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The structure of equivalent circuit is deduced from analytical equations descri-
bing the faradaic impedance of electrochemical processes involving two consecu-
tive one-electron transfers. It consists of two parallel subcircuits, each containing
charge transfer resistance and Warburg impedance in series. The modified equi-
valent circuit accounting for the effects arising from the roughness of the electro-
de surface and limited space of diffusion is proposed. This circuit makes it pos-
sible to describe impedance data obtained for a Cu|Cu(II) system with an accu-
racy of £2%. Exchange current densities in 0.01 M CuSO, solution are found to
be equal 0.02 mA cm™ and 0.8 mA cm™ for the processes of Cu** + ¢ — Cu*

and Cu* + e — Cu, respectively.
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INTRODUCTION

At present, electrochemical impedance spectroscopy
(EIS) is acknowledged to be among the most po-
werful methods used for investigation of electrode
processes. A significant progress in this field is as-
sociated not only with advancements in the EIS
theory (see, e.g., [1]), but with improvements in mea-
surement devices as well. Modern equipment makes
it possible to obtain impedance data in a wide re-
gion of frequencies (w) covering 7-8 orders of
magnitude. However, certain problems arise with the
analysis of such data, especially when the electrode
process is not simple and involves some chemical or
electrochemical steps.

Such problems can be obviated to some extent
by using special computer programs designed for
analyzing impedance spectra. An example of this ty-
pe of service may be the program elaborated by
Boukamp [2]. It is based on the determination and
analysis of equivalent circuits reflecting electrical pro-
perties of an electrochemical system.

In specific cases, only analytical relationships ha-
ve been obtained for real (Z') and imaginary (Z")
parts of faradaic impedance, but no consideration
has been given to the structure of equivalent cir-
cuit. In particular, such a situation is specific for
processes involving consecutive charge transfer steps
[3-7]. We failed to find in available references the
data concerning the equivalent circuit which could
rigorously follow from the analytical solutions of dif-
ferential equations [3, 4]. Only simplified cases have
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been reported in [5-7]. In this connection, the pro-
blem mentioned above seems to be worth of a mo-
re detailed consideration.

EXPERIMENTAL

Impedance measurements were carried out within
the frequency range from 10~ to 5 x 10* Hz, using
a Zahner Elektrik (Germany) IM6 Impedance Spec-
trum Analyzer. Solutions under investigation contai-
ned 0.01 M of CuSO, and 0.3 M of KSO, as a
supporting electrolyte. Analytical grade salts were
purified additionally by means of recrystallization and
heating. Solutions were deaerated by argon stream
over 0.5 h. Thrice-distilled water was used for pre-
paration of solutions.

A Pt wire of 0.3 cm? surface area was used as
a substrate for preparation of the working electro-
de. It was coated by a copper layer 5-7 um thick in
an acid sulphate solution at a current density of 10
mA cm™. A saturated Ag|AgCl, KCI electrode ser-
ved as a reference electrode. Potentials of the elec-
trode were converted to the standard hydrogen sca-
le. All experiments were carried out at room tem-
perature.

THEORETICAL

When the electrochemical process proceeds by two
one-electron transfers:

O+ecln sy, (1)
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Y +eci2 3R, (2)

the following equations are valid for the real and
the imaginary parts of faradaic impedance at equi-
librium potential [3, 4]:
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where Zw=limZ/ , V= p\/a. Parameters p, a, and
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a, depend on exchange current densities (i, and i),
diffusion coefficients (D, D,, D,) and bulk concen-
trations (c,,, ¢,, ¢,) of species O, Y and R, respec-
tively. Specific expressions for those parameters gi-
ven in [3, 4] are different and depend on whether
a soluble [3] or insoluble (metallic phase) [4] pro-
duct R is formed.

Now, let us consider the circuit shown in Fig. 1
in the dotted frame. There resistances and Warburg
impedances are symbolized as R, R,and Z, Z,,
respectively. The Warburg impedances (electric ana-
logues of diffusive mass transport) can be given by

W (1-]
2, 56])’ s

where W, are Warburg coefficients (i = 1, 2) and

j=v-1.

An analysis of given equivalent circuit yields:
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where Y =,/—— and new parameters are deter-
o R
mined by relationships:
[R,=c,R,
R,=c,R,
W=d,\W,
W,=d W, ©)
R =R +R,,
W =W +W,.
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It follows from the identity of Eqns. (3), (3a)
and (4), (4a) that

[ W
2_1
p=v2 =

G ()

Equations (7) give the relations between kinetic
parameters of the processes (1) and (2) and electric
elements of the equivalent circuit when metallic pha-
se is deposited. When D, = D, = D, then
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The derived equations are valid in the case of
one-dimensional semi-infinite diffusion. The total
electrode impedance is obtained when such extra
parameters as the ohmic resistance of solution R,
and the capacitance of double electric layer C, are
added. Such an equivalent circuit is shown in Fig. 1.
According to [2], its description code is
R, ([R,W J[R,W,]C,): elements in series are given
in square brackets and elements in parallel are in
parentheses. This circuit is applicable for a somew-
hat idealized system and does not account for the
effects arising from the roughness of the electrode,
limited space of diffusion, etc.

- R(IRWHRW,IC)

I _

Fig. 1. Idealized equivalent circuit representing consecu-
tive charge transfer process.
Faradaic elements are given in the dotted frame.

RESULTS AND DISCUSSION

As may be seen from the above, all the elements of
faradaic impedance depend on the kinetic characte-
ristics of both steps (1) and (2). Therefore, the ki-
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netic parameters can be determined only by a cer-
tain analytical procedure. It is of interest to compa-
re the values of the electric elements under discus-
sion with those describing separate simple charge
transfer processes:

(1a)

and that given by Eqn. (2). The following set of pa-
rameters was used for simulations: i, = 1 mA cm?,
¢,=10"mol cm?, ¢, = 107 molcm™, D, =D, = 5x
X 10° cm®s™ and i, was taken as a variable. Taking into
account the logarithmic scale of Fig. 2, it is possible to
state a significant difference between the two cases
under discussion.
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Fig. 2. Charge transfer resistances (R / Q cm?) and War-
burg coefficients (W / Q cm? s%%) as functions of i,.
Simulated data for consecutive charge transfer (full lines)
and for two independent processes given by Eqns. (1a)
and (2) (dotted lines)

The typical example of the process proceeding
by (1) and (2) is the electroreduction of Cu®** aqua-
ions. The Nyquist plots obtained under open-circuit
conditions contain arcs centered below abscissa axis
(Fig. 3). An analysis of experimental data shows that
the element W, (see Fig. 1) cannot be reliably de-
fined. Moreover, it can be deleted from the equiva-
lent circuit due to its significantly lower value as
compared with W, (see Fig. 2). The element O ac-
counting for the finite thickness of Nernst-type dif-
fusion layer [1, 2] is more preferable than W,. Fi-
nally, the double layer capacitance C; needs to be
changed for the constant phase element Q which
can better reflect the properties of rough electrodes
[1]. Thus, the reasonable equivalent circuit takes a
form of R (R [R,0O]Q).

The parameters of the circuit elements obtained
by fitting procedure [2] are listed in Fig. 4. The
value of B = 3.5 s% coincides quite well with that
(3.37 s%) obtained for acetate solutions of Cu(II)
[8]. The modified equivalent circuit makes it possib-

Z oem?

Fig. 3. Comparison of Nyquist plots simulated for given
equivalent circuit (line) and obtained experimentally for
the solution containing 0.01 M Cu(Il), 0.3 M K,SO, at
pH 5 and T = 290 K (points). Open circuit conditions
(E =024 V)

le to describe the experimental data with a rather
high (£2%) accuracy (Figs. 3-5).
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Fig. 4. Experimental (points) and simulated (lines) spec-
tra of real (Z/) and imaginary (Z") parts of Cu electrode
impedance
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Fig. 5. Experimental (points) and simulated (lines) spec-
tra of phase angle between real (Z’) and imaginary (Z")
parts of Cu electrode impedance
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It follows from the experimental data and Eqn. (8)
thati, + i, = 0.83 mA cm™. According to the impe-
dance data obtained in [9], i;, = 0.02 mA cm™. Then
i, =~ 0.8 mA cm™. To our knowledge, the latter para-
meter has not been estimated to a sufficient accuracy
up to now. As a rule, only the least exchange current
density is available from voltammetric data in the case

of consecutive charge transfer.

CONCLUSIONS

1. The structure of equivalent circuit is deduced from
the analytical equations describing the faradaic im-
pedance of electrochemical processes involving two
consecutive one-electron transfers. It consists of two
parallel subcircuits, each containing charge transfer
resistance and Warburg impedance in series.

2. A modified equivalent circuit accounting for
the effects arising from the roughness of the elec-
trode surface and limited space of diffusion is pro-
posed. This circuit makes it possible to describe im-
pedance data obtained for Cu|Cu(II) system with
an accuracy of *2%.

3. Exchange current densities in 0.01 M CuSO,
solution are found to be equal to 0.02 mA cm™ and
0.8 mA cm™ for the processes of Cu?* + ¢ — Cu*
and Cu* + e — Cu, respectively.
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ELEKTROCHEMINIU PROCESU SU DVIEM
NUOSEKLAUS KRUVIO PERNESIMO STADIJOMIS
EKVIVALENTINE SCHEMA

Santrauka

IS analitiniy lygéiy, apraSanciy elektrocheminiy procesy
su dviem nuoseklaus kriivio pernesimo stadijomis faradé-
jinj impedansa, nustatyta ekvivalentinés grandinés struk-
tira. Ji susideda i§ dviejy lygiagreciy grandiniy, kurios
savo ruoztu yra sudarytos i§ nuosekliai sujungtos krivio
pernesimo varzos ir Varburgo impedanso. Pasitlyta modi-
fikuota ekvivalentineé granding, jvertinanti efektus, atsiran-
dancius dél elektrodo pavirSiaus SiurkStumo ir ribotos di-
fuzijos erdvés. Si grandiné leidzia aprasyti Cu|Cu(II) sis-
temos impedansa *2% tiksumu. Nustatyta, kad procesy
Cu?* + ¢ — Cu* ir Cu* + e — Cu mainy sroviy tankiai
yra lygis atitinkamai 0,02 mA cm? ir 0,8 mA cm™.

A. Cypsuia, B. Baiokene

9KBHUBAJIEHTHASI CXEMA
NEKTPOXUMHUNYECKHUX ITPOLECCOB,
BKIIOYAIOIIUX ABE NOCJIEJOBATEJIbHBIE
CTAIMU IIEPEHOCA 3APSAJA

PeswowMme

Ha ocHOBaHMM aHAJIUTUYECKUX YpaBHEHMI, OIMCHI-
BafoIuX (apameeBCKUil MMITEAAHC SJICKTPOXMMUIECKHIX
MPOIIECCOB, BKIIOYAIOIMMX JBE IIOCIeIOBATEIbHBIC
CTaIuu TIepeHoca 3apsiia, OIpelesieHa CTPYKTypa
SKBHUBaJIEHTHON menu. OHa COCTOMT M3 ABYX I1apa-
JUIETbHBIX TIeTieli, KOTopble, B CBOIO ouepeanb, obpa-
30BaHbl U3 TIOCJIEAOBATEILHO COEIUHEHHBIX COIPO-
TUBJICHUS] TIepeHOca 3apsiia U umIienaHca BapOypra.
IIpennoxena wmomuduKanusl >SKBUBAJCHTHON IIETH,
yuuthiBsionasi 3¢b@exThl, BO3HUKAIOIIME M3-3a IIepo-
XOBaTOCTH TTOBEPXHOCTU BJICKTPONA W OTPAaHUICHHOCTH
muddy3noHHoM 067acTh. DTa Iemnb I03BOJISIET OIU-
carb mmnemanc cucteMbl Cu|Cu(Il) ¢ TOYHOCTBIO
+ 2%. OmpeneneHo, YTo IUIOTHOCTM TOKOB OOMeHa
npoueccoB Cu>* + e —» Cut* uw Cu® + e —» Cu
paBubl 0,02 mA cm? u 0,8 mA cm? COOTBETCTBEHHO.



