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ABSTRACT

A powerful, unified and simplifying mathematical approach for the theoretical
treatment of first-order chemical kinetics coupled to interfacial charge transfers at electrode of
arbitrary geometry and size, both uniformly accessible and non-uniformly accessible to the
electroactive species, is presented. The general CEC mechanism at spherical and disc electrodes
is considered to test the validity and benefits of such approach, based on the application of the
so-called kinetic steady state, that enables the reduction of the multivariable problem of kinetic-
diffusive differential equations to a single variable problem of a diffusion-only differential
equation. This is solved both analytically and numerically, showing how this approach leads to
general, simple and efficient solutions for the study of the influence of coupled chemical kinetics
on the voltammetric response.

The voltammetry of the CEC mechanism is analyzed as a function of the kinetics and
thermodynamics of the preceding and subsequent chemical reactions and of the electrode size
(from macroelectrodes to ultramicroelectrodes) and shape (spherical and disc). Comparison
with the responses of the CE, EC and E mechanisms is included, proposing diagnosis criteria and

procedures for quantitative analysis of experimental data.



INTRODUCTION

The electroactive species involved in charge transfer (CT) processes very usually undergo
chemical reactions in solution such as complexations, protonations, isomerizations, re-
arrangements, dimerizations, etc.X™. The CEC mechanism (Scheme (1)), found for example in the
electrochemistry of a-dicarbonyl compounds®, thiols” and catechols/quinones®®, enables us to
look into very different situations depending on whether both (CEC scheme), one (CE and EC
schemes) or none (E mechanism) of the electroactive species undergo homogeneous chemical

transformations:
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with k, and k, as the forward and backward rate constants, respectively, of the chemical

reaction preceding the CT, and k, and k, as the forward and backward rate constants of the

reaction subsequent to the CT. Thus, we can introduce the following definitions:
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where ci* is the equilibrium concentration of species i (= B, C, D, E). The CE and EC mechanisms
are particular cases where K, —0 and K, — 0, respectively, as well as the E mechanism where
both conditions (K, =0 and K, — 0) apply simultaneously.

Regarding the theoretical modelling of reaction mechanisms in interfacial
electrochemistry, the problem initially implies the resolution of as many differential equations
as chemical species involved in the reaction mechanism. In general, this makes the mathematical
resolution more difficult, demanding and time-consuming than for the simple E mechanism.

Nevertheless, by applying the kinetic steady state (kss) treatment!®?'?

, we have recently
demonstrated that, under linear diffusion conditions, the problem of the Nernstian CEC

mechanism given in Scheme (I) can be reduced from four to a single variable problem that is

formally-identical to that of the non-Nernstian E mechanism (Eire)!®. This simplifies and



accelerates significantly the resolution of the problem and the resulting general solution covers
a wide variety of electrochemical systems.

Given the value of microelectrodes (study of very fast kinetics, measurements in
resistive media, reduced capacitive currents, miniaturization and simplification of

..)Y2%14 "in this work the generalized and simplified

instrumentation, high spatial resolution,
treatment above-mentioned is extended and proven for other diffusion field geometries,
including uniformly-accessible (as (hemi)spherical) and non-uniformly accessible (as disc)
electrodes. In both cases it is demonstrated that, by applying suitable variable changes and the
kss treatment, the boundary value problem (bvp) for the CEC mechanism can be reduced to a
single diffusion-only differential equation with constant initial conditions and with a single
surface condition that accounts for the influence of the chemical kinetics. The benefits in terms
of simplicity, generality and calculation demands are discussed.

The problem corresponding to (hemi)spherical electrodes is solved analytically for single
potential pulse techniques, being applicable to any electrode size scale where diffusion-based
models are suitable (that is, to electrodes larger than 100 nm where the effects of the interfacial
electric field can be neglected under excess of supporting electrolyte?®). Illustrating the
applicability of the treatment within the digital simulation of electrochemical experiments, the
CEC response in cyclic voltammetry (CV) at (hemi)spherical and disc electrodes is simulated here
and the equivalence relationship between the current-potential (I-E) response at disc and
spherical electrodes is examined as affected by the incidence of homogeneous chemical kinetics.

The results presented here enable simple, accurate and rapid preliminary analysis of the
intricate CEC mechanism, the establishment of the optimum conditions for their quantitative
study, as well as the fast analysis of experimental data. The voltammetry of other reaction

schemes derived from the CEC mechanism is discussed together with an experimental protocol

for their elucidation and quantitative characterization through the analysis of the



electrochemical signal as a function of the experiment time-scale, the electrode size and the

medium composition.



THEORY

Mathematical resolution of the CEC mechanism

Let us consider a Nernstian interfacial CT following a CEC mechanism with first-order
chemical reactions as shown in Scheme (I) and equal diffusion coefficients for all the species
(=D). Under these conditions, in SI-1 it is demonstrated for both uniformly (such as
(hemi)spheres) and non-uniformly (such as discs) accessible electrodes that the modelling of the
CEC mechanism can be reduced to the resolution of only one differential diffusion equation

problem of variable ¢, =c, +c. (Egs. (23)-(25) of the Supporting Information). Depending on the

electrode geometry and on the complexity of the voltammetric perturbation, such problem can
be solved either analytically or numerically.
Analytical solution in spherical diffusion for single pulse techniques

In the case of uniformly-accessible electrodes, the exact solution can be obtained
analytically for single pulse techniques. For the sake of example, it has been solved for spherical

diffusion in SI-2, obtaining an explicit analytical solution for c,(r,t) (Eq. (553)) and the following

expression for the current-potential-time response, which is valid for any electrode radius from

macro- to micro-electrodes:
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where :L E—E°) with E being the constant applied potential and E® the formal potential
n ( )
RT

of the redox couple C/D. In Eq. (3), I° is the current corresponding to total electrochemical and

» Teq
chemical equilibrium conditions for a spherical electrode of surface area S:

C* _ Csur
1= Fsp{a i) (4)



sur

where ¢,

is the surface value of ¢, under total equilibrium (electrochemical and chemical)

conditions, which is independent of time and of the electrode geometry (section SI-1)2:

(1+K,)e"
1+K, +(1+K,)e"

cif‘erq =(c; +¢;)

(5)

with ¢} and ¢} being the total initial concentration of the oxidized (c; =cj +c{) and reduced
(c; =c) +c; ) species, respectively. &5 corresponds to the thickness of the linear diffusion

layer for spherical electrodes®:

T (6)

o)

x* in Eqg. (3) is a dimensionless parameter that includes the influence of the homogeneous

chemical kinetics and thermodynamics, and of the electrode sphericity:

n
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with A¥ given by (see Table S1),
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where 5?? (i=1,2)is the thickness of the linear reaction layers*:
1
Sp =" .
o T (=12) (9)
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with ¥; (1=1,2) as given by Eq. (2), and:

2 Eq. (5) can also be deduced by taking into account that the Nernstian relationship holds at the electrode
surface together with the assumption that chemical equilibrium relationships (Eq. (1)) holds for any values
of the spatial coordinates (g) and time (t), and that the total concentration remains constant (

clat)+c,at)=c +c, =c;).
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that under equilibrium conditions (%™ — ), F(x™)—1 so that I =I3 in Eq. (3). Other

particular cases of Eq. (3) can be found in Section SI-2.1: macroelectrodes (transient response),
microelectrodes (with both transient and steady state responses, sensitive to the chemical

kinetics) and ultramicroelectrodes (steady state response, insensitive to the chemical kinetics).

Numerical solution for spherical electrodes in multipulse techniques and for disc electrodes

The single-variable (c, ) problem given by Egs. (23)-(25) of the Supporting Information can

be solved very efficiently with 3-point approximations of the spatial derivatives via the simple
tridiagonal Thomas algorithm®-28, within the alternating direction implicit (ADI) method in the
case of discs'®Y. Thus, only the coefficients corresponding to the surface conditions being
affected by the homogeneous chemical kinetics. At (hemi)spherical electrodes the

dimensionless surface condition is given by:

1+K,+(1+k,)e""
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and at discs by:
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where C=c, /c; (sothat ¢ =c /c;), R=r/r,, Z=z/ry, T=Dt/r; ", A is given by
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Eqg. (8) and:
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Then, the corresponding Thomas coefficients for a two-point approximation of the surface

derivative are given by (G =sp, disc):
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where h is the first spatial interval of the grid in the R-direction at (hemi)spheres and in the Z-
direction at discs. It is worth noting that the treatment presented here enables us to perform
the simulation with a single and optimized spatial grid, a simple and efficient resolution

algorithm and reduced implementation and calculation times.



RESULTS AND DISCUSSION
The normal pulse voltammetry (NPV) curves in Figure 1 have been obtained for a spherical

electrode of radius r, =50 um from the analytical equation (3). Figures 1A and 1B show the

dimensionless current-potential responses (IS"//Sp vs (E—E")) of the the CEC mechanism

eq,lim
(black curves) as compared with the limit cases CE (Fig. 1A, blue curves) and EC (Fig. 1B, green
curves). Regarding the position of the wave, the CE and EC responses are located at negative
and positive potentials relative to a simple reversible CT (Er, mechanism, in red), respectively.
This reflects that the electron transfer (ET) is more difficult in a CE process than in an E.., one,
whereas the ET is facilitated by a subsequent chemical reaction. This behaviour is observed more
clearly in Figures 1A’ (CEC and CE mechanisms) and 1B’ (CEC and EC mechanisms), where the

shift of the half-wave potential (E,,, —E® ) is studied for the different mechanisms as a function

1/2
of the chemical equilibrium (K, i=1,2, Eq. (1)) and kinetic ( x,, Eq. (2)) constants; the (red)

plane at £, = E corresponds to the E.., mechanism. As can be seen, in the case of the CE and

1/2

E

EC mechanisms, 2=

EO" increases with K; and k, orwith K;and «,, respectively. The position

of the electrochemical signal of the CEC process shows a more complex behaviour that is
intermediate between the CE and EC limits. Thus, the CEC signal appears at more positive
potentials than an E.., process when the extent of the subsequent reaction is larger than the
preceding one and at more negative potentials in the contrary case. Obviously, the signal is

situated at the same potential as an E., process (i.e., E., =E°) when the extent of both

1/2

chemical reactions are equal. In the limit of very fast kinetics (total chemical equilibrium), the

E, ,-value of the CEC mechanism (£} ) is given by (Eq. (4)):

. RT, [1+K
Efy=E° +—In 2 (16)
Fo1+K,

that in the case K, =K, leads to E;j, =E° (see Fig. 1A").
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With respect to the magnitude of the NPV wave (that is, the limiting current, /°" ), Figures
1A and 1B show that it is only determined by Ki and 1, values so that the same /" value is
obtained for CEC and CE processes (see black and blue curves in Fig. 1A). This behaviour is

predicted by Eq. (3) that, when considering E <<E® (e" — 0), leads to an expression identical

to that of the CE mechanism?:

P 1 r r
=8y —— 1+ &— IF(X;m) (17)
/ez,nm K16r,p1 +1h \/TEDt fh+ Klsr,q

where (Eq. (7)):

xﬁfn=2\/D7tLE+ ! ] (18)

sp
o K16r,1

sp
and qu,”m

is given by Eq. (4) with ¢}, =0.

From Eqg. (17) it is immediately inferred that the limiting current is only limited by the
availability of the reactant species, determined by the geometry of the diffusion field and by the
chemical conversion of B to C species (see Scheme (1)). Thus, as shown in Figures 1A and 1B, the

limiting current increases when K; decreases and/or k, increases. Eventually, in the limits

K, =0 (EC mechanism) or k, >>1, the limiting current coincides with that of an Er

1

mechanism (green curves in Fig. 1B and curves for K;=5 and &, =10’ s in Fig. 1A), since the

chemical kinetics in this last case is so fast that the interconversion between B and C is

‘instantaneous’.

11
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Figure 1. (A), (B): NPV response of the CEC (black lines), CE (blue lines) and EC (green lines) mechanisms
at a spherical electrode with r, =50 pm (Eq. (3)). (A’), (B’): Variation of the half-wave potential (E1/z ) of

the CEC (black grids), CE (blue grid) and EC (green grid) mechanisms as a function of the kinetic and
equilibrium constants of the reactions preceding ( k,, K1) (A’) and following ( K, , K2) (B’) the ET (Eq. (3)).

In all cases, the Erev mechanism is also plotted in red as a reference. t=1s, D=10" cm’/s, T=298 K.
I =FSDc, / &7

eq,lim
Figure 2 shows the evolution of the CV response of a CEC process (solid lines) at a

macroelectrode (r, — ) for different values of the dimensionless kinetic constants, X,

RT
(=x.— (i=1,2) where V is the scan rate) of the preceding and subsequent chemical
v

reactions (considered as equal for the sake of simplicity). The responses of the CE (Fig. 2A,
dashed lines) and EC (Fig. 2B, dashed lines) schemes are also plotted in order to conclude criteria

and procedures for discrimination between the different mechanisms.

12



Regarding the forward scan, the differences in magnitude of the forward peak of the

CEC and CE mechanisms (Fig. 2A) are scarce since the peak current is not significantly affected

by the chemical reaction following the ET, being mainly determined by K; and k. On the other

hand, the position of the CEC and CE peaks differs more apparently as X, ., increases, that is,

,CV
as the rate constants increase and/or the scan rate decreases. In relation to the discrimination
between the CEC and EC schemes (Fig. 2B), the magnitude of the forward CEC peak is smaller
than in the EC peak, only becoming similar for very fast chemical kinetics (see black curves). Note
the parallelism with the corresponding effects in NPV (Fig. 1).

With regard to the reverse scan, the reverse peak in the CE mechanism (Fig. 2A) is larger
than in the CEC scheme since in the latter the signal is greatly affected by the subsequent

chemical reaction. As expected, in Figure 2B, for both the CEC and EC mechanisms, the reverse

peak is of comparable magnitude to the forward one for very small k, values (red curves). Then,

the occurrence of the subsequent chemical reaction leads to the disappearance of the reverse

peak (green curves) due to the transformation of the electroactive species into an

electroinactive form (species E, see Scheme (l)). Further increase of k, leads to the gradual re-

appearance of the reverse peak (blue curves). Eventually, it is again comparable to the forward
peak in the limit of very fast kinetics where the interconversion between the electroactive and

electroinactive forms is ‘instantaneous’. Indeed, for « ,k, >>1, the voltammetric response of

the CEC mechanism in any technique is totally equivalent to that of the CE and EC mechanisms
just shifted according to the equilibrium constants (Eq. (16), see also Fig. 1).

At slow-medium chemical kinetics, the cyclic voltammograms of the CEC and CE
mechanisms (see green curves in Fig. 2A and green solid curve in Fig. 2B) show a sigmoidal shape
in the forward scan, which is striking for a macroelectrode. This result is due to that the chemical
supply of species C balances that of mass transport under these particular kinetic conditions

such that a time-independent flux is attained. In the reverse scan, the CEC mechanism again

13



shows no peak due to the inference of the subsequent chemical reaction, whereas the CE
mechanism (green dashed curve in Fig. 2A) does show an apparent peak that points out the

transient nature of the response?Z.

(A) (B)

0.4 0.4

0.2 0.2

macro

macro
cv ¥

Ccv

0.0 0.0

0.2 0.2

macro

Figure 2. CV curves (¥,

vs E—E° ) of the CEC mechanism (solid lines) as compared to (A) the CE and

(B) EC mechanisms (dashed lines) at a macroelectrode for different values of the dimensionless chemical

kinetics, X, =K E : 0 (red lines), 2.5 (green lines), 2.5-10% (blue lines) and 2.5-10* (black lines). K1=10,
,CV FV

K2=100, v=100 mV/s, D=10" cmz/s, T=298 K. Curves have been obtained numerically as indicated in

I(r:nvacro
FSDc; /ﬂ
DRT

The influence of the electrode geometry on the CV of the CECirey (K, —> 00) mechanism

the Theory Section. \P?\fcro —

is analysed in Figure 3 where the ratio between the maximum current density at discs and

Spheres (\Pdisc /Tsp

CV,max CV,max

) is studied as dependent on the chemical kinetics and/or the electrode

size (see also Section SI-3). Unlike at macroelectrodes (wherey =\

CV,max CV,max

), the
wpdee /¥ valueis larger than 1 and it shows a minimum at intermediate «; values both
under transient (r, =20 um) and steady state (r, =1 um) conditions (see Section SI-2.1), being

more apparent and situated at larger k; values as the electrode size decreases. This behaviour

can be explained by the more efficient mass transport at microdiscs that leads to higher diffusive

14



flux but also to a smaller contribution of the preceding reaction to the current. Also note that
this result evidences that the constant equivalence relationship between the I-E steady state
response at disc and spherical microelectrodes of the same radius (ratio between the current
densities = 4/nt>*) breaks down when homogeneous chemical kinetic effects occur ?? (see curve

for ro=1 um), even for Nernstian CTs.

— f[a=1pm
1.30 0
' (steady state micro.)
1.25 -
CEC,,,, mec
1.20 A Erev mec (Ki:O)

20 um

di .15 A . .
e 1157 112 (transient micro.)

CV,max
sp
LIICV,max 1.10 A
1.05 A 1cm
1 (macroelectrodes)
1.00 1 & < L L L L L L J
095 - T T T T T T T T T

le-1 let0 1le+l 1le+2 1le+3 1letd4d 1le+5 1le+6 le+7 1l1le+t8 1e+9
-1
K,K, /S
Figure 3. Ratio between the maximum CV current of the CECirrev (K2 —»00) mechanism at disc and
spherical electrodes as function of the chemical kinetics ( k, =k, for the sake of simplicity) for different
values of the electrode radius indicated on the figure. \{lg\/max

peak-shaped CV curves and to the plateau current for sigmoidal CV curves (see Figure S2 in SI-3). Other
conditions and considerations as in Figure 2.

(G=sp, disc) refers to the peak current for

15



Experimental protocol

The identification and experimental characterization of the different possibilities within
the general CEC scheme can be achieved through the following protocol, illustrated in the
Experimental protocol graph:

Macroelectrodes

1. The comparison of the experimental limiting current chronoamperometry at

macroelectrodes (/") and the theoretical response ;aﬁ;f (Eq. (4) with ¢ =0 and

87 (r, = 00)=8]"" =«/nDt ) reveals preceding chemical kinetic complications:

|f Jmacroexp _ jmacro
lim — eq,lim 7

no chemical reaction occurs prior to the CT (E, EC or ECeq
mechanism) or it is (very) fast (CeqE, CeqEC Or CeqECeq mechanisms) (see Point 3

below).

b. If Ilmacro,exp <Imacro
* im

eq,lim ’ there are chemical kinetic effects prior to the CT (CE, CEC or

CECeq mechanisms), which can be characterized by fitting the experimental
chronoamperograms with Eq. (17) for r, =0, k, and K, being the adjustable

parameters.
2 and 2'. Subsequently, chemical complications following the CT can be elucidated from the

values of the experimental NPV half-wave potential (ET/";”O'EXP) and/or the magnitude of the

experimental CV peak current in the backward scan (/R2¢%SP ).

ICV,pea k,back

macro,ex macro,1 macro,exp  __ smacro,1 macro,1 vl
a. If E1/2 P :E1/2 and/or ICV,peak,back _ICV,peak,back (Where E1/2 and /peak,back

are the values deduced from Point 1 of the protocol with Eq. (3) and numerical
simulation, respectively), the mechanism does not include any subsequent
chemical reaction or this is (very) fast for being detected with a macroelectrode

(CE, CECeq, E, CeqECeq, CeqE Or ECeq mechanisms) (see Point 3 below).

16



macro,1

<‘ICV,peak,back , the occurrence of a

macro,ex| macro,1 macro,exp
b. If E1/2 p>E1/2 and/or ‘ICV,peak,back

subsequent chemical kinetics can be concluded (CEC, EC or Ce4EC mechanisms) and
quantified (determining the «, and K, values) by the analysis of the variation of

Eexp,macro

S with the pulse duration (t ) from the theoretical I-E response given by Eq.

(3) for r, >0 and e"—0, and/or of /gfggfl’;)gck with the scan rate (v) via

numerical simulations.
Microelectrodes
3. The study of (very) fast chemical kinetics requires the use of microelectrodes of suitable
size (r, ) that warranties that the voltammetric signal is sensitive to the chemical kinetics, that

188 .
is: ——& <10 (i=1,2) (see Section SI-2.1 and reference®). Then:

i

a.lf Ilri“nicro'e"p = ;"if& (Eq. (17)) and Eln}izcm'e"p = EJ3"®*®, the simple Erey mechanism

is confirmed.

b. If Il?:rifro'e’(p = I:]if“r:q (Eq. (17)) and Eln}izc“"e"p » ]3P the EC mechanism holds and

the corresponding kinetics (k,) can be characterized by comparison of the
experimental data (El”}‘zcm"*"p ) with the theoretical predictions (i.e., with the half-

wave potential of the I-E response given by Eq. (3)) provided that K, is known from

the previous Point 2'. Otherwise, studies with different pulse durations and/or

electrode radii are necessary for the simultaneous determination of k, and K, .

If III}I;I’CFO,GXD <Im|cro

eq,lim the existence of a preceding chemical reaction is inferred (CEC

or CE mechanisms) and the corresponding k, and K, -values can be quantified

from the experimental chronoamperogram (e ys t ) with Eq. (17). Thus, the

17



theoretical half-wave potential can be calculated (Eln}izcr°’3°, from Eq. (3)) and

compared with the experimental one (Eln/'izcm'e"p) such that:

i. If El”}‘zcrofexlﬁ’zfln;izcrolf“c, a chemical reaction following the CT can be

discarded: CE mechanism.

ii. |If EI"}‘ZCW'EXP >El"}i2”°'3c, the inference of a subsequent chemical reaction can

be concluded (CEC mechanism) and it can be characterized as discussed in

the previous Point 3b.

18



Macroelectrodes

—
>
0 E, CeqECeqr CeqFs ECeq
O :
E, EC, EC
macro,ex frmacro,exp - pmacrol
Illm Plc, E C. EC C E 1/2 1/2
Imacro jmacro,exp lmacro ,1
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<1 | CE, CEc, cEC,, EC, C.,EC
<1
macro,exp
macro,exp E] 2 1
Lim vst =K, K Vs Ky, K, >
Jmacto,exp v
@ i CV peak,back
E;r/\;cro,exp _ E:rlrflgcro,l CE, CECeq
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CV,peak,back / 'cV,peak back = O -
0 -
>
<1 CEC
macro,exp
£y ! N Ve
macro,exp Vs v K2, B9
CV peak,back

i 185 ,
Microelectrodes | -~ <10 (i=12)
i 4
E{;l;cro,exp Ve { N KZ,KZ
To
EC|| <0
=0
E1"/“2°r0 exp _ Emgc ro,exp E
Imicro,exp
L lim
Imicro
eq,lim
Ilrinr:'lcro,exp Vst —| Ky, ]{1 —> Elr'r}icro,exp Eln}grok

exp,micro
E 12

>0 ||CceC

Ky, K,

Y

Experimental protocol graph. Guidelines for the elucidation and characterization of the different particular cases included in the CEC mechanism (see also Figure S3 for an

extended protocol including the determination of the equilibrium constant of a Ceq step).
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CONCLUSIONS

The suitable analysis of the boundary value problem leads to a remarkable generalization,
simplification and acceleration of the theoretical treatment of homogeneous chemical reactions
affecting the interfacial charge transfer whatever the electrode size and shape. Thus, the
multivariable boundary value problem of the CEC mechanism at uniformly accessible (as
(hemi)spheres) and non-uniformly accessible (as discs) electrodes has been reduced to a single
variable problem. This is very beneficial for the mathematical resolution of the problem either by
analytical or numerical methods.

The use of this treatment have been illustrated by obtaining analytical (single pulse techniques
in spherical diffusion) and numerical (disc electrodes and cyclic voltammetry in spherical diffusion)
solutions for the CEC mechanism for electrodes of any size. It is found that, when chemical kinetics
coupled to the charge transfer occurs, the constant equivalence relationship between the steady
state I-E response at microdiscs and micro(hemi)spheres (ratio between the current densities at
electrodes of the same radius = 4/m) does not hold in the presence of chemical kinetic effects even
though the electron transfer is Nernstian.

The solutions presented enable a comprehensive study of the voltammetric response of the
CEC mechanism as a function of the chemical rate and equilibrium constants and the electrode size
and shape. As a result of the complete analysis carried out, clues and experimental protocols for
the identification and characterization of coupled chemical reactions to the charge transfer and for
the determination of kinetic and thermodynamic parameters from experimental data have been

provided.
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