of asym-
metry, ¢ ) [14,15]. Depending on the ¢ -value, the current will be
controlled by one or by several charge transfer processes, and the
driving force (i.e., the applied potential) will distribute differently be-
tween the interfaces. Asymmetric conditions for charge transfer between
the interfaces can arise due to different factors. First, the concentration
and diffusivity of the electroactive reactant can differ, as well as the
interfacial areas. This situation has been examined in previous works for
2PI systems in chronoamperometry and in cyclic voltammetry [1,14,

* Corresponding authors.
E-mail addresses: amolina@um.es (A. Molina), elaborda@um.es (E. Laborda).

https://doi.org/10.1016/j.electacta.2024.145417
Received 4 September 2024; Accepted 23 November 2024
Available online 25 November 2024

15], pointing out the peculiarities of the 2PI cell response such as the
shift of the voltammetric wave with the concentration redox species, and
the larger peak-to-peak separation with respect to 1PI systems.

In this work, a mechanistic source of asymmetry will be considered
with one of the charge transfers not following a simple E mechanism but
a catalytic-type mechanism (see Scheme 1); as a result, the asymmetry
parameter ¢ is dependent on the catalytic rate constant and on time, in
contrast with the case where there are no coupled chemical reactions
[14]. Such situation can be found in electrochemiluminiscence (ECL)
cells, where a catalytic process typically takes place in the optical
compartment [16,17], as well as in parallel paired electrolysis [18]. An
analytical theoretical framework will be developed for the comprehen-
sive and insightful study of the above systems under the application of a
constant potential pulse, including simple expressions for the
current-potential-time and ECL-potential-time responses, the concen-
tration profiles and the interfacial potentials. As will be discussed, the
chemical ‘boost’ of one of the processes through the regeneration in
solution of the redox reactant gives rise to a higher capacity for current
flow of the corresponding interface. This has a significant impact on the
behaviour of the current-potential-time and ECL-time responses, as well
as of the interfacial potentials and the redox concentrations, which will
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Scheme 1. Schematic of the four-electrode cBPC under study.

be investigated in depth and rationalized. Also, procedures for diag-
nostic and quantitative analysis of the experimental electrochemical and
ECL signals will be proposed and applied to the study of the co-reactant
ECL system [Ru(bpy)s]?"/oxalate [19,20]

2. Materials and methods

Tris(2,2"-bipyridine)ruthenium(II) dichloride ([Ru(bpy)3]Cly), po-
tassium nitrate (KNO3, 99 %), hexaammineruthenium(III) chloride ([Ru
(NH3)6]Cl3), sodium oxalate (NayCp04), and sulphuric acid 98 %
(H,S04) were used as reagents. Deionized water from a Milli-Q water
purification system with a resistivity of 18.2 MQ-cm at 25 °C was
employed to prepare all the solutions.

The electrochemical and ECL measurements were performed using a
four-electrode setup controlled by a BioLogic SP200 potentiostat, in
combination with the photodetector system of an SPELEC UV-VIS In-
strument 200-900 nm (Metrohm Dropsens). Self-designed cells were
used as the cathodic and anodic compartments of the bipolar setup (see
Scheme 1), each of them housing a saturated calomel electrode (SCE) as
reference electrode and a 0.26 mm-diameter platinum wire as counter
(feeder) electrode. The bipolar element that interconnected both com-
partments consisted of two wire-connected macroelectrodes made of
platinum (2 mm-diameter, CH Instruments) in the anodic compartment
and glassy carbon (3 mm-diameter, CH Instruments) in the cathodic one.
The Pt electrode was anodized prior to the experiments to minimize the
interference of oxalate electro-oxidation in the ECL signal [21]. To
enhance and streamline the recording of the light signal, the cell
employed as ECL compartment (Fig. 1) featured two apertures on
opposite sides. Through these, the anodic end of the bipolar element and
the optical detector (Reflection Probe VIS-UV, Metrohm Dropsens) were
inserted and positioned at an appropriate distance.

a)
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3. Theory

The boundary value problem (bvp) corresponding to the cBPC shown
Scheme 1 when a constant potential pulse, E, is applied is given by:

Anodic compartment Cathodic compartment

dcg(x,t) Per(x,t) dco (x,t) Py (x,1)
o Dnga tkeo = Dea—552 ey
deo(x,t) - Feolx,t) deg (x,t) OPcr(x,t)
o~ Daga koo =5 =D,
t:07x20} cr(x,t) = cx, Ccolx,t) = ¢y @
t>0, x>0 co(x,t) = 0, cp(x,t) =0
t>0,x=0:
Dan 06_0) - _Dan (aCR)
ax x=0 a x=0
Jcy acy
Dca v = 7Dca .
t( ox )x:O t( ox )x:O ®
cy = e'lncy
Coy = €y

with ¢} being the interfacial concentration of species i (= O,R,0,R)
and:

Nan = %n (Ean - Eg/R)

Near = % (Ecut - E%/R')

4

where the unknown potential differences at the anodic, E.,, and
cathodic, E 4, electrode-solution interfaces are related by:

E=Eu — Ecat 5)

and the current across the two interfaces must be equal:
I=1Ipn = Ia (6)

In order to obtain a solution for this problem, the concentration
profiles in the cathodic compartment will be assumed to be equivalent to
those obtained for a purely diffusive process, as in the case of non-
catalytic reactions in cBPCs. On the other hand, the concentration pro-
files in the anodic compartment will be supposed to be given by the
corresponding expressions in 1PI systems:

b)

Fig. 1. a) General and b) cross-sectional views of the cell employed as anodic compartment where the ECL signal is registered.
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Thus, the current intensity can be approximately expressed using the
following relationships:

000’) <cg, - c;) Cx

I:FAca Deat | —— :FAca Deat | = :FAca Dear— = 8

t t(()x o tLcat 5d(t) t téd(t) (€)]
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with:

5d(t) = /7Dt (10)

5(t) = \/Z ki an

k' ekt rkterf\/(kt)

The expression (11) of the thickness of the reaction layer simplifies
for values of kt > 2:

D, an
K

& (t) = (12)

Based on Egs. (7), (8) and (9), the following expressions for the
surface concentrations as a function of the current intensity are derived:

Anodic compartment

In
S _ 1- N
« C“( e(t))
= c*I—N
O TRe(t) 13
Cathodic compartment
cp =cyIn
cy =cy(1—-1In)
where
I
Iy=— a4
N Ilc

with ;. being the maximum current that can flow across the cathodic
pole (i.e., the cathodic limiting current)
o FAcatDearCly

I = 500 (15)

and
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The expression for the parameter ¢(y) can be simplified for values y >
2 based on Egs. (10) and (12):

e(y) = eo/my

Combining the expressions for the surface concentrations (Egs. (13))
with the Nernst conditions in Egs. (3), the following expressions for the
interfacial potentials of both compartments are obtained:

, RT 1-—-1Iy
P

19

RT I 20
3 N
Eup = Eg/R +?ln(r{) 7IN>

Based on Eq. (5) and those for the interfacial potentials (20), the
following expression for the potential of the bipolar system as a function
of the current is obtained:

. RT 2
E=FEp—Eu=AE" +—In[——~ 21
TF “(( sm—IN><1—IN)> @D
with
AE” = Eg/R - Eg’/R’ (22)

Finally, solving the current in Eq. (21) the following expression for
the I-E curve is obtained:

(eGr) + D)t —\/(elr) — 1)1 + 4e(r)er

b= 2(e" — 1) 23
with

F(E — AE®
g = FE—AE) 24)

RT
From Eq. (21), the expression of the half-wave potential, at which the
cell current is half of the limiting value (i.e., Iy = 1/2), is also readily
derived:

Eijp = AEY — R?Tln(z e(r) — 1) (25)
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as well as the expression of |E3/4 —E 4| related to the steepness of the
current-potential curve:

RT 4e(y) — 1
|Esjs — Eqja| = S (27 (%gﬁw (26)

3.1. ECL theoretical response

Co-reactant ECL mechanisms typically involves high-energy electron
transfer reaction between an electrochemically generated species (O in
this case) and a co-reactant (S) that yields a light-emitting excited state
R* that can undergo radiative relaxation; as a first approach, the
following simplified reaction scheme can be considered to describe such
process:

R§O+e’
o}SR*(JrP) 6))
R"— R+ hv

I jmt,
—_ 4
FA_ D,

cat €0’

2,0 -1,5 -1,0 -0,5 0,0

log(¢/1,)

ok
e ¢xcess — to — limiting poles

10 100
&

Fig. 2. a) Dimensionless chronoamperometry of the cBPC for different values of
the catalytic constant, k’ (indicated in the legends), b) log-log plot of the
chronoamperometric response and c) variation of the normalized current with ¢
at E = AE’ t, corresponds to the total duration of the potential pulse.
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Accordingly, the ECL intensity (number of photons emitted per sec-
ond) is expressed by the following equation:

Igc, = NpaAan @ / K co(x,t) dx 27)
0

where N, is Avogadro’s number and @ the quantum yield. From Eq.
(27), integrating the concentration profile of the electrogenerated spe-
cies in the catalytic compartment (Eq. (7)), the following expression is
obtained for the ECL intensity:

. et
feq = @ e’ + /my erf\/x NAF (28)

4. Results and discussion

The influence of the catalytic rate constant, on the chronoampero-
metric response is shown in Fig. 2a considering that the areas, redox
concentrations and diffusivities are the same for both charge transfers (i.
e., &g = 1); hence, the only source of asymmetry has to do with the
occurrence of the coupled catalytic reaction. Within the criterion here
considered (Eq. (5)), the global process R+ O'=0 + R’ is thermody-
namically more favourable as the applied potential E is more positive.
Accordingly, the current is negligible at very negative potentials
(Un(E<< AE")—»O, see Eq. (5)) and it increases as E is more positive
until reaching the limiting value independent of the catalytic kinetics
and fully controlled by the diffusion of O’ towards the cathodic
interface:

lim Iy=Iyim = w =1 (29)
E-AEY o0 2

This limit situation corresponds to the dashed-line curve in Fig. 2a
and 2b.

At intermediate potentials (Fig. 2a), a notably interesting chro-
noamperometric response is observed, which varies with the catalytic
rate constant such that an increase in the catalysis rate corresponds to a
higher current. In particular, for the value E = AE® considered in Fig. 2
the current-time response (23) simplifies to:

: £(x)
IN(E=AE") = Trelr) (30)

Accordingly, in the limit of very small y it is fulfilled that ¢(y)—1 and
Iy—1/2, while in the other limit of very large y it holds that e(y) >> 1
and Iy—1. Hence, the response at any intermediate potential and for any
chemical kinetics tend to converge to the non-catalytic limiting current.
Such transition can be better illustrated via the logarithmic analysis of
the chronoamperometric response (Fig. 2b) where a linear Cottrellian
relationship is observed at short times (i.e., for small k' t-values), fol-
lowed by a non-linear transition towards another Cottrellian regime
corresponding to the cathodic limiting current. It is also noteworthy
that, despite the first-order EC’ mechanism considered at the anodic
interface (Scheme 1), a steady-state response is not achieved, which
contrasts with the behavior observed in 1PI systems [13]. This is clearly
a consequence of the current being limited by the coupled
diffusion-controlled process at the cathode.

Taking into account the above, Fig. 2c shows a working curve for the
characterization of the chemical kinetics (or of the 2PI cell) based on the
variation of the normalized current with ¢ for E = AE?. Thus, from the
experimental chronoamperometric signal, a set of time-dependent
e-values can be derived from the working curve and, subsequently,
from Eq. (16) or (19), the catalytic rate constant (or the limiting-to-
excess pole ratio, ¢p) can be determined.

In order to get insights into the origin of the peculiar chro-
noamperometric behaviour of 2PI systems in the presence of a coupled
catalytic reaction, the evolution of the interfacial potentials and inter-
facial concentrations of the electroactive reactants are analysed in Fig. 3



J. Lopez-Asanza et al.

a)

-20 1

")

-30 1

40 4

E, ~Egr (V)
0
O/R

Eca( - Eg

-50 1

-60 1

-70 4

80 +— ; .
0.01

0.1
log(7/1,)
b)

/c'tp =10

species R

C s e
* ——— T —
c 1 ——— ———_
\\:\\ \\\\ ~-
| =~ =~
v S S~
species O’ T~ T~
0.0 :
0.01 0.1 1
log(#/1,)

Fig. 3. a) Variation of the cathodic and anodic interfacial potentials (Eqs. (20))
and b) the interfacial concentrations of the redox reactants (Eqgs.(13)) with time
for different values of the catalytic rate constant (indicated on the curves).
Other conditions as in Fig. 2.

for the same conditions considered in Fig. 2: &g = 1 and E = Eay — Ecat =
AEY

Both the interfacial potentials and concentrations show time-
independent values at short times. In such period, the incidence of the
chemical reaction is negligible and the cell behaves equivalently to a 2PI
cell where the two charge transfers follow simple E mechanism[14]. As

a)
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time proceeds, the interfacial potentials and concentrations become
time-dependent. Specifically, the two interfacial potentials shift towards
more negative values (Fig. 3a), which is related to the non-catalytic
cathodic reaction being ‘pulled’ by the anodic process that is boosted
by the catalytic reaction. Obviously, this effect is more apparent as the
k’-value is larger.

As a result of the above, the interfacial concentration of species O’
decreases with time (Fig. 3b) until reaching a null value at long enough
times and/or sufficiently fast chemical kinetics. Such situation corre-
sponds to cathodic limiting current conditions, as reflected by the cur-
rent response (Fig. 2). On the other hand, the interfacial concentration of
species R increases with time as the chemical regeneration over-
compensates its consumption in the electrode process, the rate of which
is limited by the cathodic process. Under the specific conditions
considered in Fig. 3 (E = AE?), the concentration changes are mirror-
image as can be immediately deduced from Egs. (13) and (30):

1
cy = cgrl—
+e(y) 1)
o et
RO R4 e(y)

The time-dependence of the interfacial potentials and concentrations
also have an impact on the normal pulse voltammetry response. As
shown in Fig. 4a, under the occurrence of the catalytic reaction, the
position of the voltammogram shifts with time: the longer the pulse
time, the less positive the signal position. This can be parameterized via
the half-wave potential, E; /5, given by Eq. (25). With respect to the
magnitude of the voltammogram, this is not affected by the chemical
kinetics under the conditions considered in Fig. 4a since, in all cases, the
non-catalyzed cathodic reaction is the current-limiting process (i.e., in
all cases ¢ > 1).

According to Eq. (21), regardless of the k’-value, the current-
potential curve can be linearized by plotting the applied potential

versus In (m), such that the intercept value will correspond

to AE? and the slope to RT/F, as shown in Fig. 4b. It is worth noting that
in conventional one-polarized systems the current-potential response
can also be linearized for the E and the first-order catalytic mechanisms
with reversible electron transfers, although in 1PI systems the linear

li”IN) . Such a plot of E vs In (1 ﬂ“‘IN>

would not yield a linear trend in 2PI cells except for the specific case ¢ =

relationship holds between E and ln(

b)

-04

i

In

Fig. 4. Theoretical a) current—potential (Eqn. (23)) response as a function of the dimensionless parameter y and b) the corresponding plots E vs In (m)

5
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blue lines) at different oxalate concentrations (indicated in the legend). d) Experimental and theoretical ECL signals (counts at an integration time of 0.5 s) under
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M KCl; anodic solution: 1 mM [Ru(bpy)s;]Cly, x mM NaC,04, 0.1 M KCl, phosphate buffer (pH = 7).
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1, where it would result in a slope of 2RT/F.

Fig. 5 shows the comparison between the electrochemical and the
ECL signals for a chronoamperometric experiment under most typical
working conditions of limiting current (i.e., E >> AE° ’). As mentioned
above, since the current is controlled by the cathodic pole, the current-
time signal shows a Cottrellian time-dependence and it is insensitive to
the chemical rate constant. On the other hand, the ECL-time curve does
show a marked dependence on the k’-value. Thus, as shown in Fig. 5b,
the ECL signal shows a non-monotonous behaviour so that it takes a null
value at very short times where the effects of the chemical kinetics is
obviously negligible; subsequently, the ECL signal increases with time
until reaching a maximum, beyond which there is a Cottrellian decay
due to that the ECL is proportional to the rate of electrogeneration of the
reactant of the luminescent process (i.e., species O), which is limited by
the non-catalyzed reaction. Both limits can be readily deduced from Eq.
(28) by making either y—0 (very short times) or y >> 1:

limlge, = 0 (32)
7-0

. I

limIgc;, = ® Ny— = constant x [ (33)
x>>1 F

The behaviours and results predicted by the analytical model have
been investigated experimentally with the cBPC detailed in Section 2,
with the monoelectronic electro-reduction of [Ru(NHg,)6]3Jr taking place
at the cathodic end of the bipolar element:

[Ru(NHs)¢]>" + e 2[Ru(NHs),]>" Cathodic pole (I
and the electro-oxidation of [Ru(bpy)3]2+ at the anodic pole
[Ru(bpy)s}2+ —ez [Ru(bpy)3}3+ Anodic pole (I

that, in presence of oxalate, triggers the co-reactant ECL mechanism
described by [19]:

[Ru(bpy)s]*" + €205 = [Ru(bpy),]*" + 05 (a)
C,0; —»CO;™ +CO, (b)
[Ru(bpy),]*" + €O5 —[Ru(bpy)s]*" + €O, ()

[Ru(bpy),]*" + CO3 —[Ru(bpy),] " +CO, (d)
[Ru(bpy);]”" + [Ru(bpy),] "= [Ru(bpy)s]*™ + [Ru(bpy);]* (e)

[Ru(bpy),]*" — [Ru(bpy),]*" + hv (f)
awv
In excess of oxalate in solution and neglecting the effect of steps IVd
and IVe, the rate of regeneration of [Ru(bpy),] 3 by scheme (IV) can be

tackled according to the pseudofirst-order catalytic mechanism consid-
ered in the theoretical framework (see Supporting Information),

2 [Ru(bpy)3}3+—>"/ 4 cp0r 2 [Ru(bpy)3}2+ + hy, with an apparent ho-

mogenous rate constant k' = 2k [C,05 ].

Figs. 6a and 6b show the experimental current-potential curves
(points) obtained at different pulse durations (0.5, 1 and 5 s) and
different concentrations of oxalate (0, 100 and 200 mM) together with
the best-fit theoretical curves (solid lines; Eq. (23)). As can be observed,
in all the conditions considered a very good agreement between the
experimental and theoretical results is attained. Thus, the influence of
the pseudo-first order kinetics and the duration of the potential pulse on
the current-potential curves follow the trends pointed out by the model:
The enhancement of the catalytic contribution via the increase of k’
(through the increment of the oxalate concentration) and of the pulse
duration leads to voltammetric signals situated at less positive poten-
tials, as corresponds to larger e-values (see Fig. 4). This contrasts with
the results obtained in the absence of oxalate (inset in Fig. 6a) where the
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position of the current-potential curve is independent of the duration of
the potential pulse. The analysis of the shift of the half-wave potential
with Eq. (25) yielded a value of the apparent homogeneous rate constant
of k = (154 3) x 10> M~!s!, which is not significantly different from
the value obtained from the steady state limiting current recorded in the
anodic compartment with a conventional three-electrode setup (k =
(8.940.5) x 10> M~!s™!, see Supporting Information).

The striking chronoamperometric behaviour discussed in Fig. 2 has
also been observed experimentally. As shown in Fig. 6¢, a linear rela-
tionship between log(l) and log(t) with a slope close to —0.5 is obtained
under limiting current conditions (E = 1.275 V, black line). When a less
positive potential E = 1.175 V is applied, the linearity of the log-log plot
is lost at short times (red and blue lines) and, as time proceeds, it is
gradually recovered in such a way that the experimental current ap-
proaches the limiting value. As predicted theoretically, such transition
takes place at shorter times as k’ is larger, that is, as the oxalate con-
centration is higher (compare red and blue lines).

Finally, the experimental ECL signal was also registered under
limiting current conditions (red squares in Fig. 6d). A monotonous decay
of the number of counts with time is found, with satisfactory agreement
between the experimental trend and the theoretical predictions with Eq.
(33) (see inset in Fig. 6d), pointing out that, under the conditions of the
study, the magnitude of the ECL signal is controlled by the diffusion of
[Ru(NH3)6]3" to the cathodic pole.

5. Conclusions

A novel analytical theory has been developed for the current-
potential-time response of two polarized interface systems where one
of the charge transfers follows a first-order catalytic process. Mathe-
matical expressions have been presented for the electrochemical signals,
as well as for the concentration and interfacial potentials. The analysis of
the latter shows that, as a consequence of the chemical regeneration of
the redox reactant in the catalytic cycle, the current flow that can be
delivered by the catalyzed compartment is enhanced. As a result, the
interfacial concentrations of the reactant of the non-catalyzed reaction
gradually depletes at the interface, even at potentials that initially do not
correspond to limiting current conditions. This phenomenon has striking
effects on the current-potential-time response. First, a transition towards
the limiting current is achieved, not by increasing the applied potential,
but by lengthening the duration of the perturbation. Second, the position
of the voltammetric signal is time-dependent, unlike in the absence of
catalysis, in such a way that the current-potential response develops
‘earlier’ as the time-scale of the experiment is longer. Hence, the
quantitative analysis of the time-dependence of the chronoampero-
metric signal and of the half-wave potential can be used for the esti-
mation of the catalytic rate constant.

With regard to the ECL-time response, under the most common
working conditions of chronoamperometry at potentials of maximum
current, chronoamperometry is not useful for the study of the chemical
reaction since this is insensitive to it. On the other hand, the ECL signal
shows a maximum at intermediate kinetics that appears earlier and in-
creases with the catalytic rate constant.

All the ‘peculiar’ chronoamperometric and voltammetric features
predicted by the theory have been verified experimentally, both for the
electrochemical and ECL signals, through the study of the [Ru(bpy)3]2+/
oxalate ECL system.
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