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2.3 Volmer-Heyrovský (V-H) reaction . . . . . . . . . . . . . . . . . . 21
2.3.1 Mechanism . . . . . . . . . . . . . . . . . . . . . . . . . . 21

3



4 CONTENTS

2.3.2 Kinetic equations . . . . . . . . . . . . . . . . . . . . . . . 21
2.3.3 Steady-state conditions . . . . . . . . . . . . . . . . . . . 22
2.3.4 Faradaic impedance . . . . . . . . . . . . . . . . . . . . . 23
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Chapter 1

Reactions involving soluble
species only

1.1 Redox reaction (E), Warburg conditions

1.1.1 Mechanism

O + e
Kr←→
Ko

R

Kr = kr exp (−αr f E) = ko exp (−αr f (E − E◦))

Ko = ko exp (αo f E) = ko exp (αo f (E − E◦)) , f = F/(R T ), αo + αr = 1

1.1.2 Kinetic equations

Warburg conditions: semi-infinite linear diffusion

Transformation rates

vO(t) = −v(t), vR(t) = v(t)

Mass balance equations

Flux of soluble species : JO(0, t) = vO(t), JR(0, t) = vR(t)

Current density vs. reaction rate

if(t) = −F v(t)

Reaction rate

v(t) = −R(0, t) Ko(t) + O(0, t) Kr(t)

7
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1.1.3 Steady-state conditions

Steady-state equations

Soluble species

JO(0) = 0, JR(0) = 0

Steady-state solutions

Only at equilibrium potential

O(0) = O∗, R(0) = R∗

if = 0, E = Eeq = E◦ +
1

f
ln

O∗

R∗

1.1.4 Faradaic impedance

Faradaic impedance

Zf(s) = Rct + ZO(s) + ZR(s)

Zf(s) =
1 + Kr MO(s) + Ko MR(s)
f F (R∗ Ko αo + O∗ Kr αr)

Charge transfer resistance

Rct =
1

f F (R∗ Ko αo + O∗ Kr αr)

Concentration impedances

ZO(s) = Kr Rct MO(s), ZR(s) = Ko Rct MR(s)

MO(s) =
1√

s DO

, MR(s) =
1√

s DR

ZO(s) =
Kr Rct√

s DO

=
1

n2 f F O∗
√

s DO

, ZR(s) =
Ko Rct√

s DR

=
1

n2 f F R∗
√

p DR

ZO(s) + ZR(s) =
σ′

√
s

, σ′ =
1

n2 f F

(

1

O∗
√

DO

+
1

R∗
√

DR

)

(1)

1.1.5 Equivalent circuit

(Fig. 1.1)
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O R
Rct

Cdl

ZO ZR

Figure 1.1: Equivalent circuit for the impedance of redox reactions: Warburg condi-
tions.

1.2 Redox reaction (E) RDE

1.2.1 Mechanism

O + e
Kr←→
Ko

R

Kr = kr exp (−αr f E) = ko exp (−αr f (E − E◦))

Ko = ko exp (αo f E) = ko exp (αo f (E − E◦)) , f = F/(R T ), αo + αr = 1

1.2.2 Kinetic equations

Rotating disk electrode (RDE) conditions: diffusion-convection.

Transformation rates

vO(t) = −v(t), vR(t) = v(t)

Mass balance equations

Flux of soluble species : JO(0, t) = vO(t), JR(0, t) = vR(t)

Current density vs. reaction rate

if(t) = −F v(t)

Reaction rate

v(t) = −R(0, t) Ko(t) + O(0, t) Kr(t)

1.2.3 Steady-state conditions

Steady-state equations

Soluble species

JO(0) = − (O∗ −O(0)) mO, JR(0) = − (R∗ −R(0)) mR
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Steady-state solutions

Soluble species

R(0) =
R∗ + Kr (R∗/mO + O∗/mR)

1 + Ko/mR + Kr/mO
, O(0) =

O∗ + Ko (R∗/mO + O∗/mR)

1 + Ko/mR + Kr/mO

Current density

if =
F (Ko R∗ −Kr O∗)

1 + Ko/mR + Kr/mO

1.2.4 Faradaic impedance

Faradaic impedance

Zf(s) = Rct + ZO(s) + ZR(s)

Zf(s) =
1 + Kr MO(s) + Ko MR(s)

f F (R(0) Ko αo + O(0) Kr αr)

Charge transfer resistance

Rct =
1

f F (R(0) Ko αo + O(0) Kr αr)

Concentration impedances

(with ∂Xv =
∂v
∂X

)

ZO = −∂Ov MO(s)
∂Ev

= Kr Rct MO(s)

ZR =
∂Rv MR(s)

∂Ev
= Ko Rct MR(s)

MO(s) =
1

mO

th
√τdO s√
τdO s

, MR(s) =
1

mR

th
√τdR s√
τdR s

1.2.5 Equivalent circuit

Fig. 1.2

∆O ∆R

Rct

Cdl

ZO ZR

Figure 1.2: Equivalent circuit for the impedance of redox reactions (RDE).
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1.3 EE reaction, RDE conditions

1.3.1 Mechanism

R
Ko1←→
Kr1

X + e−

X
Ko2←→
Kr2

O + e−

Ko1 = ko1 exp (αo1 f E) = ko
1 exp (αo1 f (E − Eo

1))

Kr1 = kr1 exp (−αr1 f E) = ko
1 exp (−αr1 f (E − Eo

1 )) , αo1 + αr1 = 1

Ko2 = ko2 exp (αo2 f E) = ko
2 exp (αo2 f (E − Eo

2))

Kr2 = kr2 exp (−αr2 f E) = ko
2 exp (−αr2 f (E − Eo

2 )) , αo2 + αr2 = 1

1.3.2 Kinetic equations, without
coupled homogeneous reactions

Transformation rates

vR(t) = −v1(t), vX(t) = v1(t)− v2(t), vO(t) = v2(t)

Mass balance equations

Flux of soluble species

JR(0, t) = vR(t), JX(0, t) = vX(t), JO(0, t) = vO(t)

Current density vs. step rates

if(t) = F (v1(t) + v2(t))

Step rates

v1(t) = R(0, t) Ko1(t)−X(0, t) Kr1(t), v2(t) = X(0, t) Ko2(t)−O(0, t) Kr2(t)

1.3.3 Steady-state conditions

Steady-state equations

JR(0) = − (R∗ −R(0)) mR, JX(0) = − (X∗ −X(0)) mX, JO(0) = − (O∗ −O(0)) mO

with

mR =
DR

δR
, mX =

DX

δX
, mO =

DO

δO
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Steady-state solutions

Soluble species

R(0) =

(

R∗ +
R∗ Kr2

mO
+

X∗ Kr1

mR
+

X∗ Kr1 Kr2

mO mR
+

R∗ Ko2

mX
+

R∗ Kr1

mX
+

R∗ Kr1 Kr2

mO mX
+

O∗ Kr1 Kr2

mR mX

)

/
(

1 +
Kr2

mO
+

Ko1

mR
+

Ko1 Kr2

mO mR
+

Ko2

mX
+

Kr1

mX
+

Kr1 Kr2

mO mX
+

Ko1 Ko2

mR mX

)

X(0) =

(

X∗ +
X∗ Kr2

mO
+

X∗ Ko1

mR
+

X∗ Ko1 Kr2

mO mR
+

R∗ Ko1

mX
+

O∗ Kr2

mX
+

R∗ Ko1 Kr2

mO mX
+

O∗ Ko1 Kr2

mR mX

)

/
(

1 +
Kr2

mO
+

Ko1

mR
+

Ko1 Kr2

mO mR
+

Ko2

mX
+

Kr1

mX
+

Kr1 Kr2

mO mX
+

Ko1 Ko2

mR mX

)

O(0) =

(

O∗ +
X∗ Ko2

mO
+

O∗ Ko1

mR
+

X∗ Ko1 Ko2

mO mR
+

O∗ Ko2

mX
+

O∗ Kr1

mX
+

R∗ Ko1 Ko2

mO mX
+

O∗ Ko1 Ko2

mR mX

)

/
(

1 +
Kr2

mO
+

Ko1

mR
+

Ko1 Kr2

mO mR
+

Ko2

mX
+

Kr1

mX
+

Kr1 Kr2

mO mX
+

Ko1 Ko2

mR mX

)

Current density

if =

(

Ko1 R∗ + Ko2 X∗ +
Ko1 Ko2 X∗

mR
+

Ko1 Kr2 R∗

mO
+

2 Ko1 Ko2 R∗

mX
−

Kr1 X∗ −Kr2 O∗ − Kr1 Kr2 X∗

mO
− Ko1 Kr2 O∗

mR
− 2 Kr1 Kr2 O∗

mX

)

/
(

1 +
Kr2

mO
+

Ko1

mR
+

Ko1 Kr2

mO mR
+

Ko2

mX
+

Kr1

mX
+

Kr1 Kr2

mO mX
+

Ko1 Ko2

mR mX

)

1.3.4 Faradaic impedance

Faradaic impedance

Zf(s) = Rct + ZO(s) + ZR(s) + ZX(s)

Zf(s) = (1 + Ko1 MO(s)) (1 + Kr2 MR(s)) + (Ko2 (1 + Ko1 MO(s)) + Kr1 (1 + Kr2 MR(s))) MX(s)/

(f F (X(0) Kr1 αr1 (1 + Kr2 MR(s) + 2Ko2 MX(s))

+X(0) Ko2 αo2 (1 + 2Kr1 MX(s)) + R(0) Kr2 αr2 (1 + 2 Kr1 MX(s))

+Ko1 ((X(0) Ko2 αo2 + R(0)Kr2 αr2) MO(s) + O(0) αo1 (1 + Kr2 MR(s) + 2Ko2 MX(s)))))
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Charge transfer resistance

Rct =
1

f F (O(0) Ko1 αo1 + X(0) (Ko2 αo2 + Kr1 αr1) + R(0) Kr2 αr2)

Concentration impedances

ZO(s) = Rct Ko1 MO(s) (O(0) Ko1 αo1 (1 + Kr2 MR(s) + Ko2 MX(s))
+Kr1 (X(0) αr1 (1 + Kr2 MR(s)) + X(0) Ko2 (αo2 + αr1) MX(s) + R(0) Kr2 αr2 MX(s))) /

(X(0) Kr1 αr1 (1 + Kr2 MR(s) + 2 Ko2 MX(s))
+X(0) Ko2 αo2 (1 + 2 Kr1 MX(s)) + R(0) Kr2 αr2 (1 + 2 Kr1 MX(s))

+Ko1 ((X(0) Ko2 αo2 + R(0) Kr2 αr2) MO(s) + O(0) αo1 (1 + Kr2 MR(s) + 2 Ko2 MX(s))))

ZX(s) = Rct (Ko2 −Kr1) MX(s) (X(0) Ko2 αo2 −X(0) Kr1 αr1 (1 + Kr2 MR(s))
+R(0) Kr2 αr2 + Ko1 ((X(0) Ko2 αo2 + R(0) Kr2 αr2) MO(s)− αo1 O(0) (1 + Kr2 MR(s)))) /

(X(0) Kr1 αr1 (1 + Kr2 MR(s) + 2 Ko2 MX(s))
+X(0) Ko2 αo2 (1 + 2 Kr1 MX(s)) + R(0) Kr2 αr2 (1 + 2 Kr1 MX(s))

+Ko1 ((X(0) Ko2 αo2 + R(0) Kr2 αr2) MO(s) + O(0) αo1 (1 + Kr2 MR(s) + 2 Ko2 MX(s))))

ZR(s) = Rct Kr2 MR(s) (R(0) Kr2 αr2 (1 + Ko1 MO(s) + Kr1 MX(s))
+Ko2 (X(0)αo2 + X(0)Kr1 (αo2 + αr1) MX(s) + Ko1 (X(0)αo2MO(s) + O(0)αo1MX(s)))) /

(X(0) Kr1 αr1 (1 + Kr2 MR(s) + 2 Ko2 MX(s))
+X(0) Ko2 αo2 (1 + 2 Kr1 MX(s)) + R(0) Kr2 αr2 (1 + 2 Kr1 MX(s))

+Ko1 ((X(0) Ko2 αo2 + R(0) Kr2 αr2) MO(s) + O(0) αo1 (1 + Kr2 MR(s) + 2 Ko2 MX(s))))

with MR(s) =
1

mR

th
√τdR s√
τdR s

, MX(s) =
1

mX

th
√τdX s√
τdX s

, MO(s) =
1

mO

th
√τdO s√
τdO s

and τdR =
δ2
R

DR
, τdX =

δ2
X

DX
, τdO =

δ2
O

DO
.

Equivalent circuit

Rct

Cdl

ZR ZX ZO

Figure 1.3: Equivalent circuit for the EE reaction. No simple equivalent circuit for
ZR, ZX and ZO.
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1.4 EE reaction (simplified), RDE conditions

1.4.1 Mechanism and hypotheses

R
Ko1←→
Kr1

X + e−

X
Ko2←→
Kr2

O + e−

Ko1 = ko1 exp (αo1 f E) = ko
1 exp (αo1 f (E − Eo

1))

Kr1 = kr1 exp (−αr1 f E) = ko
1 exp (−αr1 f (E − Eo

1)) , αo1 + αr1 = 1

Ko2 = ko2 exp (αo2 f E) = ko
2 exp (αo2 f (E − Eo

2))

Kr2 = kr2 exp (−αr2 f E) = ko
2 exp (−αr2 f (E − Eo

2)) , αo2 + αr2 = 1

X∗ = O∗ = 0

DR = DX = DO = D ⇒

δR = δX = δO = δ, mR = mX = mO = m =
D
δ

, τdR = τdX = τdO = τ =
δ2

D

1.4.2 Kinetic equations, without
coupled homogeneous reactions

Transformation rates

vR(t) = −v1(t), vX(t) = v1(t)− v2(t), vO(t) = v2(t)

Mass balance equations

Flux of soluble species

JR(0, t) = vR(t), JX(0, t) = vX(t), JO(0, t) = vO(t)

Current density vs. step rates

if(t) = F (v1(t) + v2(t))

Step rates

v1(t) = R(0, t) Ko1(t)−X(0, t) Kr1(t), v2(t) = X(0, t) Ko2(t)−O(0, t) Kr2(t)

1.4.3 Steady-state conditions

Steady-state equations

JR(0) = −m (R∗ −R(0)) , JX(0) = −m (X∗ −X(0)) , JO(0) = −m (O∗ −O(0))
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Steady-state solutions

Soluble species

R(0) =
R∗ (mKo2 + (m + Kr1) (m + Kr2))

mKo2 + (m + Kr1) (m + Kr2) + Ko1 (m + Ko2 + Kr2)

X(0) =
R∗Ko1 (m + Kr2)

mKo2 + (m + Kr1) (m + Kr2) + Ko1 (m + Ko2 + Kr2)

O(0) =
R∗Ko1Ko2

mKo2 + (m + Kr1) (m + Kr2) + Ko1 (m + Ko2 + Kr2)

Current density

if =
F mR∗Ko1 (m + 2Ko2 + Kr2)

mKo2 + (m + Kr1) (m + Kr2) + Ko1 (m + Ko2 + Kr2)

1.4.4 Faradaic impedance

Faradaic impedance

Zf(s) = Rct + ZO(s) + ZR(s) + ZX(s)

Charge transfer resistance

Rct =
1

f F (O(0) Ko1 αo1 + X(0) (Ko2 αo2 + Kr1 αr1) + R(0) Kr2 αr2)

Concentration impedances

ZR(s) =
RR (1 + aR M∗) M∗

1 + b M∗

ZX(s) =
RX (1 + aX M∗) M∗

1 + b M∗

ZO(s) =
RO (1 + aR M∗) M∗

1 + b M∗

where

M∗ =
th
√

τ s√
τ s

and

RR =
Ko1Rct (R(0)Ko1αo1 + Kr1αr1X(0))

m (R(0)Ko1αo1 + O(0)Kr2αr2 + Ko2αo2X(0) + Kr1αr1X(0))

aR =
R(0)Ko1 (Ko2 + Kr2) αo1 + Kr1 (Ko2 (αo2 + αr1) X(0) + Kr2 (O(0)αr2 + αr1X(0)))

m (R(0)Ko1αo1 + Kr1αr1X(0))

RX =
(Ko2 −Kr1) Rct (−R(0)Ko1αo1 + O(0)Kr2αr2 + Ko2αo2X(0)−Kr1αr1X(0))

m (R(0)Ko1αo1 + O(0)Kr2αr2 + Ko2αo2X(0) + Kr1αr1X(0))

aX =
(Ko1 (Kr2 (O(0)αr2 −R(0)αo1) + Ko2αo2X(0))−Kr1Kr2αr1X(0))

m (−R(0)Ko1αo1 + O(0)Kr2αr2 + Ko2αo2X(0)−Kr1αr1X(0))
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RO =
Kr2Rct (O(0)Kr2αr2 + Ko2αo2X(0))

m (R(0)Ko1αo1 + O(0)Kr2αr2 + Ko2αo2X(0) + Kr1αr1X(0))

aO =
O(0) (Ko1 + Kr1) Kr2αr2 + Ko2 (Kr1 (αo2 + αr1) X(0) + Ko1 (R(0)αo1 + αo2X(0)))

m (O(0)Kr2αr2 + Ko2αo2X(0))

b = (Ko1 (Kr2 (R(0)αo1 + O(0)αr2) + Ko2 (2R(0)αo1 + αo2X(0)))

+Kr1 (2Ko2 (αo2 + αr1) X(0) + Kr2 (2O(0)αr2 + αr1X(0)))) /

m (R(0)Ko1αo1 + O(0)Kr2αr2 + Ko2αo2X(0) + Kr1αr1X(0))

Equivalent circuit

Fig. 1.3



Chapter 2

Reactions involving one
adsorbate

2.1 Electroadsorption reaction (EAR)

2.1.1 Mechanism

A− + s
Ko←→
Kr

A,s + e−

2.1.2 Kinetic equations

No mass transport limitations, Langmuir isotherm

A−(0, t) ≈ A−∗, Ko = ko A−∗ exp (αo f E) , Kr = kr exp (−αr f E)

Transformation rates

vA−(t) = −v1(t), vs(t) = −v1(t), vA(t) = v1(t)

Mass balance equations

Rate of production of adsorbed species

dθs(t)
dt

=
vs(t)

Γ
,
dθA(t)

dt
=

vA(t)
Γ

Current density vs. reaction rate

if(t) = F v(t)

Reaction rate

v(t) = θs(t) Γ Ko(t)− θA(t) Γ Kr(t)

17
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2.1.3 Steady-state conditions

Steady-state equations

Adsorbed species
dθs/dt = 0, θA + θs = 1

Steady-state solutions

Adsorbed species

θs =
Kr

Ko + Kr
, θA =

Ko

Ko + Kr

Current density
if = 0

2.1.4 Faradaic impedance

Faradaic impedance

Zf(s) = Rct + ZA(s) + Zs(s)

Zf(s) =
s + Ko + Kr

f F Γ s (θs Ko αo + θA Kr αr)
=

(Ko + Kr) (s + Ko + Kr)

f F s Γ Ko Kr

Charge transfer resistance

Rct =
1

f F Γ (θs Ko αo + θA Kr αr)
=

Ko + Kr

f F Γ Ko Kr

Concentration impedances

Adsorbed species

ZA(s) =
Kr Rct

s
=

1

f F s Γ θA
=

Ko + Kr

f F s Γ Ko
, Zs(s) =

Ko Rct

s
=

1

f F s Γ θs
=

Ko + Kr

f F s Γ Kr

Cads = F Γ
dθA

dE
= f F Γ θA θs =

1

Rct (Ko + Kr)

Cdl

Rct

Cads

Figure 2.1: Equivalent circuit for the impedance of EAR (A−(0, t) ≈ A−∗).
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2.2 Dissolution-passivation reaction

2.2.1 Mechanism [10]

M,s
Ko1←→
Kr1

M2+ + s + 2 e−

A− + s
Ko2←→
Kr2

A,s + e−

2.2.2 Kinetic equations

No mass transport limitations, Langmuir isotherm

M2+(0, t) ≈M2+∗, A−(0, t) ≈ A−∗

Ko1 = ko1 exp (2 αo1 f E) , Kr1 = kr1 M2+∗ exp (−2 αr1 f E)

Ko2 = ko2 A−∗ exp (αo2 f E) , Kr2 = kr2 exp (−αr2 f E)

Transformation rates (vA stands for vA,s)

vs(t) = −v2(t), vA(t) = v2(t)

Mass balance equations

Rate of production of adsorbed species

dθs(t)
dt

=
vs(t)

Γ
,
dθA(t)

dt
=

vA(t)
Γ

Current density vs. step rates

if(t) = F (2 v1(t) + v2(t))

Step rates

v1(t) = θs(t) Γ Ko1(t)− θs(t) Γ Kr1(t), v2(t) = θs(t) Γ Ko2(t)− θA(t) Γ Kr2(t)

2.2.3 Steady-state conditions

Steady-state equations

Adsorbed species
dθs/dt = 0, θA + θs = 1

Steady-state solutions

Adsorbed species

θs =
Ko2

Ko2 + Kr2
, θA =

Kr2

Ko2 + Kr2

Current density

if =
2 F Γ (Ko1 −Kr1) Kr2

Ko2 + Kr2
(2.1)
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0 0.3 0.6
-1

0
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E�V
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�Hm
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cm

-2
L

a b

Figure 2.2: if vs. E curve calculated with Eq. (2.1) for ko1 = 0.1 s−1, kr1 = 1 s−1,
ko2 = 10−1 s−1, kr2 = 100−1 s−1, αo1 = 0.35, αo2 = 0.5, Γ = 10−9 mol cm−2, f = 38.9,
F = 96485 C mol−1.

2.2.4 Faradaic impedance

Faradaic impedance

Zf(s) = Rct + ZA(s) + Zs(s)

Zf(s) = (s + Ko2 + Kr2) /
(f F Γ (θs (Ko2 (s + 2 Kr1) αo2 + 2 Ko1 (2 (s + Ko2 + Kr2) αo1 −Ko2 αo2)+

4 Kr1 (s + Ko2 + Kr2) αr1) + θA (s− 2 Ko1 + 2 Kr1) Kr2 αr2))

Zf(s) =

(Ko2 + Kr2) (s + Ko2 + Kr2)

f F Γ Kr2 (4 (s + Kr2) (Ko1 αo1 + Kr1 αr1) + Ko2 (s + Ko1 (−2 + 4 αo1) + Kr1 (2 + 4 αr1)))

Charge transfer resistance

Rct =
1

f F Γ (4 θs Ko1 αo1 + θs Ko2 αo2 + 4 θs Kr1 αr1 + θA Kr2 αr2)

Rct =
Ko2 + Kr2

f F Γ Kr2 (Ko2 + 4 Ko1 αo1 + 4 Kr1 αr1)

Concentration impedances

ZA(s) = Kr2 Rct (θs Ko2 αo2 + θA Kr2 αr2)/
(θs (Ko2 (s + 2 Kr1) αo2 + 2 Ko1 (2 (s + Ko2 + Kr2) αo1 −Ko2 αo2)+

4 Kr1 (s + Ko2 + Kr2) αr1) + θA (s− 2 Ko1 + 2 Kr1) Kr2 αr2)

ZA(s) =
Ko2 Kr2 Rct

4 (s + Kr2) (Ko1 αo1 + Kr1 αr1) + Ko2 (s + Ko1 (−2 + 4 αo1) + Kr1 (2 + 4 αr1))
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Zs(s) = −(2 Ko1 + Ko2 − 2 Kr1) Rct (θs Ko2 αo2 + θA Kr2 αr2)/
(θs (−4 Ko1 (s + Ko2 + Kr2) αo1 −Ko2 (s− 2 Ko1 + 2 Kr1) αo2−

4 Kr1 (s + Ko2 + Kr2) αr1)− θA (s− 2 Ko1 + 2 Kr1) Kr2 αr2)

Zs(s) =
Ko2 (2 Ko1 + Ko2 − 2 Kr1) Rct

4 (s + Kr2) (Ko1 αo1 + Kr1 αr1) + Ko2 (s + Ko1 (−2 + 4 αo1) + Kr1 (2 + 4 αr1))

0 0.5 1
0

0.5

Re Z�Rp

-
Im

Z
�R

p

a

0

13

0-0.5-1
0

0.5

Re Z�Rp

-
Im

Z
�R

p

b

3

1

0

Figure 2.3: Two typical Nyquist impedance diagrams for the dissolution-passivation
reaction. Parameters value as in Fig.2.2 and Cdl = 10−4 F. Va = 0.17 V and Vb =
0.25 V. Thick lines: Faradaic impedance, thin lines: electrode impedance.

2.2.5 Equivalent circuit

Fig. 2.4

Rθ =
Rct Ko2 (2 Ko1 + Ko2 − 2Kr1 + Kr2)

Ko1 ((4 αo1 − 2) Ko2 + 4 αo1 Kr2) + 2 Kr1(2 αr1Ko2 + Ko2 + 2 αr1 Kr2)

Cθ =
4 αo1 Ko1 + Ko2 + 4 αr1 Kr1

Rct Ko2 (2 Ko1 + Ko2 − 2 Kr1 + Kr2)

2.3 Volmer-Heyrovský (V-H) reaction

2.3.1 Mechanism

A+ + s + e−
Kr1←→
Ko1

A,s

A+ + A,s + e−
Kr2←→
Ko2

A2 + s

2.3.2 Kinetic equations

No mass transport limitations, Langmuir isotherm

A+(0, t) ≈ A+∗, A2(0, t) ≈ A∗
2

Kr1 = kr1 A+∗ exp (−αr1 f E) , Ko1 = ko1 exp (αo1 f E)

Kr2 = kr2 A+∗ exp (−αr2 f E) , Ko2 = ko2 A∗
2 exp (αo2 f E)
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RW Rct

Cdl

CΘ

RΘ

0 0.3 0.6
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Figure 2.4: Equivalent circuit for the dissolution-passivation reaction and change of
Rθ and Cθ with E. Parameters value as in Fig. 2.3.

Transformation rates

vs(t) = −v1(t) + v2(t), vA(t) = v1(t)− v2(t)

Mass balance equations

Rate of production of adsorbed species

dθs(t)
dt

=
vs(t)

Γ
,
dθA(t)

dt
=

vA(t)
Γ

Current density vs. step rates

if(t) = −F (v1(t) + v2(t))

Step rates

v1(t) = −θA(t) Γ Ko1(t) + θs(t) Γ Kr1(t), v2(t) = −θs(t) Γ Ko2(t) + θA(t) Γ Kr2(t)

2.3.3 Steady-state conditions

Steady-state equations

Adsorbed species

dθs/dt = 0, θA + θs = 1
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Steady-state solutions

Adsorbed species

θs =
Ko1 + Kr2

Ko1 + Ko2 + Kr1 + Kr2
, θA =

Ko2 + Kr1

Ko1 + Ko2 + Kr1 + Kr2

Current density

if =
2 F Γ (Ko1 Ko2 −Kr1 Kr2)

Ko1 + Ko2 + Kr1 + Kr2

2.3.4 Faradaic impedance

Faradaic impedance

Zf(s) = Rct + ZA(s) + Zs(s)

Charge transfer resistance

Rct =
1

f F Γ (θA Ko1 αo1 + θs Ko2 αo2 + θs Kr1 αr1 + θA Kr2 αr2)

Concentration impedances

ZA(s) = (Ko1 −Kr2) Rct (θA Ko1 αo1 − θs Ko2 αo2 + θs Kr1 αr1 − θA Kr2 αr2)/
(θs Ko2 (s + 2 Kr1) αo2 + θs Kr1 (s + 2 Ko2 + 2 Kr2) αr1 + θA (s + 2 Kr1) Kr2 αr2+

Ko1 (θA (s + 2 Ko2 + 2 Kr2) αo1 + 2 (θs Ko2 αo2 + θA Kr2 αr2)))

Zs(s) = (Ko2 −Kr1) Rct (− θA Ko1 αo1 + θs Ko2 αo2 − θs Kr1 αr1 + θA Kr2 αr2)/
(θs Ko2 (s + 2 Kr1) αo2 + θs Kr1 (s + 2 Ko2 + 2 Kr2) αr1 + θA (s + 2 Kr1) Kr2 αr2+

Ko1 (θA (s + 2 Ko2 + 2 Kr2) αo1 + 2 (θs Ko2 αo2 + θA Kr2 αr2)))

2.4 Volmer-Heyrovský (V-H) corrosion reaction

2.4.1 Mechanism

H+ + s + e−
Kr1−→ H,s

H+ + H,s + e−
Kr2−→ H2 + s

M,s
Ko3−→ M2+ + s + 2 e−

2.4.2 Kinetic equations

No mass transport limitations, Langmuir isotherm

H+(0, t) ≈ H+∗, M, s ≡ s

Kr1 = kr1 exp (−αr1 f E) , kr1 = k′
r1 H+∗

Kr2 = kr2 exp (−αr2 f E) , kr2 = k′
r2 H+∗, Ko3 = ko3 exp (2 αo3 f E)



24 CHAPTER 2. REACTIONS INVOLVING ONE ADSORBATE

Transformation rates

vs(t) = −v1(t) + v2(t), vH(t) = v1(t)− v2(t)

Mass balance equations

Rate of production of adsorbed species

dθs(t)
dt

=
vs(t)

Γ
,
dθH(t)

dt
=

vH(t)
Γ

Current density vs. step rates

if(t) = −F (v1(t) + v2(t)− 2 v3(t))

Step rates

v1(t) = Kr1(t) Γ θs(t), v2(t) = Kr2(t) Γ θH(t), v3(t) = Ko3(t) Γ θs(t)

2.4.3 Steady-state conditions

Steady-state equations

Adsorbed species

dθs/dt = 0, θH + θs = 1

Steady-state solutions

Adsorbed species

θs =
Kr2

Kr1 + Kr2
, θH =

Kr1

Kr1 + Kr2

Current density

if =
2 F Γ (Ko3 Kr2 −Kr1 Kr2)

Kr1 + Kr2
(2.2)

if = 0⇒ E = Ecor =
1

(αr1 + 2 αo3) f
ln

(

kr1

ko3

)

icor =
2 F Γ Ko3(Ecor) Kr2(Ecor)

Kr1(Ecor) + Kr2(Ecor)
=

2 F Γ Kr1(Ecor) Kr2(Ecor)

Kr1(Ecor) + Kr2(Ecor)

=
2 F Γ kr1 kr2

kr1

(

kr1

ko3

)

αr2

2αo3 + αr1 + kr2

(

kr1

ko3

)

αr1

2αo3 + αr1
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Figure 2.5: if vs. E curve calculated with Eq. (2.2) for kr1 = 1 s−1, kr2 = 1 s−1,
ko3 = 101 s−1, αr1 = 0.8, αr2 = 0.3, αo3 = 0.4, Γ = 10−9 mol cm−2, f = 38.9,
F = 96485 C mol−1.

2.4.4 Faradaic impedance

Faradaic impedance

Zf(s) = Rct + ZH(s) + Zs(s)

Zf(s) = (Kr1 + Kr2 + s)/
(f F Γ(2 (αr2 θH Kr2 (−Ko3 + Kr1) + (αr1 (Ko3 + Kr2) Kr1 + 2 αo3 Ko3 (Kr2 + Kr1)) θs)

+(αr2 θH Kr2 + 4 αo3 Ko3 θs + αr1 Kr1 θs) s))

Zf(s) =

(Kr2 + Kr1)(Kr2 + Kr1 + s)
fFΓKr2(αr1Kr1(2(Ko3 + Kr2) + s) + 4αo3Ko3(Kr2 + Kr1 + s) + αr2Kr1(−2Ko3 + 2Kr1 + s))

Polarization resistance

Rp =
Kr1 + Kr2

2 f F Γ (αr2 θH Kr2 (−Ko3 + Kr1) + (αr1 (Ko3 + Kr2) Kr1 + 2 αo3 Ko3 (Kr2 + Kr1)) θs)

=
(Kr2 + Kr1)

2

2 f F Γ Kr2 (2 αo3 Ko3(Kr2 + Kr1) + Kr1 (αr1 (Ko3 + Kr2) + αr2(Kr1 −Ko3)))

No simple relation between Rp and icor.

Charge transfer resistance

Rct =
1

f F Γ (αr2 θH Kr2 + (4 αo3 Ko3 + αr1 Kr1) θs)
=

Kr2 + Kr1

f F Γ Kr2 (4 αo3 Ko3 + (αr1 + αr2) Kr1)

Rct(Ecor) =
1

(2 αo3 + (αr1 + αr2)/2) f icor



26 CHAPTER 2. REACTIONS INVOLVING ONE ADSORBATE

0 0.5 1 Rt�����������
Rp

Re Zf �Rp , Re Z�Rp

0

0.5

-
Im

Z
f�

R
p
,-

Im
Z
�R

p E = Ecor

0 0.5 1Rt�����������
Rp

Re Zf �Rp , Re Z�Rp

0

0.5

-
Im

Z
f�

R
p
,-

Im
Z
�R

p E�V = Ecor - 0.04

-2 0 2 4
log HΩ�rd s-1 L

-1

0

lo
g
ÈZ
�R

p
È

E = Ecor

-2 0 2 4
log HΩ�rd s-1 L

-1

0

lo
g
ÈZ
�R

p
È

E�V = Ecor - 0.04

Figure 2.6: Two typical Nyquist impedance and Bode diagrams for the Volmer-
Heyrovský (V-H) corrosion reaction (Thick lines: Faradaic impedance, thin lines:
electrode impedance). Parameters value as in Fig. 2.5 and Cdl = 5 × 10−5 F.

2.5 Volmer-Tafel (V-T) reaction

2.5.1 Mechanism

A+ + s + e−
Kr1←→
Ko1

A,s

2 A,s
kd2←→
kg2

A2 + 2 s

2.5.2 Kinetic equations

No mass transport limitations, Langmuir isotherm

A+(0, t) ≈ A+∗, A2(0, t) ≈ A∗
2

Kr1 = kr1 A+∗ exp (−αr1 f E) , Ko1 = ko1 exp (αo1 f E) , kg2 = k′
g2 A∗

2

Transformation rates

vs(t) = −v1(t) + 2 v2(t), vA(t) = v1(t)− 2 v2(t)

Mass balance equations

Rate of production of adsorbed species

dθs(t)
dt

=
vs(t)

Γ
,
dθA(t)

dt
=

vA(t)
Γ
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Current density vs. step rates

if(t) = −F v1(t)

Step rates

v1(t) = −θA(t) Γ Ko1(t) + θs(t) Γ Kr1(t), v2(t) = θA(t)2 Γ2 kd2 − θs(t)
2
Γ2 kg2

2.5.3 Steady-state conditions

Steady-state equations

Adsorbed species
dθs/dt = 0, θA + θs = 1

Steady-state solutions

Adsorbed species

θA =

−
(

4 Γ kg2 + Ko1 + Kr1 −
√

8 Γ kg2 Ko1 + 8 Γ kd2 (2 Γ kg2 + Kr1) + (Ko1 + Kr1)
2

)

4 Γ (kd2 − kg2)

Current density

if =
F

4 (kd2 − kg2)

(

−
(

4 Γ kg2 Ko1 + 4 Γ kd2 Kr1 + (Ko1 + Kr1)
2
)

+

(Ko1 + Kr1)

√

8 Γ kg2 Ko1 + 8 Γ kd2 (2 Γ kg2 + Kr1) + (Ko1 + Kr1)
2

)

2.5.4 Faradaic impedance

Faradaic impedance

Zf(s) = Rct + ZA(s) + Zs(s)

Zf(s) =
s + 4 θA Γ kd2 + 4 θs Γ kg2 + Ko1 + Kr1

F f Γ (s + 4 θA Γ kd2 + 4 θs Γ kg2) (θA Ko1 αo1 + θs Kr1 αr1)

Charge transfer resistance

Rct =
1

f F Γ (θA Ko1 αo1 + θs Kr1 αr1)

Concentration impedances

ZA(s) =
Ko1Rct

s + 4Γ (kd2θA + kg2θs)
, Zs(s) =

Kr1Rct

s + 4Γ (kd2θA + kg2θs)

Zθ(s) = ZA(s) + Zs(s) =
(Ko1 + Kr1) Rct

s + 4Γ (kd2θA + kg2θs)
=

Rθ

1 + Rθ Cθ s

Rθ =
(Ko1 + Kr1) Rct

4Γ (kd2θA + kg2θs)
, Cθ =

1

(Ko1 + Kr1) Rct
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2.5.5 Equivalent circuit

Fig. 2.7.

Rct

Cdl

CΘ

RΘ

Figure 2.7: Equivalent circuit for the impedance of (V-T) reaction.

2.6 Volmer-Tafel (V-T) corrosion reaction

2.6.1 Mechanism

H+ + s + e−
Kr1−→ H,s

2 H,s
kd2−→ H2 + 2 s

M,s
Ko3−→ M2+ + s + 2 e−

2.6.2 Kinetic equations

No mass transport limitations, Langmuir isotherm, H+(0, t) ≈ H+∗, M, s ≡ s,
Kr1 = kr1 exp (−αr1 f E) , kr1 = k′

r1 H+∗ Ko3 = ko3 exp (2 αo3 f E) , ko1 =
0, kr3 = 0.

Transformation rates

vs(t) = −v1(t) + 2 v2(t), vH(t) = v1(t)− 2 v2(t)

Mass balance equations

Rate of production of adsorbed species

dθs(t)
dt

=
vs(t)

Γ
,
dθH(t)

dt
=

vH(t)
Γ

Current density vs. step rates

if(t) = −F (v1(t)− 2 v3(t))
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Step rates

v1(t) = Kr1(t) Γ θs(t), v2(t) = kd2 (Γ θH(t))2, v3(t) = Ko3(t) Γ θs(t)

2.6.3 Steady-state conditions

Steady-state equations

Adsorbed species
dθs/dt = 0, θH + θs = 1

Steady-state solutions

Adsorbed species

θs =
4Γkd2 + Kr1 −

√
Kr1

√
8Γkd2 + Kr1

4Γkd2
, θs + θH = 1

Current density

if =
4FΓ2kd2 (2Ko3 −Kr1)

4Γkd2 + Kr1 +
√

Kr1

√
8Γkd2 + Kr1

if = 0⇒ E = Ecor =
1

f (2αo3 + αr1)
log

(

kr1

2ko3

)

icor =
23−exp2FΓ2kd2ko3

(

ko3

kr1

)

− exp2

2exp1kr1

(

ko3

kr1

)

exp1 + 4Γkd2 +

√

2exp1

(

ko3

kr1

)

exp1kr1

√

2exp1kr1

(

ko3

kr1

)

exp1 + 8Γkd2

with

exp1 =
αr1

2αo3 + αr1
, exp2 =

2αo3

2αo3 + αr1

2.6.4 Faradaic impedance

Transfer resistance

Rct =
1

fFΓ (4Ko3αo3 + Kr1αr1) θs

Relation between Rct(Ecor) and icor:

Rct(Ecor) icor =
1

f (2αo3 + αr1)

Concentration impedance

Zs(s) =
Kr1 (Kr1 − 2Ko3) Rctαr1

2Ko3Kr1αr1 + Kr1 (s + 4Γkd2θH) αr1 + 4Ko3αo3 (s + Kr1 + 4Γkd2θH)

Faradaic impedance

Zf(s) = Rct + Zs(s)

Zf(s) = Rct

(

1 +
Kr1 (Kr1 − 2Ko3) αr1

2Ko3Kr1αr1 + Kr1 (s + 4Γkd2θH) αr1 + 4Ko3αo3 (s + Kr1 + 4Γkd2θH)

)
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Polarization resistance

Rp = Rct

(

1 +
Kr1 (Kr1 − 2Ko3) Rctαr1

2Ko3Kr1 (2αo3 + αr1) + 4Γkd2 (4Ko3αo3 + Kr1αr1) θH

)

No simple relation between Rp(Ecor) and icor.

Equivalent circuit

Zs =
Rs

1 + Rs Cs s
, Cs =

4Ko3αo3 + Kr1αr1

Kr1 (Kr1 − 2Ko3) Rctαr1

Rs =
Kr1 (Kr1 − 2Ko3) Rctαr1

2Ko3Kr1 (2αo3 + αr1) + 4Γkd2 (4Ko3αo3 + Kr1αr1) θA

Rct

Cdl

Cs

Rs

Figure 2.8: Equivalent circuit for the impedance of (V-T) corrosion reaction.

2.7 Volmer-Heyrovský-Tafel (V-H-T) reaction

2.7.1 Mechanism

A+ + s + e−
Kr1←→
Ko1

A,s

A+ + A,s + e−
Kr2←→
Ko2

A2 + s

2 A,s
kd3←→
kg3

A2 + 2 s

2.7.2 Kinetic equations

No mass transport limitations, Langmuir isotherm

A+(0, t) ≈ A+∗, A2(0, t) ≈ A∗
2

Kr1 = kr1 A+∗ exp (−αr1 f E) , Ko1 = ko1 exp (αo1 f E)

Kr2 = kr2 A+∗ exp (−αr2 f E) , Ko2 = ko2 A∗
2 exp (αo2 f E) , kg3 = k′

g3 A∗
2
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Transformation rates

vs(t) = −v1(t) + v2(t) + 2 v3(t), vA(t) = v1(t)− v2(t)− 2 v3(t)

Mass balance equations

Rate of production of adsorbed species

dθs(t)
dt

=
vs(t)

Γ
,
dθA(t)

dt
=

vA(t)
Γ

Current density vs. step rates

if(t) = −F (v1(t) + v2(t))

Step rates

v1(t) = −θA(t) Γ Ko1(t) + θs(t) Γ Kr1(t)

v2(t) = −θs(t) Γ Ko2(t) + θA(t) Γ Kr2(t)

v3(t) = θA(t)2 Γ2 kd3 − θs(t)
2
Γ2 kg3

2.7.3 Steady-state conditions

Steady-state equations

Adsorbed species

dθs/dt = 0, θA + θs = 1

Steady-state solutions

Adsorbed species

θA =
1

4 Γ (kg3 − kd3)
(4 Γ kg3 + Ko1 + Ko2 + Kr1 + Kr2−

√

8 Γ (kd3 − kg3) (2 Γ kg3 + Ko2 + Kr1) + (4 Γ kg3 + Ko1 + Ko2 + Kr1 + Kr2)
2

)

Current density

if =
F

4 (kd3 − kg3)

(

4 Γ kd3 (Ko2 −Kr1)− (Ko1 + Kr1)
2

+ 4 Γ kg3 (−Ko1 + Kr2)+

(Ko2 + Kr2)
2

+ (Ko1 −Ko2 + Kr1 −Kr2)

×
√

8 Γ (kd3 − kg3) (2 Γ kg3 + Ko2 + Kr1) + (4 Γ kg3 + Ko1 + Ko2 + Kr1 + Kr2)
2

)
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2.7.4 Faradaic impedance

Faradaic impedance

Zf(s) = Rct + ZA(s) + Zs(s)

Zf(s) = (s + 4 θA Γ kd3 + 4 θs Γ kg3 + Ko1 + Ko2 + Kr1 + Kr2) /
(f F Γ (θs Ko2 (s + 4 θA Γ kd3 + 4 θs Γ kg3 + 2 Kr1) αo2

+θs Kr1 (s + 4 θA Γ kd3 + 4 θs Γ kg3 + 2 Ko2 + 2 Kr2) αr1

+θA (s + 4 θA Γ kd3 + 4 θs Γ kg3 + 2 Kr1) Kr2 αr2

+Ko1 (θA (s + 4 θA Γ kd3 + 4 θs Γ kg3 + 2 Ko2 + 2 Kr2) αo1 + 2 (θs Ko2 αo2 + θA Kr2 αr2))))

Charge transfer resistance

Rct =
1

f F Γ (θA Ko1 αo1 + θs Ko2 αo2 + θs Kr1 αr1 + θA Kr2 αr2)

Concentration impedances

ZA(s) = (Ko1 −Kr2) Rct (θA Ko1 αo1 − θs Ko2 αo2 + θs Kr1 αr1 − θA Kr2 αr2)/
(θs Ko2 (s + 4 θA Γ kd3 + 4 θs Γ kg3 + 2 Kr1) αo2

+θs Kr1 (s + 4 θA Γ kd3 + 4 θs Γ kg3 + 2 Ko2 + 2 Kr2) αr1

+θA (s + 4 θA Γ kd3 + 4 θs Γ kg3 + 2 Kr1) Kr2 αr2

+Ko1 (θA (s + 4 θA Γ kd3 + 4 θs Γ kg3 + 2 Ko2 + 2 Kr2) αo1 + 2 (θs Ko2 αo2 + θA Kr2 αr2)))

Zs(s) = (Ko2 −Kr1) Rct (− θA Ko1 αo1 + θs Ko2 αo2 − θs Kr1 αr1 + θA Kr2 αr2)/
(θs Ko2 (s + 4 θA Γ kd3 + 4 θs Γ kg3 + 2 Kr1) αo2

+θs Kr1 (s + 4 θA Γ kd3 + 4 θs Γ kg3 + 2 Ko2 + 2 Kr2) αr1

+θA (s + 4 θA Γ kd3 + 4 θs Γ kg3 + 2 Kr1) Kr2 αr2

+Ko1 (θA (s + 4 θA Γ kd3 + 4 θs Γ kg3 + 2 Ko2 + 2 Kr2) αo1 + 2 (θs Ko2 αo2 + θA Kr2 αr2)))



Chapter 3

Reactions involving
two adsorbates

3.1 Volmer-Heyrovský with chemical desorption

3.1.1 Mechanism [9, 3, 4]

A+ + s + e−
Kr1−→ A,s

A+ + A,s + e−
Kr2−→ A2,s

A2,s
kd3−→ A2 + s

3.1.2 Kinetic equations

No mass transfer limitations, Langmuir isotherm

A+(0, t) ≈ A+∗

Kr1 = kr1 A+∗ exp (−αr1 f E) , Kr2 = kr2 A+∗ exp (−αr2 f E)

Transformation rates

vs(t) = −v1(t) + v3(t), vA(t) = v1(t)− v2(t), vA2
(t) = v2(t)− v3(t)

Mass balance equations

Rate of production of adsorbed species

dθs(t)
dt

=
vs(t)

Γ
,
dθA(t)

dt
=

vA(t)
Γ

,
dθA2

(t)
dt

=
vA2

(t)
Γ

Current density vs. step rates

if(t) = −F (v1(t) + v2(t))

33
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Step rates

v1(t) = θs(t) Γ Kr1(t), v2(t) = θA(t) Γ Kr2(t), v3(t) = θA2
(t) Γ kd3

3.1.3 Steady-state conditions

Steady-state equations

Adsorbed species

dθs/dt = 0, dθA/dt = 0, θA + θA2
+ θs = 1

Steady-state solutions

Adsorbed species

θA =
kd3 Kr1

Kr1 Kr2 + kd3 (Kr1 + Kr2)
, θA2

=
Kr1 Kr2

Kr1 Kr2 + kd3 (Kr1 + Kr2)

Current density

if =
−2 F Γ kd3 Kr1 Kr2

Kr1 Kr2 + kd3 (Kr1 + Kr2)

3.1.4 Faradaic impedance

Faradaic impedance

Zf(s) = Rct + ZA(s) + Zs(s)

Charge transfer resistance

Rct =
1

f F Γ (θs Kr1 αr1 + θA Kr2 αr2)

Concentration impedances

ZA(s) =
Kr2 Rct (− (θs (s + kd3) Kr1 αr1) + θA (s + kd3 + Kr1) Kr2 αr2)

θs (s + kd3) Kr1 (s + 2 Kr2) αr1 + θA (s (s + kd3) + (s + 2 kd3) Kr1) Kr2 αr2

Zs(s) =
Kr1 Rct (θs Kr1 (s + Kr2) αr1 − kd3 (−θs Kr1 αr1 + θA Kr2 αr2))

θs (s + kd3) Kr1 (s + 2 Kr2) αr1 + θA (s (s + kd3) + (s + 2 kd3) Kr1) Kr2 αr2

3.2 Schuhmann dissolution-passivation

reaction # 1

3.2.1 Mechanism [10]

M,s
Ko1←→
Kr1

X,s + 2 e

X,s
Ko2←→
Kr2

Q,s + 2 e

X,s + A
Ko3−→ X,s + B + 2 e
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3.2.2 Kinetic equations

No mass transfer limitations (A(0, t) ≈ A∗), Langmuir isotherm

Ko1 = ko1 exp (2 αo1 f E) , Kr1 = kr1 exp (−2 αr1 f E)

Ko2 = ko2 exp (2 αo2 f E) , Kr2 = kr2 exp (−2 αr2 f E) , Ko3 = ko3 A∗ exp (2 αo3 f E)

Transformation rates

vs(t) = −v1(t), vX(t) = v1(t)− v2(t), vQ(t) = v2(t)

Mass balance equations

Rate of production of adsorbed species

dθs(t)
dt

=
vs(t)

Γ
,
dθX(t)

dt
=

vX(t)
Γ

,
dθQ(t)

dt
=

vQ(t)
Γ

Current density vs. step rates

if(t) = 2 F (v1(t) + v2(t) + v3(t))

Step rates

v1(t) = θs(t) Γ Ko1(t)− θX(t) Γ Kr1(t)

v2(t) = θX(t) Γ Ko2(t)− θQ(t) Γ Kr2(t)

v3(t) = θX(t) Γ Ko3(t)

3.2.3 Steady-state conditions

Steady-state equations

Adsorbed species

dθs/d = 0, dθX/dt = 0, θQ + θs + θX = 1

Steady-state solutions

Adsorbed species

θQ =
Ko1 Ko2

Kr1 Kr2 + Ko1 (Ko2 + Kr2)
, θX =

Ko1 Kr2

Kr1 Kr2 + Ko1 (Ko2 + Kr2)

Current density

if =
2 F Γ Ko1 Ko3 Kr2

Kr1 Kr2 + Ko1 (Ko2 + Kr2)

3.2.4 Faradaic impedance

Faradaic impedance

Zf(s) = Rct + ZQ(s) + Zs(s) + ZX(s)
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Charge transfer resistance

Rct =
1

4 f F Γ (θs Ko1 αo1 + θX Ko2 αo2 + θX Ko3 αo3 + θX Kr1 αr1 + θQ Kr2 αr2)

Rct =
Kr1Kr2 + Ko1 (Ko2 + Kr2)

4fFΓKo1 (Ko2 + αo3Ko3 + Kr1) Kr2

Polarisation resistance

Rp =
(Kr1Kr2 + Ko1 (Ko2 + Kr2)) Rct (Ko2 + Kr1 + Ko3αo3)

Ko3 (Kr1Kr2 (αo3 + 1) + Ko1 (Kr2αo3 −Ko2αr3))

Concentration impedances (second order impedance)

Zs(s) =
Rs (1 + τs s)

1 + α s + β s2
=

Ko1Kr1 (s + 2Ko2 + Kr2) Rct

(s + Kr2) ((s + Ko3) Kr1 + Ko3 (s + Ko1 + Kr1) αo3) + Ko2 (s (s + Ko1 + 4Kr1) − (s + Ko1)Ko3αr3)

ZX(s) =
RX (1 + τX s)

1 + α s + β s2
=

(Ko2 + Ko3 − Kr1) ((s + Ko1)Ko2 − Kr1 (s + Kr2))Rct

(s + Kr2) ((s + Ko3) Kr1 + Ko3 (s + Ko1 + Kr1) αo3) + Ko2 (s (s + Ko1 + 4Kr1) − (s + Ko1)Ko3αr3)

ZQ(s) =
RQ (1 + τQ s)

1 + α s + β s2
=

Ko2 (s + Ko1 + 2Kr1) Kr2Rct

(s + Kr2) ((s + Ko3) Kr1 + Ko3 (s + Ko1 + Kr1) αo3) + Ko2 (s (s + Ko1 + 4Kr1) − (s + Ko1)Ko3αr3)

Zf =
Rp (1 + τ s)

1 + α s + β s2
=

(sKo2 + (s + Kr1) (s + Kr2) + Ko1 (s + Ko2 + Kr2))Rct (Ko2 + Kr1 + Ko3αo3)

(s + Kr2) ((s + Ko3) Kr1 + Ko3 (s + Ko1 + Kr1) αo3) + Ko2 (s (s + Ko1 + 4Kr1) − (s + Ko1)Ko3αr3)

Some typical impedance diagrams are shown in Figs. 3.1-3.3.
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Figure 3.1: Curves calculated for : ko1 = 10 s−1, kr1 = 1 s−1, αo1 = 0.8, ko2 = 102

s−1, kr2 = 1 s−1, αo2 = 0.4, ko3 A∗ = 103 s−1, αo3 = 0.4, Γ = 10−9 mol cm−2,
Cdl = 10−6 F cm−2, E = −0.06 V.
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Figure 3.2: Same values of parameters as in Fig. 3.1, E = −0.052 V. Hopf bifurcation
between −0.06 and −0.052 V [8].
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Figure 3.3: Same values of parameters as in Fig. 3.1, E = −0.034 V.
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3.3 Schuhmann dissolution-passivation
reaction # 2

3.3.1 Mechanism [10]

M,s
Ko1←→
Kr1

P,s + 2 e

M,s
Ko2−→ Y,s + 2 e

Y,s
Ko3−→ Y + s + 2 e

3.3.2 Kinetic equations

No mass transfer limitations, Langmuir isotherm

Ko1 = ko1 exp (2 αo1 f E) , Kr1 = kr1 exp (−2 αr1 f E)

Ko2 = ko2 exp (2 αo2 f E) , Ko3 = ko3 exp (2 αo3 f E)

Transformation rates

vs(t) = −v1(t)− v2(t) + v3(t), vP(t) = v1(t), vY(t) = v2(t)− v3(t)

Mass balance equations

Rate of production of adsorbed species

dθs(t)
dt

=
vs(t)

Γ
,
dθP(t)

dt
=

vP(t)
Γ

,
dθY(t)

dt
=

vY(t)
Γ

Current density vs. step rates

if(t) = 2 F (v1(t) + v2(t) + v3(t))

Step rates

v1(t) = θs(t) Γ Ko1(t)− θP(t) Γ Kr1(t)

v2(t) = θs(t) Γ Ko2(t)

v3(t) = θY(t) Γ Ko3(t)

3.3.3 Steady-state conditions

Steady-state equations

Adsorbed species

dθs/d = 0, dθP/dt = 0, θs + θP + θY = 1
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Steady-state solutions

Adsorbed species

θs =
Ko3Kr1

Ko1Ko3 + (Ko2 + Ko3) Kr1

θP =
Ko1Ko3

Ko1Ko3 + (Ko2 + Ko3) Kr1
, θY =

Ko2Kr1

Ko1Ko3 + (Ko2 + Ko3) Kr1

Current density

if =
4FΓKo2Ko3Kr1

Ko1Ko3 + (Ko2 + Ko3) Kr1

3.3.4 Faradaic impedance

Faradaic impedance

Zf(s) = Rct + Zs(s) + ZP(s) + ZY(s)

Charge transfer resistance

Rct =
Ko1Ko3 + (Ko2 + Ko3) Kr1

4fFΓKo3Kr1 (Ko1 + Ko2 (αo2 + αo3))

Polarisation resistance

Rp =
(Ko1Ko3 + (Ko2 + Ko3) Kr1) Rct (Ko1 + Ko2 (αo2 + αo3))

Ko2Kr1 (2Ko3αo2 + 2Ko2αo3)− 2Ko1Ko2Ko3αr2

Concentration impedances (second order impedance)

Zs(s) =
Rs (1 + τs s)

1 + α s + β s2
=

(Ko1 + Ko2) Rct (Ko1 (s + Ko3) + Ko2 (s + Kr1) (αo2 − αo3))

Ko2 (s + Kr1) ((s + 2Ko3) αo2 + (s + 2Ko2) αo3) + Ko1 (s (s + 2Ko2αo3) + Ko3 (s− 2Ko2αr2))

ZP(s) =
RP (1 + τP s)
1 + α s + β s2

=

Ko1Kr1Rct (s + Ko3 + Ko2 (αo3 + αr2))

Ko2 (s + Kr1) ((s + 2Ko3) αo2 + (s + 2Ko2) αo3) + Ko1 (s (s + 2Ko2αo3) + Ko3 (s− 2Ko2αr2))

ZY(s) =
RY (1 + τY s)
1 + α s + β s2

=

Ko2Ko3Rct (Ko1 (αo3 + αr2)− (s + Kr1) (αo2 − αo3))

Ko2 (s + Kr1) ((s + 2Ko3) αo2 + (s + 2Ko2) αo3) + Ko1 (s (s + 2Ko2αo3) + Ko3 (s− 2Ko2αr2))



42 CHAPTER 3. REACTIONS INVOLVING TWO ADSORBATES

-0.2 -0.1 0.0 0.1 0.2
0

5

10

15

E�V

i f�
Hm

A
cm

-2
L

-0.2 -0.1 0.0 0.1 0.2
0.0

0.2

0.4

0.6

0.8

1.0

E�V

Θ

Θs
ΘX
ΘQ

0.000 0.002 0.004 0.006 0.008 0.010 0.012
0.000

0.001

0.002

0.003

0.004

Re Zs�Rp

-
Im

Z
s�

R
p

0.0000 0.0005 0.0010 0.0015 0.0020
0.0000

0.0002

0.0004

0.0006

0.0008

0.0010

0.0012

Re ZP�Rp

-
Im

Z
P
�R

p

-0.20 -0.15 -0.10 -0.05 0.00
-0.12

-0.10

-0.08

-0.06

-0.04

-0.02

0.00

Re ZY�Rp

-
Im

Z
Y
�R

p

0.0 0.2 0.4 0.6 0.8 1.0 1.2

-0.1

0.0

0.1

0.2

0.3

0.4

0.5

0.6

Re Z�Rp

-
Im

Z
�R

p Zf

Z

Figure 3.4: Curves calculated for : ko1 = 1 s−1, kr1 = 1 s−1, αo1 = 0.8, ko2 = 102

s−1, αo2 = 0.5, ko3 = 103 s−1, αo3 = 0.3, Γ = 10−9 mol cm−2, Cdl = 10−6 F cm−2,
E = −0.07 V.

Zf(s) =
Rp (1 + τ s)

1 + α s + β s2
=

(Ko1 (s + Ko3) + (s + Ko2 + Ko3) (s + Kr1)) Rct (Ko1 + Ko2 (αo2 + αo3))

Ko2 (s + Kr1) ((s + 2Ko3) αo2 + (s + 2Ko2) αo3) + Ko1 (s (s + 2Ko2αo3) + Ko3 (s− 2Ko2αr2))

Some typical impedance diagrams are shown in Figs. 3.4-3.6.
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Figure 3.5: Same values of parameters as in Fig. 3.4, E = −0.021 V.
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Figure 3.6: Same values of parameters as in Fig. 3.4, E = 0.04 V.



Chapter 4

Reactions involving
both adsorbed
and soluble species

4.1 Electroadsorption reaction (EAR) with

limitation by mass transport

4.1.1 Mechanism

A− + s
Ko←→
Kr

A,s + e−

4.1.2 Kinetic equations

Langmuir isotherm : Ko = ko exp (αo f E) , Kr = kr exp (−αr f E)

Transformation rates

vA−(t) = −v1(t), vs(t) = −v1(t), vA(t) = v1(t)

Mass balance equations

Flux of soluble species

JA−(0, t) = vA−(t)

Rate of production of adsorbed species

dθs(t)
dt

=
vs(t)

Γ
,
dθA(t)

dt
=

vA(t)
Γ

Current density vs. reaction rate

if(t) = F v(t)

45
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Reaction rate

v(t) = A−(0, t) θs(t) Γ Ko(t)− θA(t) Γ Kr(t)

4.1.3 Steady-state conditions

Steady-state equations

Soluble species

JA−(0) = −
(

A−∗ −A−(0)
)

mA−

Adsorbed species
dθs/dt = 0, θA + θs = 1

Steady-state solutions

Soluble species
A−(0) = A−∗

Adsorbed species

θs =
Kr

A−∗ Ko + Kr
, θA =

A−∗ Ko

A−∗ Ko + Kr

Current density
if = 0

4.1.4 Faradaic impedance

Faradaic impedance

Zf(s) = Rct + ZA−(s) + ZA(s) + Zs(s)

Charge transfer resistance

Rct =
1

f F Γ (A−∗ θs Ko αo + θA Kr αr)

Concentration impedances

Soluble species

ZA−(s) = θs Γ Ko Rct MA−(s), MA−(s) =
1

mA−

th
√τA− s
√τA− s

Adsorbed species

Zs(s) =
A−∗ Ko Rct

s
, ZA(s) =

Γ Kr Rct

s

Zθ(s) = Zs(s) + ZA(s) =
Rct (A−∗ Ko + Kr)

s
=

1

Cads s

Cads =
1

Rct (A−∗ Ko + Kr)
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4.1.5 Equivalent circuit

Fig. 4.1.

∆A-Rct

Cdl

Cads

Figure 4.1: Equivalent circuit for the impedance of EAR.

4.2 Electroadsorption-desorption reaction (EADR)

4.2.1 Mechanism

A− + s
Ko1←→
Kr1

A,s + e−

A,s
kd2−→ A + s

4.2.2 Kinetic equations

Langmuir isotherm: Ko1 = ko1 exp (αo1 f E) , Kr1 = kr1 exp (−αr1 f E)

Transformation rates

vA−(t) = −v1(t), vs(t) = −v1(t) + v2(t), vA(t) = v1(t)− v2(t)

Mass balance equations

Flux of soluble species

JA−(0, t) = vA−(t)

Rate of production of adsorbed species

dθs(t)
dt

=
vs(t)

Γ
,
dθA(t)

dt
=

vA(t)
Γ

Current density vs. step rates

if(t) = F v1(t)

Step rates

v1(t) = A−(0, t) θs(t) Γ Ko1(t)− θA(t) Γ Kr1(t), v2(t) = θA(t) Γ kd2
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4.2.3 Steady-state conditions

Steady-state equations

Soluble species

JA−(0) = −
(

A−∗ −A−(0)
)

mA−

Adsorbed species

dθs/dt = 0, θA + θs = 1

Steady-state solutions

Soluble species

A−(0) =
1

2 Ko1 mA−

(

A−∗ Ko1 mA− −Kr1 mA− − kd2 (Γ Ko1 + mA−)+

√

4 Γ kd2 Ko1 (kd2 + Kr1) mA− + ((A−∗ Ko1 + Kr1) mA− + kd2 (−Γ Ko1 + mA−))
2

)

Adsorbed species

θA =
1

2 Γ kd2 Ko1

(

A−∗ Ko1 mA− + Kr1 mA− + kd2 (Γ Ko1 + mA−)−
√

4 Γ kd2 Ko1 (kd2 + Kr1) mA− + ((sA−∗ Ko1 + Kr1) mA− + kd2 (−Γ Ko1 + mA−))
2

)

Current density

if =
F

2 Ko1

((

A−∗ Ko1 + Kr1

)

mA− + kd2 (Γ Ko1 + mA−)−
√

4 Γ kd2 Ko1 (kd2 + Kr1) mA− +
((

A−∗ Ko1 + Kr1

)

mA− + kd2 (−Γ Ko1 + mA−)
)2
)

4.2.4 Faradaic impedance

Faradaic impedance

Zf(s) = Rct + ZA−(s) + ZA(s) + Zs(s)

Zf(s) =
s + kd2 + A−(0) Ko1 + Kr1 + θs Γ (s + kd2) Ko1 MA−(s)

f F Γ (s + kd2) (A−(0) θs Ko1 αo1 + θA Kr1 αr1)

MA−(s) =
1

mA−

th
√τA− s
√τA− s

Charge transfer resistance

Rct =
1

f F Γ (A−(0) θs Ko1 αo1 + θA Kr1 αr1)
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Concentration impedances

Soluble species

ZA−(s) = θs Γ Ko1 Rct MA−(s)

Adsorbed species

Zs(s) =
A−(0) Ko1 Rct

s + kd2
, ZA(s) =

Kr1 Rct

s + kd2

Zθ(s) = Zs(s) + ZA(s) =
Rct (A−(0) Ko1 + Kr1)

s + kd2
=

Rθ

1 + Rθ Cθ s

Rθ =
Rct (A−(0) Ko1 + Kr1)

kd2
, Cθ =

1

Rct (A−(0) Ko1 + Kr1)

4.2.5 Equivalent circuit

Fig. 4.2

∆A-Rct

RΘ

Cdl

CΘ

Figure 4.2: Equivalent circuit for the impedance of EADR.

4.3 Adsorption-electrodesorption reaction (AEDR)
[6]

4.3.1 Mechanism

A + s
kd1−→ A,s

A,s
Ko2−→ A+ + s + e−

4.3.2 Kinetic equations

Langmuir isotherm, Ko2 = ko2 exp (αo2 f E)

Transformation rates

vA(t) = −v1(t), vs(t) = −v1(t) + v2(t), vA(t) = v1(t)− v2(t)
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Mass balance equations

Flux of soluble species

JA(0, t) = vA(t) = −v1(t)

Rate of production of adsorbed species

Γ
dθs(t)

dt
= vs(t) = −v1(t) + v2(t), Γ

dθA(t)
dt

= vA(t) = v1(t)− v2(t)

Current density vs. reaction rate

if(t) = F v2(t)

Reaction rates

v1(t) = A(0, t) Γ θs(t) kd1, v2(t) = Γ θA(t) Ko2(t)

4.3.3 Steady-state conditions

Steady-state equations

Soluble species
JA(0) = −(A∗ −A(0)) mA

Adsorbed species

dθs/dt = 0, θs + θA = 0

Steady-state solution

Soluble species: A(0) roots of:

kd1

Ko2
A(0)2 +

(

1 +
kd1 Γ

mA
− A∗ kd1

Ko2

)

A(0)−A∗ = 0

Adsorbed species

θA =
A(0) kd1

A(0) kd1 + Ko2

Current density

if =
F Γ A(0) kd1 Ko2

A(0) kd1 + Ko2

4.3.4 Faradaic impedance

Faradaic impedance

Zf(s) = Rct + ZA,s(s)

Charge transfer resistance

Rct =
1

f F αo2 Ko2 Γ θA,s
=

1

αo2 f if
⇒ Rct if = cte =

1

αo2 f
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Concentration impedances

Adsorbed species

ZA,s(s) =

Rct Ko2

(

1 +
kd1 Γ θs

mA

th
√τdA s√
τdA s

)

A(0) kd1 +

(

1 +
kd1 Γ θs

mA

th
√

τdA s√τdA s

)

s

mA =
DA

δA
, τdA =

δ2
A

DA
, δA = 1, 611 D1/3

A ν1/6 Ω−1/2

Electrode impedance

Z(s) =
Zf(s)

1 + s Cdl Zf(s)

4.3.5 Equivalent circuit

Fig. 4.3

Rads =
Rct Ko2

A(0) kd1
, Cads =

1

Rct Ko2
, RdA =

Rct Ko2 Γ θs

A(0) mA

∆A

Rt Rads

Cads

Cdc

ZA,s

Figure 4.3: Equivalent circuit for the Adsorption-electrodesorption reaction (AEDR).
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4.4 Volmer-Heyrovský (V-H) with mass trans-

fer limitation

4.4.1 Mechanism

A+ + s + e−
Kr1−→ A,s

A+ + A,s + e−
Kr2−→ A2 + s

4.4.2 Kinetic equations

Butler-Volmer kinetic, Langmuir isotherm, mass transfer limitation,

Kr1 = kr1 exp (−αr1 f E) , Kr2 = kr2 exp (−αr2 f E) , f = F/(R T )

Transformation rates

vA+(t) = −v1(t)− v2(t), vs(t) = −v1(t) + v2(t), vA = v1(t)− v2(t)

Mass balance equations

Flux of soluble species

JA+(0, t) = vA+(t)

Rate of production of adsorbed species

Γ
dθs(t)

dt
= vs(t), Γ

dθA(t)
dt

= vA(t)

Current density vs. step rates

if(t) = −F (v1(t) + v2(t))

Steps rates

v1(t) = A+(0, t) Γ θs(t) Kr1(t), v2(t) = A+(0, t) Γ θA(t) Kr2(t)

4.4.3 Steady-state conditions

Steady-state equations

Soluble species

JA+(0) = −mA+ (A+∗ −A+(0))

mA+ = DA+/δA+ , δA+ = 1, 611 D1/3 ν1/6 Ω−1/2, mA+ = 0, 620 D2/3

A+ ν−1/6 Ω1/2

Adsorbed species

dθA/dt = 0, θA + θs = 1
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Steady-state solutions [8]

Soluble species

A+(0) =
A+* (Kr1 + Kr2) mA+

2ΓKr1Kr2 + (Kr1 + Kr2) mA+

Adsorbed species

θs =
Kr2

Kr1 + Kr2
, θA =

Kr1

Kr1 + Kr2

Current density

if = − 2A+*FΓKr1Kr2mA+

2ΓKr1Kr2 + (Kr1 + Kr2) mA+

4.4.4 Faradaic impedance

Faradaic impedance

Zf(s) = Rct+ZA+(s)+Zs(s)+ZA(s) = Rt+ZA+(s)+Zθ(s), Zθ(s) = Zs(s)+ZA(s)

Charge transfer resistance

Rct =
(2ΓKr1Kr2 + mA+Kr2 + Kr1mA+)

fFΓA+*Kr1Kr2mA+ (αr1 + αr2)

Polarisation resistance

Rp = Rct
(Kr1 −Kr2) mA+ (αr1 − αr2) + 2ΓKr1Kr2 (αr1 + αr2)

2mA+ (Kr2αr1 + Kr1αr2)

Concentration impedances

Soluble species

ZA+(s) =
2ΓKr1Kr2RctMA+(s)

Kr1 + Kr2

Adsorbed species

Zs(s) =
A+*Kr1mA+Rct (αr1 − αr2) (2ΓKr2MA+(s)Kr1 + Kr1 + Kr2)

2sΓKr1Kr2 (αr1 + αr2) + (Kr1 + Kr2) mA+

(

2 (Kr2αr1 + Kr1αr2) A+* + s (αr1 + αr2)
)

ZA(s) =
A+*Kr2mA+Rct (αr1 − αr2) (2ΓKr2MA+(s)Kr1 + Kr1 + Kr2)

2sΓKr1Kr2 (αr1 + αr2) + (Kr1 + Kr2) mA+

(

2 (Kr2αr1 + Kr1αr2) A+* + s (αr1 + αr2)
)

Zθ(s) =
A+* (Kr1 −Kr2) mA+Rct (αr1 − αr2) (2ΓKr2MA+(s)Kr1 + Kr1 + Kr2)

2sΓKr1Kr2 (αr1 + αr2) + (Kr1 + Kr2) mA+

(

2 (Kr2αr1 + Kr1αr2) A+* + s (αr1 + αr2)
)

Zθ(s) = k
1 + α

th
√

τd s√τd s
1 + β τd s

, lim
s→0

Zθ(s) = k (1 + α)

Z∗
θ (u) =

Zθ(s)
k (1 + α)

=
1

1 + α

1 + α
th
√

i u√
i u

1 + β i u
, u = τd ω (4.1)
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α→∞⇒ Z∗
θ (u) ≈ th

√
i u√

i u
⇒ uc1 = 2.54

α→ 0⇒ Z∗
θ (u) ≈ 1

1 + β i u
⇒ uc2 =

1

β
Figs. 4.4 and 4.5.
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Figure 4.4: Impedance diagrams calculated with Eq. (4.1). a : α = 1, β = 10−5, b :
α = 103, β = 10−3, c : α = 10−3, β = 10−3, d : α = 103, β = 1. Small dots :
uc1 = 2.54, large dots : uc2 = 1/β.

Electrode impedance

Z(s) =
Zf(s)

1 + s Cdc Zf(s)
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Figure 4.5: Array of impedance diagrams calculated with Eq. (4.1). Impedance
diagrams are made of one or two arcs. Small dots : uc1 = 2.54, large dots : uc2 = 1/β.
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Chapter 5

Insertion reactions

5.1 Direct insertion reaction [2, 8]

5.1.1 Scheme of the reaction

0 L x

electrolyte
host

material substrate

M+ e-

e-

XM\

Figure 5.1: Scheme of the direct insertion reaction.

5.1.2 Mechanism

M+ + 〈 〉 + e−
Kr←→
Ko

〈M〉

5.1.3 Kinetic equations

Restricted linear diffusion for 〈M〉, no mass transport limitation for M+,
Langmuir insertion isotherm:

M+(0, t) ≈M+∗, J〈M〉(L, t) = 0, Kr = kr exp (−αr f E), Ko = ko exp (αo f E)

5.1.4 Transformations rates

v〈M〉(t) = v(t)

57
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5.1.5 Mass balance equations

Flux of inserted species

J〈M〉(0, t) = v〈M〉(t) = v(t)

5.1.6 Current density vs. reaction rate

if(t) = −F v(t)

5.1.7 Reaction rate

v(t) = M+∗ Kr 〈M〉max (1−y〈M〉(0, t))−Ko 〈M〉max y〈M〉(0, t), y〈M〉(0, t) =
〈M〉(0, t)
〈M〉max

5.1.8 Steady-State conditions

Steady-State equation

Inserted species
J〈M〉(0) = 0

Steady-State solution

Inserted species

y〈M〉 =
〈M〉
〈M〉max

=
Kr M+∗

Kr M+∗ + Ko
=

1

1 +
ko

kr M+∗
exp(f E)

Current density
if(E) = 0, ∀E

5.1.9 Faradaic impedance

Faradaic impedance

Zf(s) = Rct + Z〈M〉(s)

Charge transfer resistance

Rct =
Ko + Kr M+∗

f F Ko Kr M+∗ 〈M〉max

Concentration impedance

Z〈M〉(s) = R〈M〉

coth
√τd〈M〉 s

√τd〈M〉 s
, m〈M〉 =

D〈M〉

L
, τd〈M〉 =

L2

D〈M〉

R〈M〉 = − 1

F m〈M〉 〈M〉max dy〈M〉/dE

=
1

f F m〈M〉 〈M〉max y〈M〉 (1 − y〈M〉)
=

Rct (Ko + Kr M+∗)

m〈M〉
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Electrode impedance

Z(s) =
Zf(s)

1 + s Cdl Zf(s)

RLF = Rct + Rin, Rin = R〈M〉/3

5.1.10 Equivalent circuit

Fig. 5.2

Rct

Cdl

Z<M>

Figure 5.2: Equivalent circuit for the direct insertion reaction (M+(0, t) ≈ M+∗ and
J〈M〉(L, t) = 0). The symbol M (restricted linear diffusion impedance) denotes Z〈M〉.

5.2 Indirect insertion reaction #1 [7, 8]

5.2.1 Scheme of the reaction

s

M

s

M

0 L x

electrolyte host material substrate

X \ XM\

e-

M+

e-

Figure 5.3: Scheme of the indirect insertion reaction #1.

5.2.2 Mechanism

M+ + s + e−
Kr←→
Ko

M,s

M,s + 〈 〉 ka←→
kd

〈M〉 + s
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Restricted linear diffusion for 〈M〉, no mass transport limitation for M+,
Langmuir insertion and adsorption isotherms:

M+(0, t) ≈M+∗, J〈M〉(L, t) = 0, Kr = kr exp (−αr f E), Ko = ko exp (αo f E)

5.2.3 Kinetic equations

5.2.4 Transformations rates

Inserted species

v〈M〉(t) = v2(t)

Adsorbed species

vs(t) = −v1(t) + v2(t), vM(t) = v1(t)− v2(t)

5.2.5 Mass balance equations

Flux of inserted species

J〈M〉(0, t) = v〈M〉(t) = v2(t)

Adsorbed species

Γ
dθs(t)

dt
= vs(t) = −v1(t) + v2(t), Γ

dθM(t)
dt

= vM(t) = v1(t)− v2(t)

5.2.6 Current density vs. reaction rate

if(t) = −F v1(t)

5.2.7 Reaction rate

v1(t) = Kr(t) M+∗ Γ θs(t)−Ko(t) Γ θM(t)

v2(t) = ka 〈M〉max (1− y〈M〉(0, t)) Γ θM(t)− kd 〈M〉max y〈M〉(0, t) Γ θs(t)

5.2.8 Steady-State conditions

Steady-State equation

Inserted species

J〈M〉(0) = 0

Adsorbed species

Γ
dθs

dt
= 0⇒ v1 = v2, θs + θM = 1
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Steady-State solution

Inserted species

y〈 〉 =
〈 〉

〈M〉max
=

kd Ko

kd Ko + ka Kr M+∗
=

1

1 +
ka kr M+∗

kd ko
exp(−f E)

y〈M〉 =
〈M〉
〈M〉max

=
ka Kr M+∗

kd Ko + ka Kr M+∗
=

1

1 +
kd ko

ka kr M+∗
exp(f E)

Adsorbed species

θs =
s
Γ

=
Ko

Ko + Kr M+∗
=

1

1 +
kr M+∗

ko
exp(−f E)

θM =
M, s
Γ

=
Kr M+∗

Ko + Kr M+∗
=

1

1 +
ko

kr M+∗
exp(f E)

Current density
if(E) = 0, ∀E

5.2.9 Faradaic impedance

Faradaic impedance

One adsorbed species (M) ⇒ Zs(s) ∝ ZM(s).

Zf(s) = Rct + Zs(s) + ZM(s) = Rct + Zθ(s), Zθ(s) = Zs(s) + ZM(s)

Charge transfer resistance

Rct =
1

f F Γ (αo Ko θM + αr Kr M+∗ θs)
=

Ko + Kr M+∗

f F Γ Ko Kr M+∗

Concentration impedance

Adsorbed species

Zθ(s) =

Rct (Ko + Kr M+∗)

(

1 + Γ (ka θM + kd θs)
coth

√τd〈M〉 s
m〈M〉

√τd〈M〉 s

)

〈M〉max

(

ka y〈 〉 + kd y〈M〉

)

+

(

1 + Γ (ka θM + kd θs)
coth

√τd〈M〉 s
m〈M〉

√τd〈M〉 s

)

s

Zθ(s) =

Rct

`

Ko + Kr M+∗
´

〈M〉max

`

ka y〈 〉 + kd y〈M〉

´

„

1 + Γ (ka θM + kd θs)
coth

√
τd〈M〉 s

m〈M〉
√

τd〈M〉 s

«

1 +
1

Rct (Ko + Kr M+∗)

Rct

`

Ko + Kr M+∗
´

〈M〉max

`

ka y〈 〉 + kd y〈M〉

´

„

1 + Γ (ka θM + kd θs)
coth

√
τd〈M〉 s

m〈M〉
√

τd〈M〉 s

«

s
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m〈M〉 =
D〈M〉

L
, τd〈M〉 =

L2

D〈M〉

Zθ(s) =

Rab + R〈M〉

coth
√τd〈M〉 s

√τd〈M〉 s

1 + s Cad

(

Rab + R〈M〉

coth
√τd〈M〉 s

√τd〈M〉 s

)

with :

Rab =
Rct (Ko + Kr M+∗)

〈M〉max

(

ka y〈 〉 + kd y〈M〉

)

=
Rct (kd Ko + ka Kr M+∗)

〈M〉max ka kd
=

(kd Ko + ka Kr M+∗) (Ko + Kr M+∗)

f F Γ 〈M〉max ka kd Ko Kr M+∗

Cad =
1

Rct (Ko + Kr M+∗)
=

f F Γ Ko Kr M+∗

(Ko + Kr M+∗)2

τab = Rab Cad =
(kd Ko + ka Kr M+∗)

〈M〉max ka kd (Ko + Kr M+∗)

R〈M〉 =
Rct (Ko + Kr M+∗) Γ (ka θM + kd θs)

m〈M〉 〈M〉max

(

ka y〈 〉 + kd y〈M〉

)

=
Rct Γ (kd Ko + ka Kr M+∗)

2

m〈M〉 〈M〉max ka kd (Ko + Kr M+∗)
=

(kd Ko + ka Kr M+∗)
2

f F m〈M〉 〈M〉max ka kd Ko Kr M+∗

RLF = Rct + Rab + Rin, Rin = R〈M〉/3

Electrode impedance

Z(s) =
Zf(s)

1 + s Cdl Zf(s)

5.2.10 Equivalent circuit

(Fig. 5.4)

5.3 Indirect insertion reaction #2 [7, 8]

5.3.1 Scheme of the reaction

Fig. 5.5

5.3.2 Mechanism

M+ + s
ka←→
kd

M+,s

M+,s + 〈 〉 + e−
Kr←→
Ko

〈M〉 + s

Restricted linear diffusion for 〈M〉, no mass transport limitation for M+,
Langmuir insertion and adsorption isotherms:

M+(0, t) ≈M+∗, J〈M〉(L, t) = 0, Kr = kr exp (−αr f E), Ko = ko exp (αo f E)
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Rct Rab

Cad

Cdl

ZΘ

Figure 5.4: Equivalent circuit for the indirect insertion reaction #1 (M+(0, t) ≈ M+∗

and J〈M〉(L, t) = 0). The symbol M (restricted linear diffusion impedance) denotes
the impedance R〈M〉 coth

√
τd〈M〉 s/

√
τd〈M〉 s.

s

M+

s

M+

0 L x

electrolyte host material substrate

X \ XM\

e-

M+

e-

Figure 5.5: Scheme of the indirect insertion reaction #2.

5.3.3 Kinetic equations

5.3.4 Transformations rates

Inserted species
v〈M〉(t) = v2(t)

Adsorbed species

vs(t) = −v1(t) + v2(t), vM+(t) = v1(t)− v2(t)

5.3.5 Mass balance equations

Flux of inserted species

J〈M〉(0, t) = v〈M〉(t) = v2(t)

Adsorbed species

Γ
dθs(t)

dt
= vs(t) = −v1(t) + v2(t), Γ

dθM+(t)
dt

= vM+(t) = v1(t)− v2(t)
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5.3.6 Current density vs. reaction rate

if(t) = −F v2(t)

5.3.7 Reaction rate

v1(t) = ka M+∗ Γ θs(t)− kd Γ θM+(t)

v2(t) = Kr(t) 〈M〉max (1 − y〈M〉(0, t)) Γ θM+(t)−Ko(t) 〈M〉max y〈M〉(0, t) Γ θs(t)

5.3.8 Steady-State conditions

Steady-State equation

Inserted species
J〈M〉(0) = 0

Adsorbed species

Γ
dθs

dt
= 0⇒ v1 = v2, θs + θM+ = 1

Steady-State solution

Inserted species

y〈 〉 =
〈 〉

〈M〉max
=

kd Ko

kd Ko + ka Kr M+∗
=

1

1 +
ka kr M+∗

kd ko
exp(−f E)

y〈M〉 =
〈M〉
〈M〉max

=
ka Kr M+∗

kd Ko + ka Kr M+∗
=

1

1 +
kd ko

ka kr M+∗
exp(f E)

Adsorbed specied

θs =
s
Γ

=
kd

kd + ka M+∗
, θM+ =

M+, s
Γ

=
ka M+∗

kd + ka M+∗

Current density
if(E) = 0, ∀E

5.3.9 Faradaic impedance

Faradaic impedance

One adsorbed species M+ ⇒ Zs(s) ∝ ZM+

Zf(s) = Rct+Zs(s)+ZM+(s)+Z〈M〉(s) = Rct+Zθ(s)+Z〈M〉(s), Zθ(s) = Zs(s)+ZM+(s)

Charge transfer resistance

Rct =
1

f F Γ 〈M〉max

`

αr Kr y〈 〉 θM+ + αo Ko y〈M〉 θs

´ =

`

kd + ka M+∗
´ `

kd Ko + ka Kr M+∗
´

f F Γ ka kd Ko Kr 〈M〉max M+∗
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Concentration impedance

Inserted species

Z〈M〉(s) = R〈M〉

coth
√τd〈M〉 s

√τd〈M〉 s
, m〈M〉 =

D〈M〉

L
, τd〈M〉 =

L2

D〈M〉

R〈M〉 =
Rt Γ (Kr θM+ + Ko θs)

m〈M〉
=

Rt Γ (kd Ko + ka Kr M+∗)

m〈M〉 (kd + ka M+∗)

=
(kd Ko + ka M+∗ Kr)

2

f F m〈M〉 〈M〉max ka M+∗ kd Ko Kr

Adsorbed species

Zθ(s) =
Rct 〈M〉max (Kr y〈 〉 + Ko y〈M〉)

kd + ka M+∗ + s
=

Rct 〈M〉max (Kr y〈 〉 + Ko y〈M〉)

(kd + ka M+∗)

(

1 +
s

kd + ka M+∗

)

Zθ(s) =
Rad

1 + τad s

Rad =
Rct 〈M〉max (Kr y〈 〉 + Ko y〈M〉)

kd + ka M+∗
=

Rct Ko Kr 〈M〉max

kd Ko + ka Kr M+∗
=

kd + ka M+∗

f F Γ kd ka M+∗

Cad =
f F Γ ka kd M+∗

(kd + ka M+∗)
2

, τad = Rad Cad =
1

kd + ka M+∗

Electrode impedance

Z(s) =
Zf(s)

1 + s Cdl Zf(s)

5.3.10 Equivalent circuit

Fig. 5.6

Rct

Rad

ZΘ

ZYM]

Cdc

Cad

Figure 5.6: Equivalent circuit for the indirect insertion reaction #2(M+(0, t) ≈ M+∗

and J〈M〉(L, t) = 0). The symbol M (restricted linear diffusion impedance) denotes
Z〈M〉.
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mique. Hermann, Paris, 1996.

[3] Diard, J.-P., LeGorrec, B., Montella, C., and Montero-
Ocampo, C. Second order electrochemical impedances and electrical res-
onance phenomenon. Electrochim. Acta 37 (1992), 177–179.

[4] Diard, J.-P., LeGorrec, B., Montella, C., and Montero-
Ocampo, C. Calculation, simulation and interpretation of electrochemical
impedance diagrams. part IV. Second-order electrochemical impedances.
J. Electroanal. Chem. 352 (1993), 1–15.
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thesis, Institut National Polytechnique de Grenoble, Grenoble, 1988.

[10] Schuhmann, D. étude phénoménologique à l’aide de schémas réactionnels
des impédances faradiques contenant des résistances négatives et des induc-
tances. J. Electroanal. Chem. 17 (1968), 45–59.

67


