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Electrochemical Processes in an Alternating Current

B.M.Grafovand E.A.Ukshe

The theory of electrochemical impedance is reviewed. Alternating current circuits equivalent to an electrochemical reaction
proceeding via an adsorption state are examined for reversible and irreversible systems. The dynamic adsorption equation for
a non-equilibrium electrode is discussed. The theoretical circuits are compared with experimental data for the iodine-iodide
system.
The bibliography includes 59 references.
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I. INTRODUCTION

The use of alternating current in electrochemistry has
a long history. The first studies of these lines were begun
as early as the 19th century and were associated with the
measurement of the conductivities of electrolytes 1 . How-
ever, at that time it was already noted that the overall res i s-
tance of the electrochemical cell to the alternating current
includes the resistance of the electrode-electrolyte bound-
ary. Warburg2 and Kruger 3 obtained equations for elec-
trode impedance in the special case of diffusion-controlled
electrode processes and attempted to measure it. However,
the lack of a sufficiently deep understanding of the mecha-
nism of electrochemical reactions and of a reliable experi-
mental technique resulted in comparatively little develop-
ment in this field— the alternating current was used for a
long time exclusively for conductimetric studies.

A decisive breakthrough occurred only after studies by
Frumkin and coworkers 4 ' 5 , in which the capacitance of the
electrical double layer of an ideally polarised mercury elec-
trode was determined for the first time by direct measure-
ments in an alternating current and a capacitance minimum
was observed in dilute aqueous solutions at the zero-charge
potential, which constituted experimental confirmation of
the diffuse double layer theory. Somewhat later Dolin,
Ershler , and F r u m k i n 6 " 8 used alternating current to inves-
tigate the kinetics of the evolution of hydrogen on a plati-
num electrode. These studies began the wide-scale employ-
ment of alternating current in electrochemical kinetics 9 " 2 1 .
Quantitative measurements of the impedance of readily
polarisable electrodes have recently undergone a fresh
development_and have been discussed in detail in a number
of reviews 2 2 2 7 .

II. IMPEDANCE OF SLOW ELECTROCHEMICAL REAC-
TIONS

The main property of cells with ideallypolarisable elec-
trodes i s that their impedance corresponds to the simplest
a.c. circuit comprising the series-connected electrolyte
resistance Re and the double-layer capacitance Cd(Fig.la):

Ζ =Rc + (/«ς,)'1. (1)

The rate of relaxation of the double layer in solutions i s
fairly high, so that, even at frequencies of the order of

several Megahert, Cd (as well as Be) is independent of the
a.c. frequency2 8 '2 9. For comparatively slow electrode
processes, it is possible to isolate three classical mecha-
nisms under these conditions.

Figure 1. Equivalent a.c. circuits.

1. An electrochemical reaction not accompanied by the
adsorption of the reactants: the Ershler-Randles imped-
ance 3 ~ 3 2 . The process i s illustrated graphically in Fig. 2a
and the equivalent a.c. circuit i s shown in Fig. Ιδ. The
corresponding analytical expression for the impedance is

(2)

(3)

(4)

Ζ = Re + {/<oCd + [RF

where

RF = RT/(nF)2V0

is the resistance to charge transfer,

W = RT/(nFYc0 Y
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the Warburg constant, % the exchange flux for the charge-
transfer reaction, co the concentration of electrochemical-
ly active species in the bulk of the electrolyte, L their dif-
fusion coefficient, F the Faraday, and η the number of
charges transported in an electrochemical reaction of the
type

Qx + /a?^Red. (5)

The expression in square brackets in Eqn. (2) is called the
Faraday impedance (Zp).

(α)

Figure 2. Schematic graphical representation of elec-
trode processes.

2. An adsorption process without electrochemical reac-
tion: the Frumkin-Melik-Gaikazyan impedance 3 3 ' 3 4 . The
process is illustrated by a graphical scheme in Fig. 2 and
the equivalent a.c. circuit is shown in Fig. l c :

Ζ = Re + {/o)Cd

where

(6)

(7)

q i s the electrode charge, A the amount of substance
in the adsorbed state, μ the electrochemical potential
of the adsorbed substance, q^ - (dq/dA)(p, and \£A -
(dfi/dA)<p. Here both Cd and Ca make up the double
layer capacitance; although the charging of the Cd capac-
itance i s rapid, the C a capacitance charges slowly and the
kinetics of i t s charging process are determined by the
rates of adsorption (jRa) and diffusion (Wa) of the species
undergoing adsorption, for example dipolar organic mole-
cules.

3. An electrochemical reaction complicated by a chem-
ical reaction: the Gerischer impedance 5 ~ 3 7 . In contrast
to the Ershler-Randels impedance, in this case the elec-
trochemically active species appear near the electrode both
as a result of diffusion and as a result of a chemical reac-
tion, for example the decomposition of a complex. For
this reason the Warburg impedance in the usual circuit
(Fig. lft) i s replaced by a complex resistance, which depends
on the frequency in a more complicated manner (see, for
example, Vetter 1 3).

III. IMPEDANCE OF ELECTROCHEMICAL REACTIONS
COMPLICATED BY ADSORPTION

The theory of the impedance of electrochemical reac-
tions complicated by adsorption has" been developed since
1 9 6 1 . 2 1 ' 3 8 " 4 7 Fig. 2c i l lustrates a schematic graphical
representation of a reaction proceeding via an adsorbed
state. A characterist ic feature of such processes i s that
charge transfer from the reacting species to the metal can
in general take place in two stages. In the first stage (line

sia) the oxidised form passes from the state near the sur-
face of the electrode (point Sy) to the adsorbed state (point a).
This entails the transfer of a charge m. In the second stage
(line asz) the substance passes from the adsorbed state in
the reduced form to the state near the electrode surface
(point sz). This entails the transfer of a charge m. The
overall number of electrons supplied to the electrode via
the external circuit on transition of the reactant from point
si to point S2 is η under the conditions of a constant poten-
tial, so that

ni + «2 = n; (8)

here wi and nz need not be integral numbers. Only their
sum « is an integar. The quantities m and m are macro-
scopic characteristics— they define the amount of electri-
city which is supplied on average to the electrode via the
external circuit when an ion or molecule of the surface-
active substance passed from one state to another.

Following Lorenz and Salie39, we put

= In; n2= (1 — I)n . (9)

The coefficients I and 1-/ characterise the fraction of the
charge transferred in each of the two adsorption stages. The
charge transfer in the individual stages of the electrochemi-
cal reaction can be related to the adsorption characteris-
tics of the system21'48:

Γ ΐμ, + Γ ΐμ,
Γ1μ,

(10)

where Γι and Γ2 are respectively the Gibbs adsorptions of
the oxidised and reduced forms μι and μζ are their chemi-
cal potentials, and Γΐμ2 = Τζμ1. This relation makes it
possible to calculate the charge transferred from thermo-
dynamic data for the overall charges of the reversible elec-
trode. Such calculations have been made, for example,
for charge transfer in the adsorption of H+ ions and hydro-
gen atoms on a platinum electrode48. It was found that in
this system the parameter I varies markedly with the poten-
tial and also depends on the composition and pH of the solu-
tion. In many cases I is greater than unity. In other
words, in the adsorption of H+ ions, excess negative charge
can be transferred to them.

The impedance of an electrochemical reaction proceed-
ing via two adsorption stages can be calculated using the
method of equivalent multiterminal networks and Onsager's
reciprocal relations2 1 '4 3 '4 4. Although from the standpoint
of the theory of electric circuits the electrochemical cell
always consists of a two-terminal network (diode), in the
presence of a two-stage process an individual current cor-
responds to each stage (h and /2). However, since adsorp-
tion processes do not tkae place independently because we
are dealing with reactions of the same substance, the cur-
rents h and h are related. This can be expressed with
the aid of relations between the current and polarisation
analogous to the equations for a four-terminal network:

Δφ =
(ID

where Zu and Zzz are the input impedances for two adsorp-
tion processes (sia and sza) and Z12 and Zzi describe the
interaction of these processes.

Eqns. (11) characterise a four-terminal network, which
is the electrical equivalent of the given process. A char-
acteristic feature of such a four-terminal network is that
the potentials at the two pairs of its terminals are the same
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and equal to Αφ. Eqns. (11) express in essence the phe-
nomenological law of non-equilibrium thermodynamics as
applied to electrochemical reactions. Since in the absence
of an alternating current the system is at equilibrium, the
Onsager relation Z i a = Z21 (the equality of the kinetic
cross-coefficients) should hold. Direct calculations for
this process, illustrated schematically in Fig. 2c, show
that the frequency dependences of the coefficients Z12 and
Ζ 2i are in fact the same and their equality can be confirmed
independently by analysing the Gibbs adsorption equation
(or more precisely the equality of the cross-derivatives of
the Gibbs adsorptions of the two forms with respect to the
chemical potentials Γ ι^ = Γ2μ,). 2 1 ' 4 6

The Faraday impedance, calculated by Eqns. (11), can
be formulated as follows:

2Z|!

where

zn = RU + wn/Yj<o

Z22 = Ra+ Wjfh + (
Z12=-(/«,Cia)-\

(12)

(13)
(14)
(15)

where pRu = RT/(nF)2Vzo and rWu = RT/{nFfcz^Dz.
Eqns. (22) and (24) both correspond to the same equivalent
circuit (Fig. le).

The results can be used to analyse the electrode reac-
tion on platinum in the iodine-iodide system. The imped-
ance of this system has been investigated49"52. Vetter49

and Tyagai et al ,52 concluded that the electrode reaction
proceeds via the discharge-recombination mechanism, the
discharge stage being slow. Llopis et al.5 0 showed that
the experimental data correspond to the equivalent circuit
in Fig. le. The hodograph of the input impedance of the
cell is of the form shown in Fig. 3. Dane et al.5 1 found the
exchange current of the electrochemical reaction from the
inipedance data assuming that the re sistance Kj) is equal to
the diameter of the half-circle shown in Fig. 3 by a dashed
line and that i0 = RI/FRQ. The study of the variation of
to with the concentration of I" ions and of dissolved iodine
led the authors51 to the conclusion that the reaction pro-
ceeds via the discharge-electrochemical desorption mech-
anism. This view was confirmed by other methods and it
was shown that the exchange currents are comparable for
both stages53.

and the coefficients Ru, Cn, Wii, etc. are expressed in
terms of parameters characterising the electrochemical
reaction:

Rtl = RTl{ntFfVt0', Wit = r, Cik = (16)

where i, A = 1 or 2. The equivalent a.c. circuit for the
given process can be constructed, for example, in the way
shown in Fig. Id. In this case we have

In order to represent the Faraday impedance in a fairly
compact analytical form, we introduce the following nota-
tion:

//(I —0 = 6,

<ha YDJc» YD* = η V10/V20 = ρ .

Then Eqn. (12) can be reduced to the form

(18)

(19)

(P +

'l (1 + ξ)»*2 + Wn (1 + /-ξ2) x + Rn (1 + Pi2)
(20)

where χ = {joS)~ ' .
The case where the effective charge transfer in one of

the stages is insignificant is of considerable interest. When
the adsorption of the oxidised form is not accompanied by
an appreciable charge transfer, i.e. when

ξ<1; «,-/», (21)

we have

Figure 3. The hodograph of the impedance of the
Pt/(lA H2SO4 + 3.5 χ ΚΓ5 mole cm"* KI + 0.46 χ 10"6

mole cm"3 I2) boundary at 25°C (data of Llopis etal. *°
impedance parameters:
R2 = 3.5 Ω cm2, Wi = 0,
cui~a, Cz = 31 μΥ cm"

Re = 0.7 Ω cm , Ri = 9.8 Ω cm ,
Vz = 95.5ΩcmV3 7 2, Cd = 3μF
The diameter of the dashed half-

circle is approximately 10.2 Ω cm

Parameters of the electrode impedance of the la/Agl sys-
tem54.

/. °c

197
363
499
549
618

(melt)

Qi, /iF cm'2

46-3
58-0
64.5
79.6
102

C2, /uF C0i"2

15.9
17.6
20.8
21.5

Al, ncm2

0.10
0.19
0.20
0.20
0.045

/?2, Π em 2

0
0
0
0
0

98
210
130

92
63

2160
1180

590
325

, ^ 1 - ^ - r ^ u t v r , ^ ' ( 2 2 )

where /?n | 2 = RT/(nF)2 Vio and Wuk2 = RT/{nF)2cio^Di.
Similarly, when charge transfer occurs predominantly in
the stage involving the adsorption of the oxidised form,
then

and

Κ/ω jmCa + lpRa + /#„/

(23)

(24)

As shown previously21, the discharge-recombination
and discharge-electrochemical desorption mechanisms
lead to the same a.c. current (Fig. Id). If the diffusion of
I" ions does not make an appreciable contribution to the
impedance (a fairly concentrated solution) and the discharge
is transferred preferentially in the first stage so that nz -
0 and «1 ^ 2, then the circuit in Fig. Id transforms into
that in Fig. le, for which ZWi = 0. The rates of the two
adsorption stages, characterised by the resistance Ri and
Rz, are comparable (Fig. 3), which agrees with the results
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of Povarov et al.53. Thus the experimental data of differ-
ent workers for the impedance of the Pt/I 2 , KI, H2SO4

boundary can be explained from the same standpoint using
Eqn. (24). The C, 12/a-AgI boundary with a solid electro-
lyte behaves similarly54. The equivalent circuit of the
Faraday process in such a system is the same as in Fig.Id.
The impedance parameters are listed in the Table. In this
case both the diffusion of I" ions proceeding via the lattice
defects and the diffusion of molecular iodine are signifi-
cant. The impedance Zw2 corresponds to the former and
ZWi corresponds to the latter. This follows from the fact
that, when the crystal melts, the impedance Zwz

 f a l l s t o

zero, since all the I~ ions begin to participate in the trans-
port.

IV. IMPEDANCE OF NON-EQUILIBRIUM ELECTRO-
CHEMICAL SYSTEMS

The study of the properties of the electrochemical imped-
ance of complex systems showed that it is necessary to use
the principles of non-equilibrium thermodynamics and par-
ticularly the Onsager reciprocal relations. It was found
that the dynamic adsorption equation for an irreversible
electrode can be obtained from the Onsager relations and
the adsorption equation for a reversible electrode53. In
fact, for an ideally reversible electrode one can write the
Gibbs adsorption equation:

(25)

The chemical potentials of the oxidised and reduced forms
can be expressed in terms of the electrochemical (μ) and
the electrical (cf) potentials, i.e.

— dY = I\d (μχ + ZxFcp) + Z2Fcp). (26)

If the adsorbed species are in equilibrium with the adsorp-
tion layer, then we have for the reaction mechanism cor-
responding to Fig.2e

(27)— d y = I\ d (μ3
+ Γ2 d (μ. + ζ/φ),

jia being the electrochemical potential of the adsorbed spe-
cies and 21 and zz their charges. It follows directly from
Eqn. (27) that21

- d y = I\ άμχ + Γ,άμ, h + Q'di)v (28)

where Qf and Q" are the total thermodynamic charges on the
electrode56 a n d ^ and η 2 are the overvoltages in the first
and second adsorption stages.

The equation was obtained in relation to equilibrium con-
ditions, but it is valid also for non-equilibrium electrodes
(i.e. when a direct current is imposed), provided that the
following two conditions are fulfilled: (a) when a direct cur-
rent flows, the mechanism of the electrode process does
not change; (b) the processes in the surface layer are fair-
ly rapid, so that the thermodynamic properties of this lay-
er are determined unambiguously by the electrode potential
and the electrochemical potentials of the adsorbed species.
In other words it is assumed that, regardless of whether
there is an equilibrium between the surface and bulk-phase
states, the state of the surf acelayer remains the same func-
tion of its surface variables.

If the electrochemical system in the absence of an alter-
nating current does not correspond to equilibrium, for exam-
ple when adirectcurrentisimposed, the Onsager relations
cease to hold although the Faraday process can still be

represented by the equivalent multiterminal network. The
overall impedance of the electrochemical reaction proceed-
ing via the adsorbed state i s in this case given by

(29)
— (z12 + za)

where Ζιζ φ Ζζι- Formally the impedance Ζγ can also be
represented by a rational-fractional function of {ju)~Uz in
which the numerator i s a third-degree polynominal and the
denominator i s a second-degree polynomial. Thus the fre-
quency variation of the impedance does not depend on the
degree of reversibility of the system in t e r m s of a direct
current, but i s determined exclusively by the mechanism
of the electrochemical process . The coefficients of the
rational-fractional function can vary with the degree of
polarisation under a direct current. This relation can be
determined on the basis of a specific reaction model.

In view of the inequality of Z12 and Z21, the equivalent
a.c. circuit of the type shown in Fig. Id should include a
dependent current source (see, for example, Atabekov57).
Thus aperiodic equivalent circuits, analogous to those pro-
posed by Barker ' 5 9 for reversible systems, can be con-
structed for irreversible systems.

The development of the theory of electrochemical
impedance leads to great possibilities for the application
of alternating currents in electrochemical kinetics to the
study of complex reactions accompanied by adsorption both
near equilibrium and following the imposition of a direct
current.
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