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1 | INTRODUCTION

Cyclic voltammograms, CVs, are usually complicated func-
tions of the scan-rate; they often exhibit large hysteresis.
Comparison of two CVs measured with different scan-
rates is far from being trivial. The comparison is even
more complicated if the scan-rate varies in time or when
two voltammograms are measured with different, arbitrary
waveforms of potential program - this form of voltamme-
try will be denoted hereafter as arbitrary waveform voltam-
metry, AWV.

In rare, simple cases, however, there exist mathematical
transformations by which AWVs taken with different
potential programs (e.g., CVs with different scan-rates)
can be transformed to the one-and-the-same potential-
program invariant (PPI) function - which function is

A theory is presented by which voltammograms, and dynamic electrochemi-
cal impedance spectroscopy (dEIS) measurements of redox processes of surface-
confined species can be analyzed. By the proposed procedure, from a set
of voltammograms taken at varied scan-rates, two scan-rate independent,
hysteresis-free functions of potential can be calculated. One of them character-
izes the redox kinetics, the other is the electrode charge associated with the redox
equilibrium. The theory also comprises the analysis of the impedance spectra of
the same system, which have been measured during dynamic conditions, i.e.,
during potental scans. Because of the formal analogy, the procedure is applica-
ble also for voltammetry and dEIS of adsorption processes.

charge transfer, data analysis, electrode, kinetics

independent of the actual form of the potential-time
function. For example, the CVs of reversible redox
couples — whose both forms are soluble — can be trans-
formed to hysteresis-free sigmoid-shaped curves using
semiintegration.[l] In contrast, the AWVs of redox systems
of slower kinetics - of the so-called quasi-reversible
systems — cannot be transformed to a single PPI function.
However, as it has recently been demonstrated in ref. [2],
by measuring a set of quasi-reversible AWVs with varied
scan-rates, two PPI functions can be obtained by a simple
numerical procedure. One of them characterizes charge
transfer kinetics, the other diffusion.

The same electrochemical system can be studied also
by analyzing the electrochemical impedance spectra (EIS)
yielding two elements of the Faradaic impedance: charge
transfer resistance and the coupled Warburg-coefficient at
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FIGURE 1
scan-rates. (c) Voltammograms with arbitrary E(t), performed with any electric (potentiostatic, galvanostatic, or mixed) control. (d)
Voltammetry when E;;, is in the peak-potential range (case analyzed in the Appendix)

a given potential. The same applies also to dEIS (dynamic
EIS) measurements, when high-frequency impedance
spectra are measured while the potential is scanned to
simultaneously accomplish CV or AWV measurements. In
case of dEIS, both the charge transfer resistance and the
Warburg coefficient depend on the applied potential pro-
gram, e.g., on scan-rate. To eliminate the potential program
dependence, a procedure has been presented [3] yielding
two PPI functions. These are closely related to the EIS
results, and also to the PPI functions which are the trans-
formed forms of the AWVs.

Here, we present the analysis of another important elec-
trochemical situation: when the rate of the electrode pro-
cess is limited by the finite quantity of the reactants. We
have recently derived the transformations yielding PPI
functions for the case of adsorption-desorption of charged
species on an electrode surface with a finite density of
adsorption sites [4]. As it already has been alluded therein,
the AWVs and dEIS of redox reactions of surface-confined
species can be treated analogously. This is the subject of
the present paper.

2 | THEORY

2.1 | Voltammetry

Consider a metal-electrolyte interface where both forms,
Red and Ox, of some redox species, A, are bound to the
electrode surface. They can be transformed to each other
in the n-electron transfer reaction Red:™ = 0x§Z+”)+ +
ne~; this is called as a redox reaction of surface-confined
species. Let the interfacial density of the oxidized and
reduced forms be denoted by T, and I',.q (in mol/cm?
unit) whereas their sum, the total interfacial density of the
two formsisT'y. The 8 = T, /T ratio will be named as the
coverage of the oxidized state; the standard potential of the
redox system - at which, in equilibrium, 'y = [oq — Will
be denoted as E,,.

E(t) of typical experiments for which the theory applies. (a) Single scan experiments with varied scan-rates. (b) CVs of varied

We perform a voltammetry experiment, that is, we mea-
sure the current density, j as a function of potential, E,
which varies in time, t. For the sake of simplicity, we will
use the term AWV for this experiment, since it can be
performed not only with regular triangular but with any
arbitrary waveforms, of time-varying scan rate v = dE/dt.
The potential changes according to a program crossing the
E = ¢level more than once during the experiment; its pos-
sible ways - repetitive one-way or cyclic scans with varied
scan rates, or one continuous back-and-forth cycle-series
with varied scan-rates and vertex potentials - are illustrated
in Figure 1. Prior to the potential program (or scans as in
case a), the electrode is assumed to be in a steady state at
potential E;,;,, where the electrode charge is gj,j;- In this
Section, we consider the simple case when Ej,; is suffi-
ciently negative to be out of the redox peak potential range.
The general case of starting the experiment at any value of
Eini¢ is analysed in an Appendix.

In what follows, we analyze the rate equations by adher-
ing to the usual theorization of electrochemical kinetics [5]
but ignore the complication factors of IR drop and double-
layer charging. However, these complicating issues will be
shortly considered in the Discussion.

As double layer charging is out of our present scope,
the current density j is always the time derivative of
the electrode charge density g, i.e. the charge density of
redox species bound to the electrode surface. At any time
instance ¢,

Jj()=dq () /dt = aq/al—‘red : drred/dt
+0q /0Ty - dlox/dt = nF -dlo/dt (1)
where F is the Faraday constant. By integrating Equation 1

with respect to time, we get

t

() = / j@dt= 0F To. () g 2

0
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The net rate of redox process, assuming the simplest first- j(t) C nFI;

order kinetics, is written as

dlo (t) /dt = kox (E) - Treq (1) — Kpeq (E) - Tox (£) (3)

where k,, and k.4 are the rate coefficients of oxidation and

reduction, respectively. Note that only the rate coefficients

depend on E, in a yet unspecified way; the time depen-

dence of j stems from that of the I' surface concentrations.
With the introduction of the

H (E) = kox (E) + kyeq (E) 4)
variable, by combining Equations (1) to (3) we get
J () =nF-Ty ko (E)—H(E) - qinit —H (E) - q (1) (5)

Eq. (5) applies for any j(t) vs g(t) plot. As mentioned
above, in what follows, the potential program is assumed to
start at time ¢ = O from a sufficiently negative value of Ej,;;
where the surface confined redox species is fully reduced;
i.e. at Ejpit < Eg, ginit = 0. If we have a number of j(t) vs
E(t) plots, for all data points - measured at time instance 7
with E = ¢, the

J @ =nF Ty ko (e)—H(e) q(7) (6)

equation holds. That is, if we measure a voltammogram
which crosses some potential € at least two times, then all
the j vs g points of the same ¢ potential appear on one
and the same j = const; — const, - g line. This is shown
in Figure 2, as a dashed line. With increasingly positive
scan-rate, the points move toward the ordinate; the phys-
ical meaning of the ordinate intersect, const; is the oxida-
tion rate — expressed as current density — as if the complete
surface were completely reduced, I',, = 0. Technically, we
get these points when q is little: if, for a given k,y, only a
short time has passed since time zero. It is the case when
the experiment is carried out as fast ("infinitely” fast) as to
keep g close to zero. This is why it will be denoted as jj,y-
Thus,

Jinf (E) =nF Ty - kox (5) (7)

Equation (6) now reads as

J (@) = jint (€) —H (¢) - q(7) (8)

The physical meaning of the abscissa intercept is the sur-
face charge acquired by oxidation in a long time. As j = 0,
the anodic and cathodic currents are equal, the system is
kinetically reversible. Technically, we get these points on
—-or, in the close vicinity of - the abscissa, when k,y is very

Ji o slope: H = -(koxtkred)

n
V= + 0

4.~ ! /(koxtkred)

\\ N

—
~
N q(t)
N\
N
V— = N

FIGURE 2
quantities of Equations (7-9). The solid lines a, b, and c are

The dashed line and annotations illustrate the

characteristic to potentials negative to the redox peak, under the
peak, and at positive potentials, respectively

high and/or the experiment is carried out very slowly, a
steady state is attained. Hence the abscissa intersect will be
denoted as qy.y; therefore Equation (8) can be rearranged
to yield the following form:

q (1) = Grey (8) = j (r) /H(e) (9)

From Equations (8) and (9) two simple equations
emerge:

H (E) = Jinf (5) /qrev (E) (10)

and

Jj () /jinf &)+ q () /qrev (e=1 @an

Equations (8) and (9) are the key equations using which
we can get jinr and gy, as a function of potential. As they
depend on potential only, they do not depend on the scan-
rate, moreover the actual shape of the potential program,
by which the js have been measured. In the same vein,
since they are single-valued functions, the j vs q curves do
not exhibit any hystereses.

Equations (8) to (11) connect j and g values at one and
the same ¢ potentials. As ¢ may have any value, in what
follows, the parameters of these equations will be functions
of E. According to the above equations, for infinitely slow,
kinetically irreversible reactions all points of the j(t) vs g(¢)
plot, lie on the j axis, in the complete potential range. For
kinetically reversible processes all points are on the g axis.
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The quasi-reversible reactions are the ones for which tilted
lines appear on that plot.

The H(E) = kox(E) + kred(E) = jinf(E)/qrev(E) equa-
tion is of central importance in coupling aspects of kinetics
and thermodynamics. This is valid for any form of potential
dependence defined for the k., and k.4 rate coefficients.
However, assuming exponential potential dependences
of the rate coefficients is usual in the electrochemical
kinetics theories in general, and in the case of surface
confined reactions in particular[6,71). That is, the rate coef-
ficients are of the form of ko, (E) = kY, - exp(ctox FE/RT)
and  kyq (E) =k, -exp(—a,qFE/RT) where the
symbols have their usual meaning. With these expo-
nential dependences Equation (7) gets the following
form:

Jint (E) = nF-Tx kg, - exp(aoxFE/RT)  (12)
and as grey (E) = jint (E)/H(E) (cf. Equation (10)),

nF-Ty - kS exp (ay,FE/RT)
kO, exp (cto FE/RT) + k° . exp (—at,.oFE /RT)

red

Qrev (E ) =

nF'FA

- 0 30 (13)
1+ kred/kOX exp (_ (aox + ared) FE/RT)

By defining Eg = RT/[(ctox + area)F] - In(k?  / k3;) asa

€
standard potential, and assuming o,y + ot;eq = 1, We get

nF - FA
1+ exp(—nF(E — E,)/RT)

Qrev (E) =

= (nF-T4/2) - [1 + tanh (nF(E — E;)/RT)]

(14)
or in another, Nernst-equation-like format
E
E =E, + RT 1 Grev (E) (15)
nk nk - 1—‘A — Qrev (E)

Equations (14) and (15) are the algebraic forms of the
well-known sigmoid curves frequently showing up in elec-
trode kinetics in various contexts (e.g., as the functional
form of the polarographic waves).

2.2 | Dynamic electrochemical
impedance spectroscopy

Consider the same system and measurement as in the pre-
vious section, but the potential program comprises also
a high frequency, low amplitude sinusoidal perturbation
of angular frequency w upon the top of a slow poten-

tial scan. In other words, the potential program is a sum
of a quasi-dc and of an ac term; the ac perturbation is
used for the measurement of impedance. We assume that
the temporal change rates of the dc and ac voltages dif-
fer much, hence the steady state — the basic condition
of measuring impedance spectra - at least approximately
applies. In what follows, we calculate the impedance
function of this system. The perturbed quantities, x,(¢),
(any of j, E, and q) are of the form x, (t) = x(¢) +
Xacexp(iwt) where i is the imaginary unit, and the overlin-
ing refers to a complex amplitude. For brevity, this form
will be abbreviated as x, ()= x(¢f) + &x. Since the
potential perturbation amplitude is assumed to be low,
we may apply the usual assumption that no superhar-
monics are generated. Accordingly, the y,(E) quantities
with a perturbation (the k(FE) rate coefficients, and H(E))
can be expanded to a series and the higher order terms
can be dropped, yielding formulae y, (E,(t)) = -y(E) +
dy/dE - E,. - exp(iowt) = y + 8y . This way Equation (6) is
written as

](t) + 5] =nF-Ty - (kox + 5kox)
— (H+6H)-(q(t)+4q) (16)

The dc terms cancel each other (cf. Equation (6)), for the
remaining ac terms of w frequency we get

8j = nF-Tp -8k, —q(t)-SH—H-8q  (17)

with ko = dKoy /dE - Ey - exp(it), and §H = dH /dE -
E,. - exp(iwt), we obtain

Jac = nF T - dkoy /dE - Bye
—H Qo —q(t)- dH/dE - By, (18)
Taking into account the integral relation of g and j, i.e.

Toe = Jac /(iw); introducing ji,r as defined by Equation (7),
we get

z@=Ffi = (1455) /(2 - Sa0)
19)
Equation (19) expresses the impedance of a charge trans-
fer resistance, R, and an associated pseudocapacitance,
C connected serially. These elements are as follows:

1 _ djins dH
R~ dE E10 (20)
1 djins dH
Cy(E) = J7i < PE EQU)) (21)
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Two points are noteworthy: First, the product of Equa-
tions (20) and (21) reveals that R, and C are coupled,
through the coupling constant 1/H(E):

Cu (E) - Ry (E) = 1/H (E) (22)

Second, for 1/R.; and C; both, a const; — const, X q type
equation applies where the constants are related also to
the constants of the dc relations. Equations (20) and (21)
are equations by which the information on kinetics can be
extracted from the Faradaic impedance data.

To extract the surface charge, i.e., the thermodynamic
data, Equations (20) and (21) are to be changed to show the
impedance elements vs j(t) connection. To this, we substi-
tute q(t) by j(t) using Equation (9), and ji,¢ by ey using
Equation (10). Equations (20) and (21) can be re-written to
yield R vs j and C; vs j equations as follows:

1 _ djir _ dH ) = djine  dH _J®
Ry(E)  dE _ dE! dE dE \Iv T H
_ dqrev 1 dH .
1 d 1 dH .
Co (B) = = S TR

H-R,(E) dE ' H? dE

It is worth to define R jns = 1/(djins/dE) and Cgyrey =
dqyey/dE with these denotions Equations (20) and (24)
read as

1 1 dH
Rct (E) B Rct,inf B d_Eq(t) (25)
and
d(1/H
Ce(EB) = Cct,rev - %](t) (26)

Equations (20) to (24) are the key equations using which
we can get 1/R.ins and C ey as a function of potential.
Three points are to be emphasized here:

a. Just as ji,r and g,y in the case of voltammetry, 1/R in¢
and C¢ ey are PPI invariant functions.

b. Just as in voltammetry, the H (E) = 1/(Cy(E) - R4(E))
quantity is the coupling quantity of kinetics and ther-
modynamics. However, in this case, H(E) connects the
directly measured impedance parameters rather than
the extrapolated currents and charges.

c. Note that in the usual, steady-state EIS measurements
- as no steady-state Faraday-current flows in such a
system, j(t) = 0, hence then, C(E) is the potential

derivative of g, (cf. Equation (24)). Just as in dEIS,
information on kinetics can be obtained using Equation
(22), directly from R((E) and C(E).

2.3 | Common features of the PPI
functions

Summarizing the findings of Sections 2.1 and 2.2, we
present a table with the connections of the relevant quan-
tities. In Table 1, the linear dependences connecting the
four important measured quantities (j, g, R, C¢) With the
four PPI quantities (jing, qoys djint/dE, dgey/dE) are sum-
marized.

These equations have been derived with the assump-
tion that gj,;; = 0. As it is demonstrated in the Appendix,
if ginjt > O; the linear equations of Table 1 still hold with
unchanged slopes but with changed intercepts. The con-
sequences are discussed therein with the practical conclu-
sion that both for the understanding and for performing
data analysis the above theory is just sufficient.

3 | DISCUSSION
3.1 | Numerical illustration of the
transformation yielding the PPI form

Although the derivation presented in the Theory section is
simple and straightforward, it is instructive to show how
to perform the calculation by which from AWVs can be
transformed to PPI form. First, based on Equations (1)
to (3), four CVs have been simulated with different scan
rates. Just as described in the context of Equations (12)-
(15) for the rate coefficients exponential dependences on
potential were assumed. The simulation parameters were
as follows: agy = 0.3, Apeg = 0.7, n = 1, kO, = k?ed =
157!, Ty = 2 x10° mol/cm?. These CVs, for visibil-
ity reasons normalized by the scan-rate, are displayed in
Figure 3a; they are rather similar to the ones in the lit-
erature (cf. Figure 4 of [6] and Figure 2 of [7], the slight
differences are due to the asymmetry of the a transfer
coefficients).

The steps of the procedure of getting the PPI forms are
as follows: First, the integrated forms are calculated (see
Figure 3b). As it is shown in Figure 3c for a couple of
potentials, the j — g dependence is linear. According to
Eq. (8), straight lines were fitted to each set of j — g points
by a linear least squares program. Finally, from the fit-
ted slopes and intercepts j;,r and g,., values were calcu-
lated for each potential; these are shown in Figure 3d. Both
curves are hysteresis-free; the 1g(ji,s) vs E is a straight

European Chemical
Societies Publishing
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TABLE 1 The linear dependencies. Note the reciprocal symmetries of the slopes

Equation No. Dependence Intercept Slope
®) J(@) vs g(t) Jinf -H
I _ @
(20) 1/R; vs q(t) = B =
1 dji -1 dH
(21 Covs q(1) = e 22
©)) q(t) vs j(t) Qrev —-1/H
. Aoy 1 d(1/H)
(24,26) Cer VS (1) L [= Cope] T
i oy 1 1 dum
(23,25) /Ry vs j(t) H- =" H ' 1H I
a_ b 250 10 Vs C 140 015V o d 100 250
p= 10 Vis 200d 1vis 4 001V o POV E | 555
S P02 ] -
s S 150401 Vis 01vis | F o RGPl T 1 8 e
< S 10 mV/ S oV °O——o s E s
E Q1004 mvis Wi g £ 14 100 S
= & 50+ e £ 01 50 of
= od ~——1o0vis o 17~ Lo
, \-0.15v o-\O1 v 0'01!;
! -50 LIS WELINN N SO N R ! ! 1 T T T T 50
06 04 -02 00 02 04 06 0 50 100 150 200 04 02 00 02 04 06
E-E, V] q [uClem?] E-E,[V]
FIGURE 3 Simulated CVs of surface confined redox systems, and the procedure of calculation of the PPI representation. (a) The

calculated scan-rate normalized CVs at scan-rates as indicated; (b) The integrated CVs; (c) The linear connection of j and g at potentials as

indicated; (d) ji,s and g, as a function of potential

line, the g,y vs E is a sigmoid shape (tanh) function, as
predicted by Equations (12) and (14), respectively. The
characteristic values of the curves: ji,, qrey and the
dlog(jinf)/dE slope at E = 0 are exactly the same
as the ones which can be calculated from the input
data.

In general, Equations (8) and (9) hold without any con-
straint to the specific form of potential dependence of
the rate coefficients. Accordingly, other than exponential
kox(E) and k,.q(E) functions also lead to the two PPI func-
tions, as it is demonstrated in Figure 4. For simulating
the CVs of Figure 4a, we assumed rate coefficients with
power-law potential dependences (though such a depen-
dence is highly unusual and irrealistic in electrochemi-
cal kinetics). This way the rate coefficients are k., (E) =
const; - (E — E1)4 and kyeq (E) = const; - (E — El)_4 with
E; = —0.4[V]. Asitis seen in Figure 4b, both j;,s(E) and
grev(E) are hysteresis-free. The Ig(jins) vs 1g(E — E;) plot is
a straight line with a slope of 4, in accord with ji,;(E) «
kox(B) o (B = E)".

3.2 | General comments

Apparently Equations (8) to (11) are trivial combinations
of three well-known, basic equations of physical chem-
istry. The novelty of the theory of this paper is that we

do not attempt to calculate the j(E) function of a single
CV as it was done by in the previous studies employing
exponential potential dependences for the rate coefficients
[6,7]. Instead, we set aside the potential dependence of the
rate coefficients and evaluate a set of AWVs with differ-
ent scan-rates together at the same potential. This is how
we can extrapolate to standard surface conditions of kinet-
ics and redox equilibrium at a certain potential. Another
novelty is the calculation of the PPI forms of both of the
large and small-signal response functions (AWV and dEIS,
respectively) and demonstrating their functional connec-
tions. Hence this derivation - just as the results - are anal-
ogous to those of the quasireversible diffusion-controlled
redox reaction case of refs. [2] and [3].

There is another analogy: the theory of the present paper
with little terminology changes applies also for adsorption
processes. A preliminary version of such a theory is the one
in Ref. [4] - which lead to equations similar to those of the
present Equations (8) to (10); however, it contained nei-
ther the impedance analysis part, nor the derivation of the
present Appendix. The present theory, mutatis mutandis,
can be simply used for the analysis of adsorption-related
AWYV and dEIS measurement results. The most impor-
tant conceptual changes to be done are the replacement
of koy (E) to ¢ - k,q(E), keq(E) to kq(E) and n to y (where
c is the adsorbate concentration and y is the formal partial
charge number [8]).
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FIGURE 4 (A)CVsgenerated with a power-law function of the potential and (B) their PPI form
TABLE 2 The relation of the four important equations connecting the four important measured quantities (j, g, R, C.;) with the four
PPI quantities (ji,f, Grevs Ajins /dE, dgrey/dE)
Kinetics Coupling Thermodynamics
AWV J =jinf _H'q H =jinf/qrev qd = Grev _(1/H)]
Eq. (8) Eq. (10) Eq. (9)
1 _ Y _ 8 _ . _ dae _ dy/m)
dEIS T X H = 1/(Ry-Cq) Co = i = Y
Eq. (20) Eq. (22) Eq. (24)

There exist two usual complicating effect when we ana-
lyze voltametric curves: the IR drop, due to the non-zero
solution resistance and the double layer charging. Both
effects are - in principle - easy to be corrected following
the ideas described in the context of diffusion-controlled
charge transfer reactions [9]: if we measure high-frequency
EIS and determine solution resistance R (at any potential)
and double layer capacitance (as a function of potential).
Since all potentials of this text are of interfacial nature,
the IR drop must be subtracted from the applied poten-
tial; i.e. we have to plot j vs g points (and also the other
point pairs of plots included in Table 1) corresponding to
the same E—jR; potential, and analyze these plots to extract
Jiim and gey- The charging current error can be corrected
if the double layer capacitance, Cy,, is also known from the
high-frequency impedance measurements. As the charg-
ing current appears in the rhs of Eq. (1) as a CydE/dt
term, one has to plot j — CqdE/dt vs q instead of Equa-
tion (8), Actually, this is the point where the big advantage
of dEIS is apparent over the traditional, simple AWV and
EIS measurements: dEIS provides not only the information
on kinetics (cf. Eq. 22) but simultaneously also the correc-
tion factors, Rg and Cyg;.

The rate constant determination of the present paper
is evidently much more correct than that of the widely
used method, based on CV peak separation [10] (see also
Ch. 14.3.3 of [1]). The superiority can be traced back to
that complete CVs and/or multiple impedance spectra are

evaluated together, rather than single (albeit characteris-
tic) data points only.

The relations of the PPI functions of the present sub-
ject: jinfs Qrev and their d/dE derivatives are summarized
in Table 2. Three points are worth to be noted:

1. Information on kinetics and thermodynamics can be
obtained from extrapolations to zero charge or to zero
current, respectively, that is, to zero and to infinite time.
Both the intercepts and the slopes of the linear equa-
tions of the dEIS are the potential derivatives of those of
the AWV. This is how the large-signal and small-signal
response functions (AWV and dEIS, respectively, of the
given systems) are related to each other through their
PPI forms.

2. The coupling constant H can be obtained from PPI
functions calculated from AWV data; in contrast, from
dEIS data one can calculate directly. This is why dEIS
measurement is technically superior to AWV when the
determination of rate coefficients is the goal.

3. The set of equations in Table 2 is analogous to that of
the quasireversible diffusion-controlled redox reaction
(see Table 2 of Ref. [3]). The differences are as follows:
q (as q(t) and q,.y) is to be replaced by M, the semi-
integral of current density; H is a different combina-
tion of rate coefficients with diffusion coefficients and
C. is to be replaced by oy, the Warburg admittance
coefficient.
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4 | CONCLUSIONS

The AWVs just as the Faraday-impedances obtained from
dEIS of surface-confined redox species are complicated,
scan-rate dependent curves with a hysteresis. By using
the equations derived in this paper, one can transform
these AWVs and the dEIS results to yield two independent
potential functions of PPI forms for both methods. One
of them is the charge transfer rate (or its potential
derivate) as if the redox state of the surface were constant,
whereas the other is the surface charge (or its potential
derivate) as if there were steady-state at the given poten-
tial. This way it is possible to extrapolate to the purely
kinetics-controlled and to the purely equilibrium-based
situations.

The theory leading to the equations of Table 1 opens a
new route for the data analyses related to the charge trans-
fer rates of surface-confined redox reactions. Two practical
advice are due here: (i) Use dEIS, and determine kinetics
from the R, - C; products using also the correction factors,
Rg and Cyy; (ii) Start the measurement from a potential well
outside of the redox peak. Due to the algebraic analogies,
the theory can be used also for evaluation of adsorption
AWYV and dEIS measurement results.

Two features of the theory bear special aesthetic value:

1. As jint(E) and gy (E) are the PPI forms of the large-
signal response curves (“global” response functions)
of the system. The 1/R.ns(E) and Cqy e (E) are the
small signal, or “local” response functions. The local
response functions are the potential derivatives of the
global ones.

2. The connections between the measured quantities and
the PPI functions, as summarized in Table 2, are sur-
prisingly simple. The structure of the set of equations
therein — mutatis mutandis — is just the same as in
Table 2 of Ref. [4] that refers to diffusion-controlled
charge transfer.

LIST OF SYMBOLS
t,E;v,j time, electrode potential (in general), scan
rate, current density
¢ electrode potential, in the context of
Egs. 5-10

'y, q surface concentration of the surface con-
fined redox system, and its charge density
oy, I'eq  surface concentration of the oxidized and
reduced form of the redox system
Jint(E) limiting value of j at potental E if the redox

system were completely reduced.

grev(E) charge density at potential E in equilibrium

state
koy, keq rate coefficient of the anodic and cathodic
reactions
Qox» Otreq  Charge transfer coefficient of the anodic and
cathodic reactions
k9., k?e 4 Eo standard rate coefficients and standard
potential of the redox reaction
H(E) parameter combination (sum) of k., and
kieq (see Eq. 4.)
R.(E) charge transfer resistance at potental E
C.(E) pseudocapacitance associated with charge
transfer at potental E
Retinf(E) limiting value of Ry (E) as if the redox sys-
tem were completely reduced
Cetrev(E) limiting value of C((E) in equilibrium state
Einits Qini¢  initial (equilibrium) potential and charge
o density of the voltammetry measurement
jiqri?lt(E) Jjine(E), if the initial charge of the redox sys-
o tem were Qi
qIMYE)  grey(E), if the initial charge of the redox sys-
o tem were qinit
Rgtljil:f(E) Rt inf(E), if the initial charge of the redox
o system Were qjni¢
Cgtl’r;gv(E) Cetrev(E), if the initial charge of the redox
system were gipit
n charge number of the electrode reaction
F,R, T Faraday’s number, universal gas constant,
temperature
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APPENDIX

Dependence of the PPI forms on E;,;

In this Appendix, the derivation of Equations (8) to (11)
and of Equations (20) to (24) is generalized for the case
when the experiment starts from an arbitrary steady state
E;ni¢ potential, where the electrode charge is 0 < gjui <
nFT',. This is done in two steps, as illustrated in Fig. 1d.
In the first step, the potential is jumped or swept from
a very negative potential to Ej,;, then we wait up till
steady state is attained. Then, the following condition
holds:

Ginit (Binit) = Qrev (Einit) = Jint (Binit) /H (Einit)

= nF - T - kox (Einit) /H (Einit) (27)

From the time of the potential program onward, irre-
spectively of the actual value of g;,i;, Equation (5) holds.
Note that this j(t) vs g(t) function is linear, the slope,
—H(E), is the same as if g;,;; were zero as in Equation (6).
Hence Equation (8) and (9) are to be modified by simply
replacing the q(t) terms to q(t) + gjnj;-The modified equa-
tions are as follows:

J (&) = Jing (E) = H(E) " Qinit —H (E) - q (1)

= jhy (B)—H(E)-q(®) (28)

q ® = Grev (E)— Qinit — (l/H (E)) - J (t)

= ¢ (B)—/HE)) - j (1) (29)

The course of Eq. 28 is shown in Fig. Al. Here j9""(E)

inf
and q?éslt(E) are the modified ordinate intercepts. In what

follows, the intercept-related quantities, for which gj,;; >
0, are denoted by the superscript “qinit.”
As the slope of the j(t) vs q(¢) line is —H(E),

Giev (B) = ji}" (B) /H (E) (30)

FIGURE A1 [Illustration of how the characteristic line of
Equation (28) shifts in negative direction with the positive shift of
E;ni; (and gi,;,)- Note that the slope is constant (as potential is
constant) and the overall length of the line along the abscissa is
nF-Ty

Substituting the expressions of g;.;;, Equation (27), and
H(Ejpit), Equation (4), into Equation (28) we get

qzmt
Jing (E)
_ kox (E) ) kred (Einit) - kred (E) ) kox (Einit)
= nF- I‘A .
kox (Einit) + kred (Einit)
(3D
By combining Equations (30) and (31) we get
gev'' (E) = nF T,
kox (E) ) kred (Einit) - kred (E) ) kox (Einit) (32)

(kox (E) + kred (E)) (kox (Einit) + krea (Binit))

The impedance-related part of the theory can be gener-
alized for the case of g;,;; # 0 in such a way that we start
from Equation (5) and modify the Equations (16) and the
ones onwards by replacing all q(t) terms to q(t) + gjpnj¢- This
way Equation (16) is written as

J(@) +6j=nF-Tp - (kox + Skox)
— (H+6H) - (q(t) + ginit + 6q)  (33)
Following the same line of thoughts as in the b section

of the Theory we arrive at the expression of the Faradaic
impedance:

Z (@) = Eye/jac

d.in dH
— <1+ %) / <% - d—E(Q([)+Qinit)>

=R (E) + - clt ) (34)
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TABLE 3 The relation of the four important equations connecting the four important measured quantities (j, g, R, C,,) with the four
PPI quantities (jin s, Grev> jinyg /dE, dqre,/dE) in the case when g;,;; > 0. Note that g;,;; does not appear in the C, - related equations
Kinetics Coupling Thermodynamics
AWV j=ipy = H-qwithjl = H = jitgit q =g —(1/H)- j withgly" =
Jmf -H- Ginit Eq (35) rev — init
Eq. (28) Eq. (29)
1 _ 1 dH _ _ ~qinit d(1/H) ginit __
dEIS R_L[ = R‘I:T = - q with—— qtm“ H = 1/(Rct 0 Cct) C Cct rev T ] thCm rev —
i de "V Eq. (35) C e
= qinit ct,rev
Eq (36) Eq (39)

Equation (19) expresses the impedance of a charge trans-
fer resistance, R, and an associated pseudocapacitance,
C., connected serially. Their values are coupled to each
other as

Re (E) - Cer () = H(E) (35)

holds for any q(t) and g;,;;- These elements are as follows:

1 = d‘]if _ % R dH ([)
Ry(E)  dE _ dgmt™ ggd
1 dH
=——- - —q(1) (36)
qinit dE
Rct inf (E)
1 (djms dH 1 dH
Ci(E) = T < dlg - E%nit) - g qu(t) (37)

For 1/R.; and C¢ both, a const;—const, X g type equa-
tion applies where the constants are related also to the con-
stants of the dc relations:

The q(t) function is replaced by j(¢) using Equation (29),
and jj,r is expressed by g,e, using Equation (10). This way,
Equation (36) is transformed to

1 d] inf
Ry (E)  dE

d(H qrev) dH
=—Qa i <qrev (B)—Qinit — H(E) j(t ))

dH _ dqrev 1 dH

( ) dE qmlt

For the C vs j equation, we combine Equations (35) and
(38) to yield

_ 1 _ dqrey i . ﬁ .
CB)=gEmro@m ~ a moa’®
= Caer B~ 2G5 (39)

Note that g;,;; does not appear in Equations (38) and
(39). As it is shown in Table 3, all but one intercepts

depend on the gjnj. (Cgtir;;tv is the exception, because it

would depend on the potential derivative of a constant
(init)-

Note that up till here, no functional form of k. (F)
and k.q(E) has been specified; a trivial assumption is
that k. (E) is small at negative and large at positive
potentials; for k..4(E) just the opposite trends apply. For
jiqri?lt and q‘j;E” we have the complicated Equations (31)
and (32). They can be simplified only if exponential
potential dependences are assumed, i.e. ko (E) = k3, -
exp(ctoxFE/RT) and kyeq (E) = k2, | - exp(—ayeqFE)/RT).
With these dependencies Equation (31) changes to

q1n1t red \LFinit ox \\-init
(E) = nFT, -
Jing * Koy (Binio) + krea (Binid)
- [exp(aox F(E — Einit)/RT) — exp(—0tyeg F(E — Eipit) /RT)]
(40)

This is the generalized form of Equation (12). Note that
Equation (40) is of the same form as the Butler-Volmer
equation.

For obtaining qreV Y(E), consider Equation (29). Accord-
ing to it, q?é{,m (E) = grey (E) — ginit- The second term of
the rhs is a constant, the first term has already been ana-
lyzed in the voltammetry theory section, cf. Equations (12)
and (13), leading to the sigmoid-shape curve of Equations
(14) and (15). Because of the —q;,,;; term, this sigmoid-shape
curve gets shifted in negative direction with g;;;, and the
equations have the following form:

g™ (B) = (nF - T /2) - [1 + tanh (nF(E — Ey)/RT)]
—Grev (Einit) (41)
and
E = EO + % In qlc‘l;/m (E) - qrev (Einit) (42)

nF-Ty — gy (E)

Equations (41) and (42) are the general forms of Equa-
tions (14) and (15).
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0 and
= 1 ((j: : i init
&< 24 b s Grev = Grey = (MFT2/2) - [1+ tanh (nF(E — Eo)/RT)]
S -—
S - 400 — (43)
3. 44 "a e s g Second, for sufficiently positive E;,;; — E,
%— - T 200 5 init
< -6 a_/" A :3 s ;@®= —nF Ty -k, - exp (—eqFE)/RT)
o ] ‘/_ -0 5
o b o
8 8¢ f 5 . and
2 d
e ~-200 init
-10 K

-02 -01 00 0.1 0.2
E-E,[V]

FIGURE A2 PPIforms of the CVs of the system of Figure 3,
with Ej; -1V (a), -0.03 V(b), 0 V (c), +0.3 V (d), and +1V (e)

There are two, simple, trivial special cases of Equations
(40) and (41):

First, when E;,;; — E, is sufficiently negative (typically,
when the difference exceeds a few hundred mV) then

.qinit

-]inf = Jinf = nF-Tx- kgx - exp (aoxFE/RT)

Grev = qrev —NF L7

= (nFTy/2) - [-1 + tanh (nF(E — Ey)/RT)]. (44)

The jiqrirfm vs E and the q?é{,m vs E dependencies are
illustrated in Figure A2. for various E;,; initial poten-
tials. Note that the “simple” curves (a and e) are the ones
when the voltammetry experiment started from potentials
where the redox system is either fully reduced or fully
oxidized (cf. Equations (43) and (44)). Hence a practi-
cal suggestion: start the measurements with either com-

pletely reduced or completely oxidized redox system on the
surface.
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