Chapter 6
General Method of Obtaining Impedance
of Complex Reactions

It is possible to write the impedance for each electrochemical mechanism which is
described by a series of chemical/electrochemical reactions. In this chapter a
general method will be presented using matrix notation, which simplifies the task.
An example of a reaction mechanism containing two diffusing, A and C, and one
adsorbed species B, described by Eq. (6.1), will be presented:

A+te = Buags, (61)
B.s +¢ — C. (6.2)

It involves the diffusion of A toward an electrode, a surface adsorption reaction
at an area that is not already occupied by B, desorption of B, and diffusion of C from
the electrode. First of all, the system dc behavior must be described by appropriate
equations. Because the reactions proceed by an exchange of electrons, the rate
constants of forward and backward reactions are potential dependent:

vi = kiexp[—1fn](Te —T'8)Ca(0) — k_jexp[(1 — B )fn|Ts, (6.3)
V2 = kaexp[—fofn|l's — k—2exp[(1 — f,)fn)(T'e — I's)Cc(0), (6.4)

where v; are the rates of reaction in the units of flux, mol cm > s~ ', k; and k_; are the
heterogeneous rate constants of the forward and backward reactions, respectively,
B are the symmetry coefficients of the electrode processes, n = E — Eq is the
overpotential, Eq is the equilibrium potential, I',, is the surface concentration of all
available free sites in the absence of adsorption, I'p is the surface concentration of B
(in mol cm ™), and C;(0) are the surface concentrations. By introduction of the surface
coverage, 6, which is the portion of the surface occupied by adsorbed B species,

O = (6.5)
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a simpler form may be written:

v = k(1 — 05)CA(0) — k_ 163, (6.6)
Vo) = 2293 - ;,2(1 - HB)Cc(O), (6 7)

where
ki = kiexp(—p, fn) and k = k_sexp[(1 — B,)f] (6.8)

are the potential-dependent rate constants. Considering the condition at the equi-
librium potential

Vi =V = 0 (69)
leads to the relation
kiky, Cj
A, 6.10
k_1k_p C¢ ( )

where C; are the bulk concentrations. This relation indicates that there are only
three out of four independent rate constants in the system. Such a condition should
be checked for each mechanism involving adsorption to avoid further problems
with the determination of the kinetic parameters (overdetermined system). More
details on such conditions will be presented in Chap. 5.

Next, solving the problem in the steady state, it is necessary to write the
following items:

1. Current as a function of the rates of reactions (6.6) and (6.7)
2. Current as function of fluxes of diffusing species
3. Mass balance relations for adsorbed species

The current is described as
i= —F(Vl + Vz) = —Fry, (611)

where 1y = v; + v, and the negative sign must be added because the reduction
current is negative and that of oxidation is positive. Relations between the current
and fluxes are

- aCa dCc
1= *2FDA <W> - = 2FDC <W>x_0 (612)


http://dx.doi.org/10.1007/978-1-4614-8933-7_5
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and the change in the surface coverage is

do
FmTf:VI—szrl, (613)

where r; = v; — v,. Equations (6.11), (6.12) and (6.13) describe the dc behavior of
our system. Next, equations must be written for the oscillating current, concentra-
tions, and surface coverage, Eq. (4.13), using a linearization procedure, Eq. (4.16).
The linearization of Eq. (6.11) (neglecting the higher-order terms) gives

Ai = —F{(%?)A + (S;DAQB + <aa£°>AcA(0) + (gg’)Acc(O)]
(6.14)

which may be simplified by dividing both sides by exp(jo?):

e G (o ()] s

Solution of a semi-infinite linear diffusion Fick’s equations (4.19) and (4.22)
leads to the expression of Eq. (6.12) in terms of phasors, that is and expressing
Eq. (4.30) at the electrode surface, x = 0, leads to

i = 2F\/jwDACA(0)

B B (6.16)
i= —ZF\/jCODCcc(O).
Finally, linearization of Eq. (6.13) gives the following equation:
dAdg or ory
loe——=Arn=|—=|A — | AG
a r on n—+ 00, B
(6.17)
arl al‘l
= | ACA(O = | ACc(0),
T\ 3, | A0+ | 5eg | ACe©

which gives, after division of both sides by exp( jwt),

L= 51‘1 ~ arl al’] 511
T jalfy = (a”>n + (5013)93 + (acA>cA(0) (aCC)Cc(O) (6.18)

We have obtained four equations, (6.15), (6.16), and (6.18), which can be
rearranged by dividing all by 7 and keeping constant terms on one side:
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E_B 81‘0 5A(0) _ al‘o 6c(0)
ﬁ 0Cal| 7 oCc) n
5r1 53 al"l EA(O) 51‘1 ac(O)
00g | 7 oCa| 7 oCc) n =
(6.19)

It is evident that the ratio 7/5 is the faradaic admittance; therefore, this term
should be calculated from the system of Eq. (6.19). To simplify the procedure, they
may be written in the matrix form Y = AX:

on F 00y
0 *ﬁ% 0
= 1
0 5F 0
%11 0 g—;;l“oojw

_ O On]
3Cr  dCc
Vj@wDa 0
0 \/ja)Dc
o on
0Cx 0Cc

(6.20)

The faradaic admittance Y :7/'17 may be calculated using Cramer’s rule as

Y ¢t =T/A, where A = det(A), T = det(T), and determinant T is obtained by
replacing the first column in A by Y:

1
F
1
2F
1

2F

0

_ O Ono
00z 0Ca
0 VJjoDa
0 0
51‘1 5r1
=L . b
863 O 8CA

_Ony.
0Cc

0

VijoDc

on
0Cc

, (6.21)




6 General Method of Obtaining Impedance of Complex Reactions

O _Oro O Oro
5;7 593 aCA aCC
T— 0 0 VJjoDa 0
1o 0 0 VjoDc
al‘l 5r1 . al’l 51"1
——L L rgeo — hadl
On 00y 0Ca 0Cc
and after calculation of the determinants
Org, . Org Or;  Org Ory
T = \/DADc [T =— —_————
Atc { oy )+ ( On 065 005 On

= ay(jo)’ + ax(jo),

[ —2/DaDcT o (jow)*
4T \/D_c%—*/DA% (ja))3/2
*© 0Ca 0Cc
am .
1 2\/DADC = (jw)
A = ﬁ 5493
Org Or; Org Or;
\/D_Ca—CAa—gB-i- \/D_Aa—Cca—eB »
+ Jjo
aro al‘l al‘o 8r1
~VDe5g, 50, VP30, 3cc

1 . . . .
= 57 [ + ba(j@)*" + ba(je) + by (juw) 2],

and the faradaic admittance:

as(jo)’ + ar(jo)
ba(j)” + b3 (jo)** + ba(jo) + by (jo)'?
a4(jw)3/2 + az(/'a))l/z
ba(jw)*? + b3 (jo) + by(jo)"* + by

b b, a b

2 w)+ 2_% (/w)l/2+71

a a b4 b4 ay b4
4 4

b
ba bat iy 4 2 o) + 2 (o) 4
4

Y¢=2F

=2F

=2F

1/2
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(6.22)

) (j‘”)} (6.23)

(6.24)

(6.25)
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Fig. 6.1 Electrical C
equivalent model of 11
faradaic impedance I
described by Eqgs. (6.28) o

and (6.26) N4

or, for the faradaic impedance,

b ba(jo)** + b3(jw) + ba(jo) /> + by

Zi= (6.26)
2F ay(jo)’ + a (jo) 2
This can be rearranged into
b b b
_3jw+ ,%4,_2 (iw)1/2+_1
b4 ay b4 b4
go— Lba b
' 2Fa,  2Fa
(joo)"/? Jw+£
(6.27)
by b b
—3] + __4+_2 (ja))l/2+_1
1 2 as  a a
Rc A >
‘ToF

where R, is the charge transfer resistance. It is evident that the denominator of the
last expression has two poles corresponding to one diffusive, (jw) "/, and one
capacitive, (jw) ', term, which should appear in the equivalent electrical circuit. It
can be shown that this equation similar to a general model (Fig. 6.1). In fact, the
impedance of this model may be expressed as

o

. 1 1
Zit =Ry +—————+2Zw=Ra+ +—=
, 1 , (W
JoCp + — JjoCp + — Je
Ry Ry

(jw)o + (/w)l/zci+

o
c, (6.28)
= Rct + ’

P RP
(jw)'"* |jo + !
g RPCP
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Fig. 6.2 Complex plane -200
plot for circuit in Fig. 6.1.

Parameters: Ry = 10 Q, 180 4

R = Ry = 100 Q, S 0l
Ca=2x 107F, N
C, = 0.01F, 50
o = 05Qs 2
00 100 260 300 400
Z'1Q

which has a form similar to Eq. (6.27). However, Eq. (6.27) contains five indepen-
dent parameters and Eq. (6.28) only four, therefore exact equivalence of the
parameters of both equations cannot be established unless there is a relation
between the parameters of Eq. (6.27). If such a relation exists one can get a plot
displaying two semicircles followed by a straight line at 45° on the complex plane
plots, Fig. 6.2. General plot of Eq. (6.27) might be more complex.

Comparison of the parameters in Eqgs. (6.27) and (6.28) leads to the physical
meaning of the parameters found:

1 b4 1 1 b4 bz ay
R LG, =P~ R =—=;
o= 2F 4 b4 (_2 ﬁ) U 2F ar (b4 614)’
bs  as (6.29)
1 bz b o a2b3
ZF ay b ag

Of course, Eq. (6.27) might also have other equivalent circuit representations.

The method presented above can be applied to any mechanism. In a later chapter
it will be used for the calculation of impedances of other mechanisms. In general, in
the faradaic impedance, inverse of resistances are proportional to rate constants and
capacitances depend on the surface coverages (which contain the ratios of the rate
constants that is depend on the equilibrium constants), although some lengthy
rearrangements might be required to prove this.

Harrington et al. [229-235] proposed a more general method based on a general
model for chemical reactions [236] and linear algebra, making it possible to predict
the number and nature of parameters and the equivalent circuit for mechanisms
involving diffusion and adsorption. Practical information about the stability and
complexity of impedance plots and the relation between the reaction mechanism
and equivalent circuit may be deduced. For example, the model predicts that
inductive loops cannot be observed at equilibrium. However, a detailed presenta-
tion of this method is beyond the scope of this book.
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