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Abstract: Chronoamperometric curves for the oxidation of a ferrocenyl derivative via a potential step,
calculated using the Cottrell equation, showed less diffusion-controlled currents on a platinum wire
electrode. This lower deviation cannot be explained via Butler—Volmer heterogeneous kinetics, but
was ascribed to the negatively capacitive current associated with a redox reaction. The deviation in
fully oxidized electrical potential corresponds to the non-zero concentration at the electrode surface,
which cannot be predicted using the Nernst equation. This equation expresses the relationship
between the electrical potential and activity at the electrode surface rather than the concentration. The
diffusion equation determines the relationship between the current and surface concentration rather
than activity. Negative capacitance or a non-zero concentration may arise from structure formation on
the electrode owing to dipole—dipole interactions, which are similar to the generation of double-layer
capacitance, including frequency dispersion. Following this concept, we derive expressions for a
lowered diffusion-controlled current and time-dependent surface concentration. The negatively
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capacitive current shows the time dependence of , which is similar to the decay of double-layer

capacitive currents. The surface concentration decays with t~%4-dependence.

Keywords: heterogeneous kinetics; Butler—Volmer type; delay of double-layer capacitance; frequency
dispersion; chronoamperometry; ferrocenyl derivative; lowered diffusion-controlled current; time-

dependent surface concentration; negative capacitive current

1. Introduction

Double-layer capacitance (DLC) exhibits frequency dispersion, which can be char-
acterized as a deviation from an ideal level of capacitance. The dispersion belongs to a
general phenomenon caused by relaxing the dielectric response of one polarized structure
to another [1,2]. It is quantitatively represented via a constant phase element [3-7] and
the frequency power laws [8-10]. The former has been practically used to measure the
deviation from ideal, electrolytic capacitors, whereas the latter has been mathematically
explained using the time derivative of a charge, CV [10], where C is the capacitance and V is
the time-dependent voltage. Dispersion has been observed in such a wide frequency, range
from 0.01 Hz to 10 kHz [7,11], that it cannot be ascribed to the inversion of dipole orienta-
tion caused by an external electric field. A single dipole can only be oriented at 1 GHz [12].
The experimental response at much lower frequencies may be caused by complicated
interactions between a huge number of dipoles, known as cooperative phenomena [13,14].
An externally applied electric field seems to orient solvent dipoles in a uniform direction to
decrease electrostatic energy, as illustrated in Figure 1A. However, the level of interaction
energy of hydrogen bonds on electrodes is much larger than field-oriented energy [15], and
thus neighboring water dipoles are alternately oriented, as shown in Figure 1B. The parts
of dipoles oriented by the field, and thus overcoming thermal fluctuation, can participate
in DLC, as shown in Figure 1C, where the time domain is as long as 1 s.
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Figure 1. Illustrations of the orientation of solvent dipoles responding to positive voltage at an
electrode when (A) the interaction among the dipoles is neglected, (B) it is stronger than the field-
orientation energy, (C) it is balanced with the latter energy and thermally fluctuated, and (D) a redox
species is oxidized (+) with a help of a counterion (—).

A charge transfer reaction is associated with electrical neutralization via counterions,
which yields a dipole called a redox dipole (— ... + in Figure 1D). The dipole is oriented in
the direction opposite to that of the field-oriented solvent dipoles [16]. Therefore, the redox
dipole works to suppress DLC, as shown in Figure 1D. When its contribution overcomes
the DLC current, the observed capacitance has a negative value [10,17-23]. Since it takes an
unpredictably long time to establish the stable, macroscopic, two-dimensional structure of
oriented dipoles, redox reactions may have a relaxation similar to the delay of DLC.

Heterogeneous kinetics, i.e., a delay in attaining the Nernst equilibrium, is expressed
using the Tafel equation or Butler—Volmer equation, in which a reaction rate or current
exponentially varies with an applied voltage. Exponential dependence refers to the rate-
determining step, which involves a transfer of electrons through an electric field, studied
via transition state theory [24-26], without any influence of alterations of charge neutraliza-
tion, solvation, chemical complications or adsorption. These influences have been taken
into account by introducing reorganization energy to reaction-free energy curves [27,28].
However, evaluated charge transfer rate constants depend on practical conditions, such as
measurement techniques [29], curve-fitting methods [30], and sometimes research groups.
In fact, reported rate constants of ferrocene in acetonitrile have ranged by over ten thou-
sands [31]. Fast-scan voltammetry can provide heterogeneous rate constants on the order
of 0.01 cm s~! but with much ambiguity, while steady-state voltammetry at ultra-micro
electrodes yields rates constants that are too fast [32]. The inconsistency of the observed
rates has been explained in terms of solvent reorientation dynamics or solvent friction
effects [33]. For example, rates of 1,4-phenylenediamine vary linearly with the inverse
of dielectric relaxation time [34], as supported by theories [35,36]. Rates of redox species
have been associated with solvent dynamics [29,37], hydrodynamic radius [38], and viscos-
ity [39]. Since other effects such as neutralization are significantly slower than the motion
of electrons through electric fields, exponential dependence is not likely to have a true
rate, but overall rates may be controlled via a time-dependent pre-exponential factor. It
is necessary to suggest a new form of heterogeneous kinetics that includes time variables
rather than exponential dependence.

Not only DLC (Figure 1C), but also a charge transfer reaction (Figure 1D), participates
in dipole-dipole interactions. The former can be characterized via frequency dispersion,
while the latter is characterized via negative capacitance [17-23]. The two interactions on
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an electrode surface have a delay that stabilizes surface structure over the whole surface,
taking much longer than the time of orientation for one dipole. There is a resemblance
between these interactions regarding the delay associated with dipole interactions on the
electrode. Here, we describe the detailed concept of resemblance, derive equations for
chronoamperometry, devise a potential step experiment for a ferrocenyl derivative, and
analyze the experimental data.

2. Theory

The concept of delay or negative capacitance is outlined here. When an oxidation
potential is applied to an electrode in solution containing a redox species, the Nernst
equation determines the activity of the redox species on the electrode surface. If the
activity is equivalent to a concentration on the electrode, the difference between the surface
concentration and bulk concentration causes diffusion, the flux of which is observed as
current. The current values are specific to applied potentials. This logic is valid for the
assumption of the equivalence of activity to the concentration. The activity is a measure
of such an effective concentration that the energetical balance is formally satisfied via the
Nernst equation. In contrast, concentration is the number density of the redox species
without considering any energetical concept. It is concentration rather than activity that
can control diffusion equations.

If the dipole-dipole interaction in solvents, for example hydrogen bonding energy, is
larger than the standard chemical potential term (the product of the chemical potential times
the exchanged charge), the activity value calculated via the Nernst equation is different
from concentration. Figure 2 shows an illustrative example of the difference between when
a redox species Fc is partially oxidized compared to Fc* by applying an oxidation potential.
The oxidation is associated with charge neutrality via a counterion (CI™) to form a redox
dipole (indicated as two parallel arrows). Water dipoles neighboring Fc* — Cl1™ are oriented
in the direction opposite to the orientation of Fc* — CI™ (in imaginary cells (a) and (a’)) in
order to decrease the dipole—dipole interaction energy. Those next to (a) should be directed
toward the electrode in (b), which can participate in the formation of DLC. The dipolar
structure in (a’) is similar to that in (a). If Fc* in (a’) is not oxidized, the neutral form of
Fc has no effect on the orientation of the neighboring water diploes in (b’), which may
be thermally fluctuated, reaching the sum of the dipoles and the zero dipole moment in
(b’). The interaction energy in [A] is the same as that in [B] for dipole—dipole interactions,
resulting in the same chemical potential in [A] as in [B]. Consequently, the concentration on
the electrode is different from the activity controlled by the Nernst equation.

We describe the time dependence of DLC, which is not only reflected in heterogeneous
kinetics but also helpful for subtracting the DLC components from the observed compo-
nents. When voltage V is applied in a step form to DLC, the chronoamperometric current
density at t > 0.3 ms can be calculated as follows [40]:

jai = AVCgth ! 1)

where Cy is the DLC per area at t = 1 s, and A is the number close to 0.1, according to
previous results [40]. It is not in the form of exp(—tf/RsC) for a solution resistance, R
and the DLC, C, because it largely deviates from an ideal capacitance due to frequency
dispersion. Since no point of zero charge has been found on a platinum electrode in various
aqueous solutions [9,41], V is the step voltage independent of the formal potential of a
redox species. Although the decay speed (t~%?) is larger than the Cottrell’s decay value
(t799), the DLC current still survives even at 1 s. This long relaxation caused by the power
laws may be involved in the heterogeneous kinetics via dipole interactions.
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Figure 2. Arrangements of redox dipoles (black arrows) and solvent dipoles (blue). Since dipole
interactions are cancelled (a,a”) with the solvent dipoles, the dipole interaction in (A) is the same as
(B). The activity of (A) is the same as (B). Dipoles of (b,b") work as DLC.

We consider a faradaic current via a one-electron transferring Nernstian redox couple
dissolved in a solution. The mass transport of the redox species is assumed to be controlled
by time-dependent one-dimensional (x—) diffusion via the diffusion coefficient, D, common
to reduced and oxidized species. When a potential is stepped from a fully reduced domain
to a given oxidized potential E, a solution of the diffusion equation provides the relationship
between the surface concentration, ¢s, and the observed current density, j, [42] as follows:

cs=ct = F D) 2 [ofja((t — 1)1/ du @)
where c* is the bulk concentration of the redox species, and F is the Faraday constant. The

observed current density is the result of subtracting the negatively capacitive density, jx,
from Cottrell’s current density, jc:

Job(t) =jc —jN 3)

where:
jc = c*F(D/mt)"/2 (4)
JN = ﬂVCrxtl/li1 ®)

Here, p is a positive number close to zero because the behavior of i seems to be similar to
that of A in the mechanisms, and Cyx is the capacitance associated with a redox reaction.
The functional form of jy is assumed to be similar to that of DLC (Equation (1)) because
of similarity of the current source by the dipole-dipole interaction. Inserting Equation (3)
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into Equation (2) and carrying out integrations via the Beta function formula cited with
Equation (6.2.1) in [43], we have:

Co(t) = (VCox/ FDVA){T () /Tt + 1/2)} 712 (6)

where I'is the gamma function. This equation states that the surface concentration decreases
with ##~1/2 dependence. Although sufficiently oxidized electrical potential is applied to
the electrode, the concentration of the reduced species may not instantaneously reduce to
zero. The observed currents lower than the Cottrell’s current mean that the concentration
values on the electrode are detectable.

Observed currents always include the DLC current, i.e., Ic — In + I4;. Each contribu-
tion is examined here in order to find which current contributes the most to cs. Chronoam-
perometric curves were calculated using Equations (1), (4) and (5) for our experimental
values of c¥, D [21], A [40] and p, where the gamma functions were evaluated with use of
the approximate Equation (6.1.35) in [43]. They are shown in Figure 3A, and the Cottrell
plots (I vs. t=1/2) are shown in Figure 3B. The lower deviation of the current, Ic — Iy,
from the Cottrell equation is noticeable at a time shorter than 0.1 s (t~1/2 > 3 in Figure 3B)
and is a kinetic effect. The time-dependent current must include the DLC current (c). The
observed current, Ic — In + 1), is predicted to be curved (d), which is close to the Cottrell
equation without the capacitive current. When c* is less than 0.1 mM, values of Ic — Iy are
close to those of I4;. Thus, pulse voltametric currents for low redox concentrations always
suffer from capacitive currents [44—46].

4
tls 12 172

Figure 3. Chronoamperometric curves (A) and their variations with =12 (B) for (a) Ic, (b) Ic — I,
(c) Iq1, (d) Ic — In + Iq), calculated from Equations (1), (4) and (5) at ¢* =1 mM, D = 0.7x 10> cm?
s u=01,A=01,V=02V,Cyg=30uF cm ™2, Crx = 70 uF cm ™2 and the electrode area 1.77 mm?.

It is interesting to compare negative capacitance with Butler—Volmer kinetics, which is
expressed in chronoamperometry as [47]:

jBv = *FDY? A exp(A?t) erfe(At/?) 7)

where:
A =k°D"V2{exp[B(Eq. — E°)F/RT] + exp[—a(Eq. — E°)F/RT]} (8)

Here, k° is the standard rate constant for the charge transfer reaction, and « and j
are the cathodic and anodic transfer coefficients, respectively. Figure 4 shows (A) Cottrell
plots and (B) their logarithmic plots calculated using Equation (3) and Butler—Volmer
kinetics for three values of Eq. — E°. The Cottrell plots for Butler-Volmer kinetics exhibit
a nonlinear shape for Eq. — E° < 0.10 V, while those for negative capacitance fall on each
line with almost zero intercepts. These two kinds of kinetics can be distinguished from the
logarithmic plots more clearly than from the Cottrell plots at the two points: (i) the plotted
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lines for negative capacitance are shown, and (ii) the slopes of the lines are independent
of Edc-
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Figure 4. Variations of (A) Igy (bold solid curves) and Ic — Iy (dashed curves) with t~1/2 for
Egc — E° =(a) 0.15, (b) 0.05 and (c) 0.0 V, and (B) their logarithmic plots when k° = 0.005 cm s L
a=p=05.

3. Experimental Section

The potentiostat used for the cyclic voltammetry and chronoamperometry was a
Compactstat (Ivium, The Netherlands). The working electrode was a platinum wire 0.5 mm
in diameter, the 1 mm long tip of which was inserted into the solution. This structure
has the advantage of an exposed electrode area that is unaffected by floating capacitance
caused by a crevice between the electrode and its insulator during area control [48]. The
accurate length was controlled using a Z-stage with the help of an optical microscope. The
counter electrode was a platinum wire with an area 100 times larger that of the working
electrode, and the reference electrode was Ag| AgCl in saturated KCl solution. The test
solutions were deareated for 15 min before each experimental measurement.

All the chemicals were of analytical grade. Aqueous solutions of 1 mM (mM = 10~ mol dm~3)
(ferrocenylmethyl)trimethyl ammonium (FcTMA) and 0.5 M KCl were prepared in distilled
and then ion-exchanged water using an ultrapure water system, CPW-100 (Advance, Tokyo,
Japan). All the measurements were recorded at a room temperature.

4. Results and Discussion

Figure 5 shows Cottrell plots for the observed chronoamperometric curves in solutions
(a) with and (b) without FcTMA when the potential was stepped from the reduced domain
(0.26 V) to the limiting domain (E4. = 0.489 V). The linear sweep voltammogram is shown
in the inset to specify the potential domain. The difference in the currents of the sweep
voltammogram and the chronoamperogram is caused by the large difference in the time
scale. The solution resistance was evaluated using Nyquist plots via AC impedance and
was found to be 100 ). If 4 mV of IR-drop is added to the applied voltage, the effectively
maximum current, 40 pA, corresponds to the chronoamperometric time 0.006 s according
to the Cottrell equation for D = 0.7 x 107> cm? s~ 1. On the other hand, the longest and
most efficient time deviation from the Cottrell equation is the incidence time for cylindrical
diffusion. The current at a cylindrical electrode of radius a is approximately expressed as
a(nDF)~1/2 + 0.422 [49]. If 3% errors are allowed to be involved in the current, the longest
time, t1, satisfying a(mtD#;)~1/% > 0.422 x 0.03 is t1. < 0.2 s. Consequently, the time domain
for the analysis is 0.006 s <t < 0.2 s.
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Figure 5. Cottrell plots of the observed chronoamperograms in the solution of 0.5 M KCl (a) with and
(b) without 1 mM FcTMA for the potential stepped from 0.26 V to 0.489 V and for (d) the calculated
potential of D = 0.7 x 102 cm? s~ L. Plots for the subtracted current against t~1/2 are shown in (©).
The inset shows the current-voltage curve in the solution of 1 mM FcTMA and 0.5 M KCl at a scan
rate of 0.015 Vs~!. The arrow means that plots (b) follow the right ordinate.

The observed chronoamperometric current in the Cottrell plots exhibited a linear
relationship with passing through the origin (a). Since the DLC current (b) was as much
as 1/10 of the observed current (a), it was subtracted from the observed current and is
shown (c) in Figure 5. The subtracted current shows a still linearity with t~1/2. The Cottrell
plot theoretically calculated for ¢* =1 mM and D = 0.7 x 107> cm s~ ! is shown in Figure 5
(d). The DLC-included current (a) is ironically close to the Cottrell current (d), indicating
that the contribution of kinetics should be numerically similar to the DLC current. The
difference between (d) and (c) seems to lie in the contribution of the negative capacitance.
This resembles the deviation of the plots of the peak current against the square root of
potential scan rates in cyclic voltammetry [21].

Equation (5) predicts that the negatively capacitive current, which can be evaluated
from Iy = Ic + Iy — Iop, has t*~1 dependence. In order to examine the power law in Iy,
we logarithmically plotted Iy against ¢ for two values of E, as shown in Figure 6. All the
points at each E fell on each line, of which slopes were common and determined to be
u = 0.1. Values of VC,x were obtained from the intercept, as shown in Figure 6, and
were plotted against E, as shown in Figure 7. They fell on a line, the slope of which
represents Cry, according to Equation (5). The value was Cyx = 67 uF cm 2, which is close
to 64 uF cm 2 [18] and was obtained via AC impedance and 60 pF cm 2 [21] using fast
cyclic voltammetry.

We numerically evaluated cs using Equation (6) for the determined values of # and Crx
at ¢* = 1 mM. Figure 8 shows the calculated time variation in cs and a dotted line averaged
over t < 0.2. The value of ¢s might be almost zero without any interaction. The average
concentration is 0.1 mM, suggesting that it is ineffective in oxidation. Although the potential
is in the limiting current domain, the concentration of the reduced species on the electrode is
not zero, as illustrated in Figure 1D. Oxidation energy is consumed by decreasing the dipole—
dipole interaction on the electrode until the interaction becomes stable. This interaction
is also a source of negative capacitance, and hence the non-zero surface concentration is
equivalent to negative capacitance. The times at which the concentration at the surface
becomes 5% and 2% of the bulk concentration are 0.5 s and 5 s, respectively. This slow
relaxation is close to the frequency dispersion of the DLC.
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Figure 6. Logarithmic plots of the negatively capacitive current against time for the current-time
curves observed at the stepped potential from 0.26 V to Eg4. = (a) 0.440 and (b) 0.489 V.

0.2—

0.4 0.5
E/V vs. Ag | AgCI

Figure 7. Variations in VC;x with E, obtained from the intercept of the plots shown in Figure 6.

0 0.1 0.2
t/s

Figure 8. Time variation of the concentration on the electrode surface, calculated using Equation (6)
for 4 =0.1, Crx = 67 uF em % and D=0.7 x 1075 em? s~ ! at Eq. =0.489 V vs. Agl AgCl. The dashed
line is the average concentration for 0 <t < 0.2 s.
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Since the linearity of the experimental data presented in Figure 6 is inconsistent with
the convex variation of the Butler—Volmer kinetics shown in Figure 4, it is clear that the
Butler-Volmer kinetics fails to elucidate our experimental time dependence. It is interesting
to determine which kinds of values of k° can be obtained if Butler—Volmer kinetics is
applied to the present chronoamperograms in the light of time dependence, especially
when the approximate equation for the error function of Equation (7.1.13) in [43] is applied
to Equation (7):

exp(x?) erfe(x) = (2//m)/ {x + (¢ + 4/m)/?)

The current-time curve can be expressed via a simple calculation as follows:
(y —1)% =1 +4/ntA%t )

where:
y =2c*F(D/7t)"/? /jy (10)

We evaluated y using experimental data, and plotted (y — 1)? against 1/¢, as shown in
Figure 9, at E = 0.393 V. Some data ranging from 105! < ¢! <60 s~! fell on a line, of which
the intercept was forced to pass through 1, according to Equation (10). The slope provided
Aand k° =3 x 10~* ecm s~! via Equation (8) for « = g = 0.5. However, the plot in Figure 9
does not justify a linear variation in that the slopes decrease over longer periods of time.
Values of k° thus decreased with an increase in E and became negative for E < 0.42 V. Since
they were not uniquely determined, they are physiochemically insignificant.

OB A0 150

t7s”

Figure 9. Plots of y of Equation (9) against 1/t to determine A at E = 0.393 V when BV kinetics is applied.

5. Conclusions

A new form of heterogeneous kinetics is presented here, which is revealed by the level
of depression in the current caused by the Cottrell current. This amount, being proportional
to the power of the time, corresponds to the negative capacitive current brought about
by the redox reaction in the physical experiment. The kinetic parameters are the power
number and negative capacitance, which has almost the same form as DLC caused by
solvent dipole-dipole interaction. This similarity indicates that kinetics should be ascribed
to the dipole—dipole interactions activated by the generation of the redox dipole, whereas
DLC is activated by the applied electric field. Since dipole interactions on the electrode
widely vary and thermally fluctuate, it takes a macroscopic time rather than a microscopic
inversion time of one dipole to establish a stable structure both for the kinetics and DLC.
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Diffusion current is controlled via the surface concentration, which can be determined
by electrode potential on the assumption that the concentration is equivalent to the activity.
If electrostatic energy at the electrode is mostly consumed due to the structure formation of
solvent dipoles via their orientation, the surface concentration is not sufficiently affected
by the electrical potential, and thus the diffusion current does not decrease. The deviation
of the concentration from the activity in the Nernst equation is caused by the interaction
between the redox dipoles and solvent dipoles, whereas negative capacitance is brought
about by redox dipoles sustained by solvent dipoles. This similarity indicates that the
model of the negative capacitance may be equivalent to the deviation in concentration from
the activity.

The slow relaxation of the solvent interaction triggered by the redox reaction also
occurs when an electric field is applied to the electrode. Then, the redox reaction demon-
strates a slow relaxation similar to that of DLC. Therefore, both the redox reaction and DLC
have a similar power law of the time.

Butler—Volmer kinetics failed to determine the heterogeneous rate constants and was
invalid, even in the linearity of time-dependent plots. The determined rate constant was
much smaller than values predicted via cyclic voltammetry.
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