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THE MODEL




Premises

The applied constant potential is superimposed by an alternating
(sinusoidal) potential signal of small amplitude

The depth of penetration of the concentration wave Is considerably lower
as compared with the thickness of the steady-state diffusion layer

/ semi-infinite diffusion
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The intensity of forced convection is varied at the constant steady-state
potential

TThe impedance, as the function of the steady-state current, IS recorded and
analyzed




Quantitative
description




General

When a sinusoidal voltage signal of low amplitude
V(ot) =V, sin (ot)

IS applied, the response of the electrochemical system is:

l(wt) = 1, sin(wt + y) = a sin (ot) + b cos (wt),

where l, = +/a? +b?

and the phase-angle between current and potential

vy =arctan (b/a).
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General
The faradaic impedance Z.=Z'-jZ/' = R, —j/ oC,

Ry(o) Cy(w)

R,=Zcosy=aV,/(a%+b?
1/oC,=Zcosy=b V,/(a%+ b?)
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General equations
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Introduction of kinetic parameters

(an example of the redox process O + ne — R)

1 Kinetic equation is written:

i(t) = NFK {cg s expla, o(t)] - co s expl- g fro(t)]) (1)
with f=nF/RT and surface concentrations:
t . t ]
CR,S :CR,b_J‘ I(t_U) du, CO,S :CO,b +J‘ I(t_U) du (2)

A nF./Dgru OnF Donu

1 Eq. (2) and the overvoltage n, (1) =net Vosin(ot)  (3)
are inserted into Eqg. (1).
1 The alternating component of the resulting relationship is
identified with
I(ot) = a sin (wt) + b cos (wt), (4)
to obtain expressions for the impedance parameters a and b.



The relationships obtained

(redox process O + ne — R)

n __ ART cosh?(fryy,/2) 5)
® " n?F2y20(co+/Dg +Cr+/Dk )

—1_ O¢ CXp(—OLa 1:771/2) — Oy exp((xc 1:771/2) I\/B
A=1 X (6)

Co+/ Do +Cr+/Dg nFK,

k

A= \/SB x [exp(—ay fr) + expla, friyp)] (7)
D = DD (®)

Special cases:
a) Atcy,=0 (orcgy=0) Egns (5)-(8) are in line with these
reported in: D.E. Smith, Analyt. Chem. 36, 962 (1964).

b) AtE = E,,, I = 0 and Eqns (5)-(8) transform into well-known
relationships published earlier.
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The relationships obtained

(electrodeposition M™ + ne — M)

_ RT exp(—1n)

R, = 9
° n?F2 20D, ®)
i
A=1-oa,exp(—a, fry) x Pk, (10)
A = kS eXp(_a’c fUO) (11)

VDo

The concentration of M ions Is outside the
equations obtained
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GENERALIZATION




The main general regularities

At constant E and o, the capacitance is a linear function of current density:
C.=C,—ki

(anodic i > 0).

The term C,is specified by diffusion parameters, whereas the quantity k
depends on the kinetic parameters of the charge transfer process.

Both C, and k vary linearly with 1 / \/6

Both C, and k are exponential functions of the electrode potential
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DATA

Moderate frequences
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Experimental d
System TI | TI*
Tl (Hg) | TI' 0 150
1mMTI"
0.3 M NaNO,

40

30

”‘D\D\D\D\D
\

In line with the theory,
C, varies linearly with |

C, increases with
cathodic current

C, decreases with
anodic current

10 20 30

I/ uA

The electrode surface area is ignored
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C,/ uF
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Experimental data

System Tl | TI*

TI (Hg) | TI
1 mMTI
- 0.3 M NaNO,

cathodic,
ordinate
to the left
anodic, /
ordinate

to the right /
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0.02

1w /s°°

15
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120

90

60

30

0

In(0CJow ) pF s°°
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/
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E./V

-0.54

-0.50

-0.46

In line with the theory,

C, varies linearly with1/y/ 3
Slope is the exponential of E
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Experimental data
System TI | TI*

0.5

0.4

0.3

0.2

0.1

0.00

TI(Hg) | TI
1mMTI
0.3 M NaNO,

In (6k l00™®°) 1 s*° V™

0 | | E/V
-0.54 -0.50 -0.46
In line with the theory,
0.01 0.02 0.03 0.04 o h 1/ \/73
1A 1% k varies linearly with
Slope is the exponential of E
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Experimental data
System K;Fe(CN)g | KsFe(CN)g

350 [K,Fe(CN)/K,Fe(CN),
[0] = [R] = 0.05 M

300 r0.5MK,SO,

C, varies linearly with i
f/ kHz:

250 C, increases with

cathodic current
200

C,/uFcm?

Slope decreases with

150 L 8.1
1/./././1’ frequency
11
100 /
——
" e——— ¥
50 F . . . .
0 3 6 9 12
-i/ mA cm™

No elimination of non-faradaic elements
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Experimental data
Svstem K.Fe(CN): | K,Fe(CN)-

0| K,Fe(CN)//K,Fe(CN), 10y K ,Fe(CN)./K,Fe(CN),
[O] = [R] = 0.05 M [O] = [R] = 0.05 M
0.5 MK,SO, 8} 05MK,SO,
% 150 o
5 N 6 F
w 5
S 100 =
S 4f
50 - 5L
/
0 2 4 6 8 0 2 4 6
1000/w [ g°° 1000/vw / %5

A shift of C, — o> line occurs
Curvature of k — %> line is observed
Elilrgination of the double-layer impedance is desirable







Systems involving metal complexes
(The CE mechanism)

Overall electrochemical process
MLy +ne—>M+N L
Preceding chemical reaction
MLY — MLy +(N - p) L

The charge transfer step involving the
electrochemically active complex (EAC)

ML, +ne—>M+p L
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Systems involving metal complexes
Chemical interactions

M™+jLe ML By =[ML}/[M™][LY
L+mH*" < LH™ B =[LHy ]/[L][H"]"

The total metal concentration
Cy =[MTT+[ML" ]+ [MLY ]+---+[MLY ]

The total ligand concentration,

¢, =[L]+[ML"]+2[MLY ]+ -+ N[MLY]
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Systems involving metal complexes

Mass transport of chemically interacting species
M™, ML™, ML}, L

Ky
MY LT MU, w =k [MUILL w =k ML)

Ky,
ML”++L<_k_|\/||_nz+, W, =K,[ML™]L],  w_, =k_,[ML3']

oM™ ] D82[l\/l”+] O[MLY] Dﬁz[l\/lL”{]+W "
= —W, +W = —W.
ot X2 1 W ot OX2 S
S[ML™]  82[ML"™]
po =D o +W; — W,y =W, + W,

ALy _p I
ot ox?
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Systems involving metal complexes
Mass transport of chemically interacting species

| C
_________________ | .
!
. . ~
1) A linear profile of ~ _ semi-infinite diffusion ~~_ —~7 | Cy
~ |
the total metal 2 / | - |
concentration arises £ | -~ |
in the N - S : -~ D5y >3 |
in the Nernst-type £ D |
. . (&)
diffusion layer i 5, —1.61optag |
| .
} (f/Hz)>0.005(m/rpm) | distance

0 ) )

~ N
2) The total ligand concentration remains constant and
equal to that in the bulk of solution

3) The latter is also valid for proton donors and acceptors
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The relationships obtained at the
excess of ligand

nZFZBNCIIEIﬂZD nF
C, = @ exp( )

0= RT RT o0

NFBC) P 2
0) (X,CnF
K = eXp( noo)

~ RTBZk RT

Noo IS the overvoltage reckoned from the formal potential of the M | M"*
electrode.
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Experimental data

System Ag | Ag(l), KSCN
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Results

Overall electrochemical process

Ag(SCN);™ +e —> Ag+4 SCN™
Preceding chemical reaction
Ag(SCN);~ — Ag(SCN), +2SCN"

The charge transfer step involving the
electrochemically active complex (EAC)

Ag(SCN), +e > Ag +2 SCN-
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Results

Stability constants of EAC and
predominating complex :

logB, =7.6 logB, =10.3
Effective diffusion coefficient
D =9.3x10"°cm?s™
Kinetic parameters

o, =0.5 ke =0.4(cm s'l) X (molcm‘?’)‘o'5
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CONCLUSIONS

The suggested EIS modification involves impedance
measurements at constant electrode potential and
different intensities of the forced convection.

The resulting faradaic impedance is represented by the
frequency-dependent resistance R and capacitance C,
In series.

Easy-to-analyze linear dependences of C, vs. i and
others are obtained.

The experimental data obtained for redox processes O +
ne—R, M+ ne— R are in line with the derived
analytical expressions.

To obtain analytical relationships for processes involving
labile complexes of metals, simplifying conditions should
be accepted.
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