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Equivalent circuits for electrochemical reaction involving consecutive charge
transfer steps
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Two different equivalent circuits can be derived from kinetic equations obtained for consecutive charge transfer with
the formation of soluble intermediate. Their description codes are: Ro(R1W1)(C2W-) and ([RsWs][RsWa4]) (elements in
series are given in square brackets, and elements in parallel are enclosed in parentheses). Both circuits are
indistinguishable, if and only if a certain interrelation between R1,W1, W, and C; is satisfied. Then, upon a proper choice
of parameters, both EC display the same impedance spectrum at all frequencies. All faradaic elements are interrelated
and each of them depends on the characteristics of the overall process. Neither of EC elements can be attributed to the
separate charge transfer step. Though the EIS data obtained for the Cu|Cu(ll) system can be described by either of the
two EC, the second EC is preferred due to its simplicity and more clear physical sense.
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reduction.

INTRODUCTION

Consecutive charge transfer steps are typical of
the most electrochemical processes including
deposition and dissolution of metals. To study
processes of this kind, different transient techniques
were applied, including the electrochemical
impedance spectroscopy (EIS). A proper analysis of
impedance spectra makes it possible to determine the
kinetic ~parameters simultaneously with the
characteristics of the double electric layer. In so
doing, the adequate equivalent circuits (EC),
comprising characteristic features of the system, are
commonly employed. However, sometimes they
lack substantiation and, as a consequence, the
physical meaning of EC elements is treated at
random. Recently the utility and limitations of using
equivalent circuits to analyse EIS data for
electrochemical reaction mechanisms have been
reviewed [1]. We sustain the position [1, 2] that the
preferable circuits should follow from the
mathematical expressions derived for the
appropriate theoretical models.

In this communication, we focus on the case of
step-wise charge transfer processes involving the
formation of stable, solution-soluble intermediate
that is capable of diffusing from/towards the bulk of
solution.
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The consecutive charge transfer involving
adsorption steps has been considered by Grafov [3]
and a rather complicated EC containing 11 elements
was obtained. More simple cases arise when the
elctrochemical process is controlled by charge
transfer and diffusion and adsorption steps are
ignored. In previous studies, a theoretical analysis of
the faradaic impedance has been performed provided
that the final product is also soluble [4-6]. Next, the
relationships obtained in Ref. [4] have been
extended for the case when an insoluble final
product (e.g., metal deposit) is formed [7]. No EC
was proposed in the previous investigations [4, 5]
until it was found [6] that the general impedance
expression corresponds to an equivalent circuit
consisting of five elements that, according to the
authors, “have no sensible physical meaning”. At the
same time, we proposed another EC [8], which
rigorously followed from analytical expressions and
contained less sub-circuits. So, two different EC
have been proposed for description of the same
mechanism.

To avoid confusion in this situation, we made an
attempt to analyze both EC so as to clarify their
possible interrelation. Theoretical regularities are
compared with EIS data obtained for real Cu|Cu(ll)
system capable of generating stable intermediate Cu*
ions. Surfactant-free Cu(ll) solutions were selected
in an effort to minimize adsorption effects. EIS
characteristics of the processes involving adsorption
of intermediates are available elsewhere [9].
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EXPERIMENTAL

Solutions were prepared using thrice-distilled
water, CuSO. - 5H,0 (Mallinckrodt, USA, chlorides
less than 0.005%), and H2SO4 (high purity, Reakhim
Russia) as a supporting electrolyte. They were
deaerated before experiments with argon stream
over 0.5 h. To prepare the working electrodes, a Pt
wire of 0.36 cm? surface area was coated with 5-7
um thick copper in the solution containing (g dm):
Cu2S04-5 H,0 — 250, H2SO4 — 50. Polycrystalline
layer with well-exhibited crystallographic edges and
faces was formed. Copper crystallites as large as 1
4 um imparted a particular roughness of the surface.

Impedance measurements were carried out under
potentiostatic conditions at the open-circuit potential
within the frequency (f) range from 0.05 to 5x10*
Hz, using a Zahner Elektrik (Germany) IM6
impedance spectrum analyzer. The amplitude of the
imposed sinusoidal perturbation of the electrode
potential was 5 mV. Computer programs elaborated
by Boukamp [10] were used for analyzing
impedance spectra.

The electrode potential E was measured in
reference to the Ag | AgCI | KCl(sat) electrode and
was converted to the standard hydrogen scale. All
experiments were performed at 20 °C.

RESULTS AND DISCUSSION

As has been reported [6], the faradaic admittance,
derived by Armstrong and Firman [5] for the

mechanism O + e =Y, Y +e =R, can be expressed
as

Ye = 2o = W)
R;l(1+b/\/§)/(1+c/\/§+d /s)’

where the complex variable s = iw; i and w stand for
the imaginary unit and angular frequency,
respectively. Notice that the general relationship
obtained by Despic¢ et al [4] also takes this form.
Generally, equivalent circuits contain constant
phase elements (CPE) with the admittance Y = Yos".
The CPE transforms into resistance (R), Warburg
impedance (W), capacitance (C), or inductance (L),
when the exponent n takes the value of 0, 0.5, 1 or -
1 respectively [9]. Accordingly, the admittance of
the specified circuit elements may be written as 1/R,

Yo /s Csor 1/Ls. When analogous terms are found
in the impedance expression, there is no difficulty in
understanding the structure of the adequate EC.

Hence, to discover the EC compatible with Eq. (1),
the certain its rearrangements should be made.

The analysis performed shows (for details see
Appendix) that two different EC follow from Eq. (1).
The faradaic subcircuit of the first EC was composed
by Rueda et al [6]. Upon supplementing with non-
faradaic elements, this EC N1 takes form shown in
the upper part of Fig. 1. According to Boukamp [10],
its description code may be written as:
Ro([Re(R1W1)(C2W2)]Za)). Here, elements in series
are given in square brackets, and elements in parallel
are enclosed in parentheses.

Fig. 1. Two equivalent circuits for consecutive
transfer of two electrons. Faradaic elements are connected
with solid lines. The ohmic resistance of the solution, R,
and the double-layer impedance, Zq, are the non-faradaic
elements

Though the magnitude and the frequency
dependence of Yg are essentially controlled by four
parameters (see Eg. (1)), the faradaic subcircuit
contains more (five) elements. For this reason, the
specific link between faradaic EC elements occurs:

C2=RiYoiYo2 (2)

where Yo: and Yo are constants of the respective
Warburg admittances (see above).

The faradaic circuit of another alternative EC N2
(lower part of Fig. 1) contains less (four) elements
displaced in two parallel [RW] subcircuits. Both
foregoing EC vyield the same impedance spectra, if
and only if the condition (2) is satisfied. As this takes
place, the interrelation between elements of the two
EC is given by equations (A.4)-(A.8). Besides, as the
analysis shows, both circuits follow from Grafov’s
EC [3], when the adsorption states are neglected,

The ambiguity of EC is well known in the EIS
theory. For instance, two different EC are also
possible in the case of two sequential one-electron
reaction steps with an adsorbed intermediate, in the
absence of mass transport control [11]. They are
completely interchangeable and can be transformed
into each other. However, the case discussed in the
present article is somewhat different owing to the
constraint given by Eq. (2).
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We made use of both EC in fitting experimental
impedance spectra, obtained for Cu|Cu(ll) system,
where quite stable intermediate Cu* ions are formed.
Considering the non-ideality of the working
electrode, the CPE Qq was applied for representing
the properties of the double layer. At the same time,
to employ Eqns. (A.4)-(A.8),we tried to retain ideal
faradaic elements W and C. Typical experimental
result is shown in Fig. 2. The most part of Nyquist
plot presents an arc centred below abscissa axis. On
the elimination of non-faradaic elements, this arc
constitutes a quarter of circle.

| R,=0.458 0 om’

Q,
20| Yo=1867x107 0 em? 87
n=0828

Fig. 2. Nyquist plots of total impedance (circles)
obtained for 0.01 M CuSO4 and 0.6 M H,SO, solution at
the open-circuit potential equal to 0.245 V vs. SHE. The
residual plot (triangles) was obtained on the elimination
of displayed non-faradaic elements

0.01 M Cu(lly
0.6 M H,S0,

1Z|/ Qem®, v/ deg

log (f/ Hz)

Fig. 3. Experimental (symbols) and simulated (lines)
spectra of the impedance modulus, |Z|, and the phase shift,

]

Fitting procedures performed with EC N2 show
rather rapid convergences. When containing
Warburg elements, this EC describe experimental
spectra with error ~ 2% (Fig. 3).Even better results
(~1% error) are obtained on substitution of Q for W.
Non-faradaic elements are given in Fig. 2; the
faradaic ones are as follows: R; = 53.6 Q cm?, R4 =

20

7.22 Q cm?, Yo3 = 0.106 Q1ecm?2 %3, Yo, = 5.5x10%
Q 1 ecm? s%°, The same results of simulation are
obtained with EC N1 and faradaic elements
recalculated with Eqgns. (A.4)-(A.8): Ro = 6.36 Q
cm?, R1 = 47.0 Q cm?, Yor = 7.08x10* Q1 cm? 09,
Yoz =0.107 Qtcm? %5, C, = 3.55 mF cm™.

Fitting with EC N1 operated less successful and
did not improve the results obtained with EC N2.
The main weakness consists in the elevated
uncertainty in determination of some elements,
especially of C,. This supposedly arises from the
restriction given by Eq. (2). Besides, the EC N2 is
preferable due to more clear physical sense. For
instance, in the case of metal deposition, the
following relationships are valid under the
equilibrium (open circuit) conditions [7,8]:

jor + Jop = (RT/F)1/Ry +1/R,), (3)

1/ Jor +1/ o, =

, (4)

(R, + R, N1/ ¢, + 4/cY)/[(o-3 + o-4)F\/5]
where jo1 and jo1 are the exchange current densities
of charge transfer steps, co and cy are the equilibrium
concentrations of O and Y species (of Cu?* and Cu*
ions). Warburg coefficients (c) have their common

meaning with o =1/~/2Y, . With D = 5x10%cm? s

Land [Cu*] = 77 umol dm= [12], these relationships
yield jo1=0.09 mA cmand jo. = 3.8 mA cm™. Since
Egns. (3) and (4) are symmetric with respect to R and
o, the established j values may be counterchanged.
Therefore, to determine the rate-determining step,
extra data should be invoked.

It can be seen from Egns. (3) and (4) that R; and
R2 represent the charge transfer kinetics, whereas W,
and W; is characterized by both the charge transfer
and the semi-infinite diffusion. We wish to
emphasize particularly that all faradaic elements are
interrelated and each of them depends on the
characteristics of both steps. Close inspection of
mathematics regarding similar but adsorption-
complicated processes [13] shows that this
conclusion is more general and might be extended to
more complex mechanisms. Otherwise, the attempts
to construct EC with elements attributed to separate
charge transfer steps, as is done in [14], seem to be
questionable. The second EC was successfully, to
our opinion, employed in the investigation of Cu(ll)
systems containing such surfactants as oligomers of
ethylene glycol [12] and other polyethers [15].
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CONCLUSIONS

Two different faradaic equivalent circuits,
R.(R1W1)(C2W2) and ([RsW3][RsWa]),can be derived
from Kkinetic equations obtained for consecutive
charge transfer with the formation of soluble
intermediate. Both circuits follow from Grafov’s
EC, when the adsorption states are neglected,

The aforementioned circuits are
indistinguishable, if and only if a certain
interrelation between Ri, W1, W> and C; is satisfied.
Then, upon a proper choice of parameters, both EC
display the same impedance spectrum at all
frequencies.

All faradaic elements are interrelated and each of
them depends on the characteristics of the overall
process. Neither of EC elements can be attributed to
the separate charge transfer step.

Though the EIS data obtained for the Cu|Cu(ll)
system can be described by either of the two EC, the
second EC is preferred due to its simplicity and more
clear physical sense.
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APPENDIX
It follows from Eq. (1) that
Z. =R, +{U/R, +Yos

+(Co5+Yopis)
whereR; =R (c—b)/b, Yy =1/R (c-b),
C2 :1/ Rood y Y02 :b/Rood .

Eq. (A.1) shows that the faradaic circuit should
include the resistance R., that is in series with two
other subcircuits whose admittances are given by
two respective denominators in this equation. The
terms 1/R;and Yo, /s testify that the first subcircuit
contains Riand Wi in parallel. Similarly, another
term in the parenthesis suggests the parallel
connection of C, and W in the second subcircuit.

At the same time, another form of Eq. (1) is
possible:

)71 (A1)

Yo = (R, +1/Yys)
+ (R4 +1/Y,, \/g)il
It follows from the identity of Eqgns. (1) and
(A.2) that
b= (1/Y03+1/Yo4)/(R3+R4),
c= 1/R3Y03+1/R4Yo4,
d =1 / R3 R4Yo3 Yo4 . (A3)

Eg. (A.2) shows that alternative faradaic EC,
namely ([RsWs][ RaWa]), is possible. It contains two
parallel [RW] subcircuits. Both EC yield the same
impedance spectra, when their elements are chosen
according to the following equations:

R =R, (R32 Yos + Rme )/ [Rs R, (Y03+ Yos )]  (A4)

Y01 =
R3 R4 (R3 + R4 )YquO‘l /[(R32Y03 + RjY04 )Roc ],
Yoo = RaRy (Yoz +Yos )/[(Rs + Ry R, ], (A6)
CZ = R3R4Y03Y04 / Roov (A?)

1/R3+1/Rs=1/Rs (A.8)
The latter relationship also follows from EC
structures, as the limiting case when o—o.

[(A2)

(A5)
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EKBUBAJIEHTHU CXEMU HA EJIEKTPOXUMNWYHA PEAKIMA BKIIIOYBAIIIA
[TOCJIIEAOBATEJIHU CTBIIKU I[TPU ITPEHOCA HA 3APS /]

Apsunac Cypsuia
Llenmvp 3a pusuuecku nayku u mexnonoeuu, Hucmumym no xumus, A. I'ocmaymo 9,
LT 01108 Buanioc, Jlumea
IMocrenuna Ha 24 anpun, 2014 r.; kopurupana Ha 4 ¢pespyapu, 2015 r.
(Pe3rome)

JlBe pa3inMyHM CKBUBAJICHTHH CXEMH MOrarT fAa ObJaT TMOMYYCHH OT KHHETHYHUTE YPaBHCHUS, OMHCBAIH
TOCIIEIOBATENICH MIPEHOC Ha 3apsayCIOpeNHO ¢ 00pa3yBaHETO Ha Pa3TBOPHMO MEXKIMHHO ChequHeHHe. CxeMuTe ca
onucanu ¢ koaose: Ry, (RiW1) (CoW2) u ([R3W3] [RaW4]) (cepumnuTte enemenTrca NpeCTaBEHN B KBAJAPATHH CKOOH, a
YCIOPEIHUTE SNIEMEHTH Ca 3arpaJieHd B OOMKHOBEHH CKOOHW). M IBeTe cXeMH ca HEepasIWiduMH, aKO H caMO aKo €
OCBIIECTBEHA OIpe/ielicHa B3auMOBpB3Kka Mexay Ri, Wi, W u C,. Crien ToBa, npy moaxoas11 u360p Ha mapamMeTpH U
neere EC mokas3BaT CHIIMAUMIICIAHCEH CIICKTHDP MPH BCHYKU YECTOTH. BCHYKH ,,(papaneeBH” eNEeMEHTH ca B3aHMHO
CBBP3aHH M BCEKH CIMH OT TSIX 3aBUCH OT XapaKTEPUCTHKUTE Ha IUIOCTHHSA nporiec. Huro exun ot enementute Ha EC
HE MOe [1a ObJie MPUIKCAH Ha OT/IEeTHATACTHIIKA IPH MPEHOCA Ha 3apsi. BeIpeky, e TaHHUTE MOTyYeHH OiarogapeHune
Ha eKBHBaJleHTHaTa umrenancHa cnekrpockonust (EVC) 3a cucremara Cu | Cu (1) morar ma 6b1at onucanu OT KOst 1a €
ot aBetre EC. Bropara EC e npennouerena, nopajau HeliHaTa MpocToTa U MO-ICceH (PU3MUEH CMUCHIL.
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