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Chapter 1

Reactions involving soluble
species only

1.1 Redox reaction (E), Warburg conditions
1.1.1 Mechanism
O+e LR
Ko
K, =k exp(—a, fE)=k° exp(—ay f (E — E°))

Ko =ko exp(ao fE)=k°exp(ao f(E—E°)), f=F/(RT), ap +ay =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

it(t) = —Fo(t)

Reaction rate

v(t) = —R(0,t) Ko(t) + 0(0, 1) K. (t)
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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

0(0) = O*, R(0) = R*

1
is=0, E=FEeq=FE°+ ~In—

1.1.4 Faradaic impedance
Faradaic impedance
Zg(s) = Ret + Zo(s) + Zr(s)

1+ K. Mo(s) + Ko Mg(s)
- fF(R* Koo, +0* K, ay)

Zf(S)

Charge transfer resistance

1

R =
T FF (R Koo + O Ky o)

Concentration impedances

Zo(s) = Kr Rct Mo(S), ZR(S) = Ko Rct MR(S)

Mo(s) = — (5) = —
S) = —— S) =
© \/SDO7 R SDR
7 ( ) K, Rt 1 7 ( ) K, Rt 1
S) = = S) = =
© VsDo n2fFO*\sDo % VsDr n2fFR*\pDn
o’ 1 1 1
Z VA4 = — - 1
ol6)+21() = 72 o' = 7 (5myms * 7))

1.1.5 Equivalent circuit

(Fig. 1.1)
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_ \W W
— R F—W—W;
Zo Zs

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+ecLR
Ko
K, =k exp(—a, fE) =k° exp(—ay f (E — E°))
Ko =ko exp(ao fE)=k°exp(ao f(E—E°)), f=F/(RT), ap+ay =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

it(t) = —Fo(t)

Reaction rate

v(t) = —R(0,t) Ko(t) + 0(0, 1) K. (t)

1.2.3 Steady-state conditions
Steady-state equations

Soluble species

Jo(0) = — (0" = 0(0)) mo, Jr(0) = — (R* — R(0)) mgr
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Steady-state solutions
Soluble species

_ R*+ K, (R*/mo + O*/mg)
1+ Ko/mg + K /mo

_ O+ K, (R*/mo + O*/mpg)

R(0
(0) 1+ K,/mg + K./mo

0(0)

Current density
F (KoR* — K, 0%

- 1+K0/mR+Kr/mo

if

1.2.4 Faradaic impedance

Faradaic impedance

Zi(s) = Ret + Zo(s) + Zr(s)
14 K, Mo(s) + Ko Mg(s)
~ fF(R(0) Koo, +O(0) K, ay)

Zs(s)

Charge transfer resistance

1
fF (R(0) Koo+ O(0) Ky o)

Rct =

Concentration impedances

0
(with dxv = a—;()
Zo = _M = K, Ret Mo (s)
Ogv
T = Orv Mr(s) _ Ko Rey Mr(s)
aE’U
1 th\/7q0 s 1 th,/Tar s
Mo(s) = — — Y1997 pra(s) = — — YV IR2
o) = e Vs M S s
1.2.5 Equivalent circuit
Fig. 1.2
Ca
Il
|
_ | R. \\/ W
! Wi, Sr
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 &L X 4 e
K

X &2 0 4 e

K2

Ko1 = ko1 exp (ao1 f E) = kY exp (ao1 f (E — EY))

11

Krl = krl exp (705r1 fE = k? exp (7O‘r1 f E— ))7 Qo1 + 1 = 1

( (
) (

Koz = koo exp (a2 f E) = k5 exp (a o f (F — E3))
) (E—E3)), aop +ara =1

Ko = ko exp(—apa f E) = kS exp (—ayo f

1.3.2 Kinetic equations, without
coupled homogeneous reactions

Transformation rates

ur(t) = —vi(t), vx(t) = vi(t) = va(t), v0(t) = va2(t)

Mass balance equations

Flux of soluble species
JR(O, t) = UR(t), Jx(o, t) = ’Ux(t), Jo (O, t) = ’Uo(t)

Current density vs. step rates

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

Step rates

Ul(t) = R(O,ﬁ) Kol(t) — X(O,t) Krl(t) UQ( ) X(O t)K ( ) —

1.3.3 Steady-state conditions

Steady-state equations

Jr(0) = — (R* = R(0)) mg, Jx(0) = — (X* = X(0)) mx, Jo(0) =

with
Dr Dx Do
MR = —, Mx = —, Mo = —
R o X o e} 5o

0(0,1) K;2(t)

— (0" = 0(0)) mo
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Steady-state solutions

Soluble species

R*Kr X*Kr X*KT KT
R(O)<R*+ 2+ 1+ 1 2+

mo mr mo mgr
R* K, R* K, R* K K O* K1 K,

o2 L, 1A 1 2)/
mx mx mo mx mgR mx

mo mRr mo mpRr mx mx mo mx MR mMx

K. K Ko K, K K, K K, Ko K
(1+ 2+ 01+ ol 2+ 02+ 1+ 1 2+ ol 02)

X* K, X* K, X* Ko K,
x) = (x4 202y Xha X oo Bny

mo MR mo mr

R* Ky n O* Ky n R* Ky Ko n 0" Ko1 Kr2) /
mx mx mo mx mR mx

+ — 4+ —
mo mg, mo mr mx mx momx MR mx

K, K, Ko K K, K, K1 K, Ko Ko
<1+ 2, Bor | BotBr2 2 1, S Bl ol 2>

X*Kop  O0"Ky | X*Ko K,
0(0)<O*+ 2+ L —
mo my mo mg

o* Ko2 o* Krl R Kol K02 o* Kol Ko2
+ + + /
mx mx mo mx mRr mx

K, K Ko K K K, K K, Ko K
(1 + 2 + ol + ol 2 + 02 + 1 + 1 2 + ol 02)
mo mRr mo mpr mx mx mo mx MR mMx

Current density

, i} . KaKopX* KoKoRY 2Ke Ko R*
'Lf:<K01R YK X+ 1 2 i 1482 n 1 2 _
MR mo mx

mo mR mx

Ki K X* Ko K20 2K, KO
Krl X* Kr2 o — 1 2 _ ol 2 _ 1 2 ) /

K, K Ko K, K K K K, Ka K
(1+ 2+ 01+ ol 2+ 02+ 1+ 1 2+ ol 02)
mo mRr mo mpr mx mx mo mx MR mMx
1.3.4 Faradaic impedance

Faradaic impedance

Zi(s) = Rev + Zo(s) + Zr(s) + Zx(s)

Zi(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) Krian (14 K2 Mr(s) + 2 Koz Mx(s))
4 X(0) Koz oz (142 Ken Mx(s)) + R(0) Kz axa (1 + 2 Ko Mx (s))
+Ko1 ((X(0) Koz co2 + R(0) Kr2 ar2) Mo(s) + O(0) aor (1 + Kra Mr(s) + 2 Koz Mx(s)))))



1.3. EE REACTION, RDE CONDITIONS 13

Charge transfer resistance

1
[ F (0(0) Kot o1 + X(0) (Ko2 o2 + Kr1 ar1) + R(0) K2 an2)

Rct =
Concentration impedances

Z0(8) = Rex Kot Mo(s) (0(0) Koy ctor (1 + Ko Mr(s) + Kos Mx(s))
FE (X(0) apr (14 Kuo Mr(s)) + X (0) Koz (o + ar1) Mx(s) + R(0) Ko cw Mx(s))) /
(X(0) Ku1 aw1 (1+ Kuz M (s) + 2 Kop Mx(s))
FX(0) Kop aop (1+ 2 Ky Mx(s)) + R(0) Ko s (1 + 2 Kyy Mx(s))
1 o1 ((X(0) Koz oz + R(0) Kz cua) Mo (s) + O(0) aor (1 + Ko M (s) + 2 Kop Mx(5))))

Zx(8) = Ret (Ko2 — K1) Mx(s) (X(0) Koz oz — X(0) K1 a1 (1 4+ Ko MR(s))
+R(0) K2 aro + Ko1 ((X(0) Koz cto2 + R(0) Kr2 aye) Mo(s) — a1 O(0) (1 + K2 Mi(s))))/
(X(0) Ky1 ap1 (14 Kya Mr(8) + 2 Koo Mx(s))
+X(0) Koz o2 (142 K1 Mx(s)) + R(0) Ko apa (14 2 K1 Mx(s))
+Ko1 ((X(0) Koz o2 + R(0) Kra ar2) Mo(s) + O(0) a1 (1 + K2 Mr(s) + 2 Koz Mx(s))))

Zi(s) = Res Kz Mi(s) (R(0) Kuo s (14 Kon Mo(s) + Kux Mx(s))
+ Koo (X (0)aoz + X (0) K1 (o2 + ar1) Mx(s) + Kot (X (0)a2Mo(s) + O(0)ae1 Mx(s)))) /
(X(0) Koy et (14 Kvo M (s) + 2 Kog Mx(s))
+X(0) Koz o2 (142 K1 Mx(s)) + R(0) Ko apa (14 2 K1 Mx(s))
+Ko1 ((X(0) Koz o2 + R(0) K2 ay2) Mo(s) + O(0) o1 (1 + Kya MRr(s) + 2 Ko2 Mx(5))))

1 th 1 th 1 th
with Mg(s) = — — YIRS -y p (o) = — DVTIXS pr(s) = — V708

’ X ) O -
MR /TdR S mx /TdX S mo +/7Tdo S
52 52 52
and Tqr = —*, Tax = =, Tdo = —>.
Dr Dx Do
Equivalent circuit
Ca

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 &L X e

K

X &2 04 e

Ko1 = ko1 exp (ao1 f E) = kY exp (o1 f (E — EY))

Ky =k exp(—ap1 fE) =k exp(—ay1 f(E — EY)), qo1 +ay1 =1
Koz = ko2 exp (o2 f E) = k5 exp (

Ko = ko exp(—apa f E) = k5 exp (—ay2 f (

age [ (E — E3))
E—E3), ape+ape =1

X*=0"=0

52
dr = 6x = 0o =0, MR =X =10 =M=, TR =TdX = Td0 =T = 5

1.4.2 Kinetic equations, without
coupled homogeneous reactions

Transformation rates

vr(t) = —v1(t), vx (t) = v1(t) — v2(t), vo (t) = va(t)

Mass balance equations

Flux of soluble species
Jr(0,1) = vr(t), Jx(0,1) = vx(t), Jo(0,t) = vo(?)
Current density vs. step rates
is(t) = F (02(t) + v2(t))
Step rates

U1 (t) = R(07 t) KOl (t) - X(Oa t) Krl (t)a V2 (t) = X(O’ t) KOZ(t) - O(O’ t) KrZ(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 — 0(0))
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Steady-state solutions

Soluble species

R* (mKo2 + (m+ K1) (m + Ki2))

R(0) =
© mKoz + (m+ K1) (m+ Kp2) + Ko1 (m + Koz + Ky2)
X(0) = R*Ko1 (m+ Ki2)
mKoQ + (m + Krl) (m + Kr2) + Kol (m + K02 + Kr2)
R*K 1 K,
O(O) _ olf}02

mKo2 + (m + Krl) (m + Kr2) + Kol (m + Ko2 + Kr2)

Current density

FmR* Ky (m + 2K + Ky2)
mKoz + (m+ K1) (m+ Kp2) + Ko (m + Koz + Ky2)

if =

1.4.4 Faradaic impedance
Faradaic impedance

Zf(S) = Rt + Zo(s) + ZR(S) + Zx(s>

Charge transfer resistance

1

R =
‘ [ F (0(0) Kot o1 + X(0) (Ko2 o2 + Kr1 ar1) + R(0) K2 an2)

Concentration impedances

Ry (1+agr M*) M*
14+ bM*

Rx (14+ax M*) M*
1+bM*

Ro (14+ar M*) M*
1+bM*

Zr(s) =

Zx(S) =

Zo(s) =
where
M — th+/7s
\/TS

and

Kocht (R(O)K01a01 + KrlarlX(()))
m (R(0)Ko1o1 + O(0) Kroona + Ko2o2 X (0) + Kr10n1 X (0))

Rr =

R(O)Kol (Ko2 + Kr2) Qo1 + Krl (K02 (ao2 + arl) X(O) + Kr2 (O(O)ar2 + arlX(0>>)

a P
R m (R(0)Ko1ao1 + Kr1am X (0))
iy = o2 = Kir) Ree (ZR(0)Ko1301 + O(0) Kinatrs + Kiptp X (0) = K0 X (0)
X m (R(0)Ko1001 + O(0)Kr20n2 + Ko20te2 X (0) 4+ Kr10:1 X (0))
ax = (Ho1 (Kr2 (0(0)ars — R(0)ao1) + Ko2002X (0)) — K1 K201 X (0))

m (—R(O)K01a01 + O(O)Krgarg + KOQQOQX(O) - KrlarlX(O))
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Kr2Rct (O(O)Krgar2 + Ko20502X(0))
m (R(0)Ko1ao1 + O(0) K209 + K202 X (0) + K101 X(0))

O(O) (Kol + Krl) Kr204r2 + K02 (Krl (ao2 + arl) X(O) + Kol (R(O)aol + ao2X(0)))

Ro =

do = m (O(0) Kr20r2 + Ko20052 X (0))

b= (Ko1 (K2 (R(0)ao1 + O(0)anr2) + Ko2 (2R(0)cto1 + 02X (0)))
+ K1 (2Ko2 (o2 + ar1) X(0) + Kr2 (20(0) a2 + ar1X(0)))) /
m (R(O)Kolaol + O(O)Kr2ar2 + KOQaOQX(O) + KrIOCrIX(O))

Equivalent circuit

Fig. 1.3



Chapter 2

Reactions involving one
adsorbate

2.1 Electroadsorption reaction (EAR)

2.1.1 Mechanism

A_+s<£>A,s+e_
K,

2.1.2 Kinetic equations

No mass transport limitations, Langmuir isotherm

AT(0,t) m A", Ko =ko A"  exp(ao f E), K; = k; exp (—a, f E)

Transformation rates

va- () = —vi(t), vs(t) = —vi(t), va(t) = v (t)

Mass balance equations

Rate of production of adsorbed species

dos(t)  ws(t) doa(t)  walt)

& > A& T

Current density vs. reaction rate

it(t) = Fo(t)

Reaction rate

o(t) = 0s(t) T Ko(t) — 0a(t) T Ko (t)

17
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2.1.3 Steady-state conditions
Steady-state equations
Adsorbed species
dbs/dt =0,0s + 60, =1
Steady-state solutions

Adsorbed species

K, K,
Os = ——7,00 =
K, + K, K, + K,

Current density
ir=0

2.1.4 Faradaic impedance

Faradaic impedance

Z1(8) = Ret + Za(8) + Zs(s)
s+ K, + K, (Ko + Ky) (s+ Ko + Ky)

Z =
%) = T 0 Ko 0u - 08 Ko o) FFsT K, K,

Charge transfer resistance
1 Ko+ K,
FFT (Koo + 0 Krap) [fFTK,K,

Rct =

Concentration impedances
Adsorbed species
K Ry 1 K, + K, K, R 1 K, + K,

Z - - g - -
Als) s FFsTo,  TFsTE, 20 5 fFsTO, [FsUK,
RN 1
Cods= FT 2 — fFDOA 0= ——
d a7 A Rey (Ko + K.
Ca
Il
]
Cads
Il
R Il

Figure 2.1: Equivalent circuit for the impedance of EAR (A7(0,t) =~ A™").



2.2. DISSOLUTION-PASSIVATION REACTION

2.2 Dissolution-passivation reaction

2.2.1 Mechanism [10]

M,s &8 M2+ 45 4 2e”

rl

A FsE2 Aster

r2

2.2.2 Kinetic equations
No mass transport limitations, Langmuir isotherm
M?T(0,t) ~ M*™ A= (0,t) ~ A"
Koi =korexp(2ao1 fE), Ki1 =k M?T* exp (=2an fE)
Koz = koo A7  exp (o2 f E), Kia = kra exp (—ap2 f F)

Transformation rates (va stands for va )

vs(t) = —va(t), va(t) = va(t)

Mass balance equations

Rate of production of adsorbed species

dos(t)  ws(t) dOa(t)  wa(t)

dt r ' de r

Current density vs. step rates

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

Step rates

19

01 (t) = Os(t) T Ko1 () — 0s(t) T Kuy (£), va(t) = 0s(t) T Koa(t) — 04 () T Kia(t)

2.2.3 Steady-state conditions
Steady-state equations
Adsorbed species
dbs/dt =0,0p +0s =1
Steady-state solutions

Adsorbed species
S - R (T
° Ko2 +Kr27 Ko2 +Kr2
Current density
. 2FT (Kol - Krl) Kr2
e =
! Koo + Koo
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a b
1,
T
S
o
<
E O
-1 ‘ ‘
0 0.3 0.6
E/NV

Figure 2.2: it vs. E curve calculated with Eq. (2.1
kop = 1071 71, ko = 10071 571, o1 = 0.35, cvoz =
F = 96485 C mol ™!,

for ko1 = 0.1 sfl, kip =1 sfl,
0.5,T' =102 mol cm™?, f = 38.9,

2.2.4 Faradaic impedance

Faradaic impedance

Zi(8) = Ret + Za(8) + Zs(s)

Zi(s) = (s + Koz + Ki2) /
(fFF (95 (Ko2 (5 + 2[(rl) Q2 + 2[(01 (2 (5 + K02 + Kr2) Qo1 — Ko2 0402) +
4K (s+ Koo+ Ki2) ap1) + 04 (s—2Ko1 +2 K1) Ko ar2))

Zg(s) =
(Ko2 + Ki2) (84 Koz + Ki2)
fFF Kr2 (4 (5 + Kr2) (Kol Qo1 + Krl arl) + Ko2 (5 + Kol (*2 + 4O‘ol) + Krl (2 + 404r1)))

Charge transfer resistance
1
FFT (405 Ko co1 + 05 Koo o2 + 465 K1 ap1 + 0a Ko on2)
Koo + Ko
fFT Ko (Koo +4 Kot o1 + 4 K1 1)

Rct =

Rct =

Concentration impedances

ZA(S) = K9 Rey (95 Kog g2 + 04 Kio ar2)/
(95 (KOQ (8 + 2Kr1) Qo2 + 2 Ko1 (2 (5 + Koo + Kr2) o1 — Koo ao2) +
4Ky (54 Koz + Kra) ar1) +0a (s — 2 Koy +2 K1) Ko ara)

K02 Kr2 Rct
4 (s4 Ky2) (Kot o1 + Ky1 1) + Koo (s+ Ko1 (—24+4a01) + K1 (2+4a41))

Za(s) =
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Zs(s) = —(2Ko1 + Koz — 2 K1) Ret (05 Koz 002 + 04 Kip 0i2)/
(Os (4 Ko1 (s4+ Koz + Ki2) a1 — Koz (s —2Ko1 + 2 K,1) ao2—
4K (s+ Koz + Ki2) an1) —0a (s =2 Ko1 +2 K1) Ko on2)
Zu(s) = Koo (2Ko1 + Koa —2 K1) Rey
4 (s4 Ky2) (Kot o1 + Ky1ar1) + Koo (s+ Ko1 (—24+4a01) + K1 (244 0a41))

0.5 1 1 ~05 0
ReZ/R, ReZR,

Figure 2.3: Two typical Nyquist impedance diagrams for the dissolution-passivation
reaction. Parameters value as in Fig.2.2 and Cq = 1074 F.V, =017V and V}, =
0.25 V. Thick lines: Faradaic impedance, thin lines: electrode impedance.

2.2.5 Equivalent circuit

Fig. 2.4
Ry = Rct K02 (2 Kol + K02 - 2Kr1 + Kr2)
o Kol ((4 Qo1 — 2) Ko2 + 4O‘ol KrQ) + 2 Krl (2 arlKOQ + K02 + 2 (0531 Kr2)
O — daor Ko1 + Koz + 4 ap1 Ky
* 7 R Koo (2Ko1 + Ko2 —2 K11 + Ki2)

2.3 Volmer-Heyrovsky (V-H) reaction

2.3.1 Mechanism
At pste & A

o

A++A,s+e7<&>A2+s
Koo

2.3.2 Kinetic equations
No mass transport limitations, Langmuir isotherm
AT(0,t) =~ AT*, Ay(0,t) =~ A
K =k AT exp(—ay fE), Ko1 = ko1 exp (o1 [ E)
Ky = ko AT exp (—au2 [ E), Koz = ko A3 exp (a2 f E)



22 CHAPTER 2. REACTIONS INVOLVING ONE ADSORBATE

Cal
I
]
Co
1l
1
— Ra [ Ra [—
R
| AR |
~ 200 - R Ry
g N/ 001
< 0 5
g L
é —-200 m O
‘ ‘ ‘ ol . :
0 0.3 0.6 0 0.3 0.6
E/NV E/NV

Figure 2.4: Equivalent circuit for the dissolution-passivation reaction and change of
Ry and Cy with E. Parameters value as in Fig. 2.3.

Transformation rates

vs(t) = —v1(t) + v2(t), va(t) = vi(t) — va(?)

Mass balance equations

Rate of production of adsorbed species

dos(t)  ws(t) dOa(t)  wa(t)

dt r’ d r

Current density vs. step rates

it(t) = —F (vi(t) +v2(t))

Step rates

01(t) = —0A(8) T Ko1(t) + 05 (t) T Ky1 (£), v2(t) = —0s(t) T Koa(t) + 0 (t) T Kra(t)

2.3.3 Steady-state conditions
Steady-state equations

Adsorbed species
db,/dt = 0,04 + 65 =1
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Steady-state solutions

Adsorbed species
Kol + Krz K02 + Krl

,0A =
Kot + Koo + K1 + Kio A Ko1 + Koz + Ki1 + Ko

Current density

s =

. 2FT (Ko1 Koz — K1 Ky2)
f Kol +Ko2+Kr1 +Kr2

2.3.4 Faradaic impedance
Faradaic impedance
Zt(8) = Ret + Za(8) + Zs(s)

Charge transfer resistance

1
B f Fr (9A Kol Qo1 + 95 K02 Qo2 + 95 Krl ap1 + GA Kr2 ar2)

Rct

Concentration impedances

ZA(S) = (Kol - Kr2> Rct (GA Kol Qo1 — 95 K02 Qo2 + 95 Krl Qr1 — 9A Kr2 ar2)/
(Os Koz (s +2 K1) o + 05 K1 (s +2Ko2 +2K19) ap1 + 04 (s+2 K1) Ko o+
Koi (0a (s +2 Ko+ 2K2) aor +2 (0s Koz oz + 0a K2 012)))

Zs(5> = (K02 - Krl) Rct (* 9A Kol Qo1 + 95 K02 Qo2 — 95 Krl Qr] + 9A Kr2 ar2)/
(95 K02 (5 +2 Krl) Qo2 + 95 Krl (S +2 K02 +2 Kr2) ar) + 9A (5 +2 Krl) Kr2 Qo+
Koi (0a (s +2Ko2+2K2) o1 +2 (0s Koz oz + 0a K2 012)))

2.4 Volmer-Heyrovsky (V-H) corrosion reaction

2.4.1 Mechanism
H +s+e” Ko, H;s
H++H,s—|—e_ &Hg—i—s
M,S&M2++S+267

2.4.2 Kinetic equations
No mass transport limitations, Langmuir isotherm
HY(0,t)~H™, M,s=s
Ko =kaexp(—an1 fE), by =kl HT
Ko =k exp(—auo fE), ko = klo HT™, Ko3 = koz exp (203 f E)
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Transformation rates

vs(t) = —vi(t) + v2(t), v (t) = v1(t) — va(t)

Mass balance equations

Rate of production of adsorbed species

dos(t)  ws(t) dOu(t)  vm(t)

dt r’ de r

Current density vs. step rates

it(t) = —F (vi(t) + va(t) — 20s(t))
Step rates
’Ul(ﬁ) = Krl (t) FHS(t), ’l}g(ﬁ) = Krg(t) FGH(ﬁ), Ug(ﬁ) = Kog(f) Fes(t)

2.4.3 Steady-state conditions
Steady-state equations

Adsorbed species
dbs/dt =0,0g + 65 =1

Steady-state solutions
Adsorbed species

Kr2 Krl

0= ———7,0 —_—
Krl + Kr2 t Krl + Kr2
Current density

. 2FT (Ko3 Kia — Ki1 Ki2)

= 2.2
" Krl + Kr2 ( )
1 krl
e = E=F,h=———--——1
#=0= (o1 +2a03) f n<ko3>

2FFKO3(ECOI‘) KrZ(Ecor) _ 2FFKI‘1(ECOI‘) KrQ(Ecor)

leor =
0 Krl (Ecor) + Kr2 (Ecor) Krl (Ecor) + Kr2 (Ecor)
2F Tk ko
= 7% Ol

k/’rl E 20&03 + oy + kr2 E 20&03 + ar
kog ko3
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0.02

it /A

Fommmmm - 4

-0.02

-0.4 -0.2
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o
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Figure 2.5: it vs. E curve calculated with Eq. (2.2) for kyq = 1575, ke = 1 57,
koz = 10 s7', au1 = 0.8, 00 = 0.3, 003 = 0.4,T = 107° mol cm™2, f = 38.9,
F = 96485 C mol ™.

2.4.4 Faradaic impedance

Faradaic impedance

Z¢(s) = Ret + Zu(s) + Zs(s)

Zf(s) = (Krl + Ko + 5)/
(fFF(2 (arQ 9H Kr2 (7K03 + Krl) + (arl (K03 + Kr2) Krl + 20‘03 K03 (Kr2 + Krl)) 95)
+(ane O Ko + 4 o3 Koz 05 + a1 K1 05) 5))

Zi(s) =
(KrQ + Krl)(Kr2 + Krl + 5)
FFTKy2(001 K1 (2(Ko3 + Kr2) + 8) + daos Kos (Ko + Kv1 + 8) + ara K1 (—2Ko3 + 2K,1 + 9))

Polarization resistance

Krl + Kr2
R, =
p 2 fFF (O(rg HH Krg (—Kog + Krl) + (Oérl (Ko3 + Kr2) Krl + 20(03 Ko3 (Kr2 + Krl)) 95)
_ (Kr2 + Kr1)2
2fFFKr2 (2 Qo3 KOB(KrQ + Krl) + Krl (arl (K03 + Kr2) + arQ(Krl - KoB)))

No simple relation between R, and icor.

Charge transfer resistance
1 Ko+ K
JET (arg 0 Ko + (4 oz Koz + ar1 K1) 05) T fFT Ky (4 o3 Koz + (a1 + ar2) Kr1)
1
(203 + (w1 + @r2)/2) ficor

Rct =

Rct (Ecor) =
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o E = Ecor o E/V = Ecor — 0.04
@ X 05
E E

| |

< <

N N

E E o

0 \ :

0 0.5 1 R¢ 0 0.5 Rt 1
R Rp
Re Zi/R,, Re Z/R, Re Zi/R,, Re Z/R,
0 0
£ £
N N
o =)
o kel
-1 E = Ecor -1 E/V = Ecor — 0.04
-2 0 2 4 -2 0 2 4
log (w/rd s71) log (w/rd s71)

Figure 2.6: Two typical Nyquist impedance and Bode diagrams for the Volmer-
Heyrovsky (V-H) corrosion reaction (Thick lines: Faradaic impedance, thin lines:
electrode impedance). Parameters value as in Fig. 2.5 and Ca1 = 5 X 107° F.

2.5 Volmer-Tafel (V-T) reaction

2.5.1 Mechanism
At pste & As

ol

2As % As +2s

g2

2.5.2 Kinetic equations
No mass transport limitations, Langmuir isotherm
AT(0,t) =~ AT*, Ay(0,t) ~ A;
K =k AT exp(—an fE), Ko1 = ko1 exp (o1 f E) , kgo = kg A3

Transformation rates

vs(t) = —01(t) + 2va(t), va(t) = v1(t) — 2v2(t)

Mass balance equations

Rate of production of adsorbed species

dbs(t)  ws(t) dOa(t) _ va(t)

dt r ’ dt r
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Current density vs. step rates

if(t) = —F oy (1)

Step rates
01 (t) = —0a(E) T Ko1 (£) 4 0s(£) T Ky (£), 02(t) = 04 (£)° T2 kqy — 05(£)* T2 kygo

2.5.3 Steady-state conditions
Steady-state equations
Adsorbed species
dbs/dt = 0,05 + 65 =1
Steady-state solutions

Adsorbed species

- (4Fkg2 + Ko1 + K — \/SFng Ko1 +8T kg2 (2T kgo + K1) + (Ko1 + Kr1)2)

Or =
A AT (kaz — kg2)

Current density

F

P — (— (4Pkg2 Kot + AT kgy Koy + (Kop + Kﬂ)Q) +
4 (ka2 — kg2)

(Ko1 + K1) \/8Fk?g2 Ko + 8T kqo (2T kgo + K1) + (Ko1 + Kr1)2)

2.5.4 Faradaic impedance
Faradaic impedance
Zy(s) = Rey + Za(s) + Zs(s)

B §+40aT ka2 +460sT ko + Ko1 + K
FfF (S+49Ade2 +495Fk32) (9AK01 o1 + 05 Kq O(rl)

Zs(s)

Charge transfer resistance

1
FET (0a Ko1 o1 + 05 K1 Q1)

Rct =

Concentration impedances

7 (S) _ Kocht 7 (S) _ Krcht
AT AT (kagOa + kgabls) 7% T s+ AT (kaOa + kgabs)
(Kol + Krl) Rct R0
Zo(s) = Z Zy(s) = -
0(8) = Za(8) + 2:(8) = S5AT (hunn + ko) ~ 14 B Cp s
Ko1 + Ku) R 1
RG o ( ol + 1) ct 00 _

- 4T (kd29A + ngHS) ’ (Kol + Krl) Rct
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2.5.5 Equivalent circuit

Fig. 2.7.

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” Ko, Hs
29H,s *2 H, 42

M,s 22 M2+ 454 26"

2.6.2 Kinetic equations

No mass transport limitations, Langmuir isotherm, H*(0,t) ~ Ht*, M,s = s,
Krl = krl exp (*arl fE); krl = kllq HJr* K03 = k03 exp (2 Qo3 fE)v kol =
0, k3 =0.

Transformation rates

vs(t) = —v1(t) + 2va(t), v (t) = v1(t) — 2va(t)

Mass balance equations

Rate of production of adsorbed species

dbs(t)  ws(t) dOu(t)  vu(t)

dt r’ de r

Current density vs. step rates

it(t) = —F (v1(t) — 2vs(t))
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Step rates
v1(t) = K () T O(t), v2(t) = kaz (D 0u(t))?, vs(t) = Koz(t) [ 6s(t)

2.6.3 Steady-state conditions
Steady-state equations
Adsorbed species
dbs/dt = 0,0+ 0s =1
Steady-state solutions

Adsorbed species

_ ATkqs + K1 — VK1 vV8T kg + K1
o 4T kg9

0, O+ 0 =1

Current density
. 4FT?kqa (2Ko3 — Kp1)
1F =
! 4Tkq2 + K1 + VK1 V8 ka2 + Koy

1 krl
' 0 ! (2@03 + arl) o8 (2k03)

23-0Ps FT g3k () = o0

lcor =

rl

2001 fyy (422 ) exP1 4 ADkgz + \/ gexs (Ko ) expufyy \/ 2001k (42 ) X014 8Tk

with
Qr1 20403

€Xp1 = €XPo

_ = 2
20&03 + arn 20&03 + arn

2.6.4 Faradaic impedance

Transfer resistance
1
fFF (4K03a03 + Krlarl) 95

Relation between Ret(FEgor) and icoy:

Rct =

1

Rc Ecor 7:cor = 7 /0. . _ N
(Beor) feor = s+ o)

Concentration impedance

K1 (K1 — 2Ko3) Reyonn

Zy(s) =
) = S RsKnan & Ko (5 + ATkaafin) ans + AKaares (5 1 Ko+ ATkaafr0)

Faradaic impedance

Zf(S) = Rt + ZS(S)

K1 (K —2Ko3) an
2Ko3 K041 + Ki1 (s + 4Tkas0m) e + 4K o303 (s + K1 + 4Tka20w)

Z(s) = Res (1 +
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Polarization resistance

R _ R (1 Krl (Krl - 2K03) Rctarl >
p — {lct +
2K03K11 (20003 + au1) + 4Tkqg2 (4K 030003 + Kr1ar1) O

No simple relation between Ry, (Ecor) and icor-

Equivalent circuit
Ry 4K 3003 + Kr1an1

Zi=—2"——, Ci=
1+ Rs Cs S Krl (Krl - 2K03) Rctarl

no_ K1 (K1 — 2K03) Reyont
* T 2Ko3 K, (2003 + ap1) + 4Tkas (4K 3003 + Kr1on1) Oa

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

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

2.7.1 Mechanism
At pste & As
Kol
AT +As+e” %Ag—l—s
2As <’;ﬁ> Ay +2s

23

2.7.2 Kinetic equations

No mass transport limitations, Langmuir isotherm
AT(0,t) ~ AT*, A5(0,t) ~ A}
Krl = krl A+* exp (—arl fE) 5 Kol = kol exp (0401 f E)
Kr2 - kr2 AJF* exp (704r2 fE)7 KOQ = k02 A; exp (0502 fE> 5 kg3 = ké3 A;
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Transformation rates

vs(t) = —v1(t) + va(t) + 2v3(t), va(t) = v1(t) — va(t) — 2v3(t)

Mass balance equations

Rate of production of adsorbed species

dbs(t)  ws(t) dba(t) walt)

dt r ' de r

Current density vs. step rates

it(t) = —F (v1(t) + v2(t))

Step rates
v1(t) = —0A(t) T Ko1(t) + 0s(t) T K11 ()
va(t) = —05(t) T Koo (t) + 0a(t) T Kia(t)

v3(t) = Oa (1) T2 kaz — 0s(t)° T? kgs

2.7.3 Steady-state conditions
Steady-state equations

Adsorbed species
dbs/dt = 0,05 + 65, =1

Steady-state solutions

Adsorbed species

1

Or — —
ATUT (kys — kas)

(4Fkg3 + Kol + Ko2 + Krl + Kr2*

\/SF (kas — kg3) (2T kgg + Koo + Ki1) + (4T kgs + Ko1 + Koo + K1 + Kr2)2)

Current density

F
4 (kas — kgs)
(Ko2 + Kr2)2 + (Kol - K02 + Krl - Kr2)

1= (4de3 (Ko2 — K1) — (Ko1 + Kr1)2 + 4T kg3 (—Ko1 + Kr2) +

X\/8F (kas — kg3) (2T kg3 + Koo + K1) + (4T kgs + Ko1 + Koo + K1 + Kr2)2)
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2.7.4 Faradaic impedance

Faradaic impedance

Zi(s) = Ret + Za(s) + Zs(s)

Zi(s) = (s + 40T kaz + 405 T ks + Ko1 + Koz + K1 + Ky2) /
(FFT (6s Ko (s +405T kgs +40,T kys + 2 K1) aen
+0s K1 (s +40aT kaz +46sT kg3 +2 Koo + 2 Ky2) an
+04 (s+49Ade3 +495Fkg3 +2Kr1) Ko oo
+Ko1 (0a (s4+40aT kas +40sT kes + 2 Koo + 2 Ky2) qo1 + 2 (05 Koz o2 + 04 K2 042))))

Charge transfer resistance

1

Re =
"7 FFT (0a Kot o1 + 0s Ko 0oz + 05 K1 i1 + 0 Ko )

Concentration impedances

Za(s) = (Ko1 — Ki2) Ret (0a Kot o1 — 05 Koz o2 + 05 Ky an1 — 0 Ko ai2)/
(s Koz (s+40aT kas + 40T kgs +2 K1) o2
+0s K1 (s +40aT kaz +46sT kg3 +2 Koo + 2 Ky2) an
+0a (s +40aT kas +40,T kg3 + 2 K,1) Kyo y2
+Ko1 (0a (s+40aT ka3 +40sTkes + 2 Koo + 2 Ky2) o1 + 2 (05 Koz o2 + 04 K2 02)))

Zs(s) = (Ko2 — Kr1) Rey (—0a Kot o1 + 05 Koo o — 05 K1 ary + 04 Ko 0r2) /
(s Koz (s+40aT kas + 40T kgs +2 K1) o2
+0s K1 (s+40aT kas +40sTkes + 2 Koo + 2 Ky2) o
+0a (s +40aT kas +40,T kg3 +2K,1) Kyo 2
+Ko1 (A (s +40aT kas +40sT kg3 + 2 Koo + 2 Ky2) a1 + 2 (05 Koz o2 + 04 K2 42)))



Chapter 3

Reactions involving
two adsorbates

3.1 Volmer-Heyrovsky with chemical desorption
3.1.1 Mechanism [9, 3, 4]
At pste Ko A
AT+ As+e Ko Ags
Ass kas, As+s

3.1.2 Kinetic equations

No mass transfer limitations, Langmuir isotherm
AT(0,t) =~ AT

Krl = krl AJF* exp (704r1 fE) ) Kr2 = er A+* exp (705r2 fE)

Transformation rates

vs(t) = —v1(t) + v3(t), va(t) = vi(t) — va(t), va,(t) = va(t) — vs(t)

Mass balance equations

Rate of production of adsorbed species

d@s(t) Us(ﬁ) dGA(ﬁ) - ’UA(t) dfa, (t) - UAQ(ﬁ)

dt r’ d T ° dt T

Current density vs. step rates

ie(t) = —F (vi(t) +v2(t))

33
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Step rates
v1(t) = 0:(t) T K1 (t),v2(t) = Oa(t) T Kya(t),v3(t) = Oa, (¢) T kas

3.1.3 Steady-state conditions
Steady-state equations

Adsorbed species
dbs/dt = 0,dfa/dt = 0,04 + 04, + 0, =1

Steady-state solutions

Adsorbed species
_ kd3 Krl eA _ Krl Kr2
K Ko+ kaz (K + Kr2)' 7% K Ky + kas (Ko + Kio)

Current density

0a

_ _QFde?) Krl Kr2
K Ko + kas (K1 + Kio)

1f

3.1.4 Faradaic impedance
Faradaic impedance

Zi(8) = Ret + Za(8) + Zs(s)

Charge transfer resistance

1

R =
ct fFF (9:, Krl [e75} +9A Kr2 ar2)

Concentration impedances

Kr2 Rct (* (Gs (5 + kdB) Krl arl) + GA (5 + kdB + Krl) Kr2 ar2)

Os (s + kaz) K (s +2Ky2) ar1 +0a (s (s+ kaz) + (s + 2 kas) K1) Ko aro
Krl Rct (Gs Krl (5 + Kr2) Ayl — kdB (*95 Krl ar1 + 9A Kr2 arQ))

Os (s+ kasz) K1 (s +2Ky2) ar1 +0a (s (s+ kasz) + (s + 2kasz) K1) Ko 0n2

Za(s) =

Zs(s) =

3.2 Schuhmann dissolution-passivation
reaction # 1

3.2.1 Mechanism [10]
M,s &5 Xs + 2 e
Ky
Xs &2 Qs+ 2e
Ko

Xs+AZAXsrB+2e
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3.2.2 Kinetic equations

No mass transfer limitations (A(0,¢) ~ A*), Langmuir isotherm
Kol = kol exp (2 Qo1 fE) ’ Krl = krl exp (72041& fE)
Koz =koz exp(2ac2 fE), Kioa =k exp(—2ay2 f E), Ko3 = ko3 A" exp (203 f E)

Transformation rates

vs(t) = —v1(t), vx(t) = v1(t) — v2(t), vq(t) = va(t)

Mass balance equations

Rate of production of adsorbed species

d0.(t)  wa(t) dOx(t)  wvx(t) dog(t)  vq(t)

dt r o’ de r ' dt r

Current density vs. step rates

is(t) = 2 F (v1(t) + va(t) + v3(t))

Step rates

3.2.3 Steady-state conditions
Steady-state equations

Adsorbed species

db,/d =0, dfx/dt =0, O + 05 + Ox = 1

Steady-state solutions
Adsorbed species

9 o K01K02 9 o KolKr2
QT K Ko+ Kot (Kop + Kr2)' ° Ko Keg + Kot (Koz + Kro)

Current density

_ 2F‘I‘I(ol K03 Kr2
B Krl Kr2 + Kol (Ko2 + Kr2)

it

3.2.4 Faradaic impedance
Faradaic impedance

Zs(s) = Ret + Zq(s) + Zs(s) + Zx(s)
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Charge transfer resistance
1
4fFT (05 Ko1 o1 + 0x Koz o2 + 0x Koz o3 + 0x K1 a1 + 0 Ko ar2)
KK+ Ko1 (Ko2 + Ky2)
4fFTKo1 (Ko2 + ao3Ko3 + K1) Ko

Rct =

Rct =

Polarisation resistance

(KrlKr2 + Kol (K02 + Kr2)) Rct (Ko2 + Krl + K030403>

R. —
P Ko3 (K Ko (03 + 1) + Kot (Kraao3 — Kozai3))

Concentration impedances (second order impedance)

Rs (14 755)

Zs(s) = l+as+Bs?

Ko1K (s +2Ko2 + Ki2) Rey
(5 + Kr2) ((3 + Ko3) Krl + Ko3 (5 + Kol + Krl) aoS) + Ko2 (5 (3 + Kol + 4Kr1) - (5 + Kol) K03ar3)

_ Rx(1+4+7xs) _
14+ as+Bs2
(K02 + Ko3 - Krl) ((3 + Kol) K02 - Krl (5 + Kr2)) Rct
(3 + Kr2) ((5 + KOS) Krl + KOS (3 + Kol + Krl) 0403) + K02 (3 (5 + Kol + 4Krl) - (3 + Kol) KOSOCI'S)

Zx(s)

Rq(1+7qs)
Z = " =
als) 1+ as+ 3s?
K02 (3 + Kol + 2Kr1) KI'QRct

(5 + Kr2) ((3 + Ko3) Krl + Ko3 (5 + Kol + Krl) aoS) + Ko2 (5 (3 + Kol + 4Kr1) - (5 + Kol) K03ar3)

Ry (1+7s)
Zi= AT
l1+as+PBs?
(SKOQ + (5 + Krl) (5 + Kr2) + Kol (5 + K02 + Kr2)) Rct (Ko2 + Krl + Ko3ao3)
(3 + Kr2) ((5 + KOS) Krl + KOS (3 + Kol + Krl) 0403) + K02 (3 (5 + Kol + 4Krl) - (3 + Kol) KOSOCI'S)

Some typical impedance diagrams are shown in Figs. 3.1-3.3.
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Figure 3.1: Curves calculated for : koy = 10 575, ke = 1 571, a1 = 0.8, koa = 10?

s ke = 157! oz = 04, ko3 A = 10 57!, a3 = 04, ' = 1072 mol em™?,

Ca=10%Fcm™2 E=-0.06V.

2
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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].



3.2. SCHUHMANN DISSOLUTION-PASSIVATION REACTION # 1 39
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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 &4 Ps + 2 ¢
K

Ms X2 vs 1 2e
Ys B2y 15426

3.3.2 Kinetic equations

No mass transfer limitations, Langmuir isotherm

Ko = ko1 exp (2 Qo1 fE)v K1 = k1 exp (72 Qr1 fE)
Koo = koo exp (2o fE), Koz = koz exp (203 [ E)

Transformation rates

vs(t) = —v1(t) — va(t) + v3(t), vp(t) = v1(t), vy (t) = va(t) — v3(t)

Mass balance equations

Rate of production of adsorbed species

d@s(t) ’Us(t) dep(ﬁ) - ’Up(ﬁ) dey(f) o ’Uy(ﬁ)

dt r ’ dt r ’ dt r

Current density vs. step rates

i(t) = 2 F (v1(t) + va2(t) + vs(2))

Step rates
V1 (t) = Gs(t) I Kol (ﬁ) — Hp(f) I Krl(ﬁ)
va(t) = 05(t) T Koa(t)

vs(t) = Oy (1) T Kog (1)

3.3.3 Steady-state conditions
Steady-state equations

Adsorbed species

d6,/d =0, dfp/dt =0, O + 0p + Oy = 1
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Steady-state solutions

Adsorbed species

0. — KOSKrl
° K01K03 + (K02 + Ko3) Krl
GP _ K01K03 9Y _ KOQKrl

K1 Koz + (Ko2 + Ko3) K11’ Ko Kos + (Ko2 + Koz) K

Current density

4FT Koo Ko K11
K01K03 + (K02 + Ko3) Krl

if =

3.3.4 Faradaic impedance

Faradaic impedance

Z1(s) = Rev + Zs(s) + Zp(s) + Zy(s)

Charge transfer resistance

K01K03 + (K02 + Ko3) Krl

R =
o 4fFFK03Kr1 (Kol + K02 (ao2 + 0403))

Polarisation resistance

(K01K03 + (Ko2 + K03) Krl) Rct (Kol + Ko2 (0502 + aoB))
Koo K1 (2K 03002 4 2K020103) — 2K 01 K o2 Ko30r2

R, =
Concentration impedances (second order impedance)

Ry(1+7s)

Zs(s) = =
(5) 1+as+ (52

(Kol + Ko2) Rct (Kol (5 + KOS) + Ko2 (5 + Krl) (0502 - aoB))
Koo (s + K1) ((s + 2Ko3) oz + (s + 2Ko2) ao3) + Kot (5 (s + 2Ko20t03) + Koz (s — 2Kp2042))

Rp (1 —+ 1P S)
Z = " =
r(s) 1+as+ (5?2
KolKrcht (S + K03 + Ko2 (0503 + arQ))

Koo (s + K1) ((s + 2Ko3) o2 + (s + 2Ko2) ao3) + Kot (s (s + 2Ko20003) + Koz (s — 2Kp2042))

_ Ry(l+71ys)
14 as+5s2
KOQKOSRct (Kol (0403 + ar2) - (5 + Krl) (ao2 - 0403))
Ko2 (5 + Krl) ((S + 2K03) Qo2 + (S + 2K02) 0403) + Kol (5 (S + 2K020403) + K03 (5 - 2Ko2ar2>)

Zy(8>
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Figure 3.4: Curves calculated for : ko1 =1 s ki =151 a1 = 0.8, ko = 102
7 a2 = 0.5, kos = 10% 571, ao3 = 0.3, T' = 1072 mol ecm™2, Cq; = 107 F em™2,

E=-007V.
R, (14 75s)
7 =_—rv 7 _
i(s) 1+ as+ 32

(Kol (5 + Ko3) + (S + Koo + KOS) (5 + Krl)) Ret (Kol + Ko2 (a02 + 0403))
Ko2 (5 + Krl) ((S + 2K03) Qo2 + (S + 21(02) 0503) + Kol (5 (S + 21(020403) + K03 (5 - 2K0204r2))

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, F = —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<£>A,s+e_
K,

4.1.2 Kinetic equations

Langmuir isotherm : K, = ko exp (a0 f E), Ky = ky exp(—ay f E)

Transformation rates

va-(t) = —vi(t), vs(t) = —vi(t), va(t) = v (t)

Mass balance equations

Flux of soluble species
JA’ (Oa t) = UA- (t)
Rate of production of adsorbed species

dos(t)  ws(t) dOa(t)  wa(t)

d T ' dt r
Current density vs. reaction rate

it(t) = Fo(t)

45
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Reaction rate

u(t) = A=(0,8) 0s(t) T Ko(t) — Oa () T Ki(2)

4.1.3 Steady-state conditions
Steady-state equations

Soluble species

Adsorbed species
dbs/dt = 0,07 + 60, =1

Steady-state solutions

Soluble species

AT (0)=A""
Adsorbed species
bt AT
STAT K+ K YT AT K, + K,
Current density
ir=0

4.1.4 Faradaic impedance

Faradaic impedance

Zi(5) = Rev + Za—(5) + Za(s) + Zs(s)

Charge transfer resistance

1
fFT (A= 0s Koo+ 04 K; o)

Rct =

Concentration impedances

Soluble species

1 thy7a-s
ZA7 (S) = QSFKO Rct MA* (5), MA— (S) = mA7 ?

Adsorbed species

A K, R, I'K: R,
Zs(s) = = Za(s) = ——=
S S
Ry (A* K, + K, 1
Zp(s) = Zs(s) + Za(s) = 2 s - Cads S
adas
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4.1.5 Equivalent circuit

Fig. 4.1.

Figure 4.1: Equivalent circuit for the impedance of EAR.

4.2 Electroadsorption-desorption reaction (EADR)

4.2.1 Mechanism
A +sEb Aster

rl

kaz

As = A+s

4.2.2 Kinetic equations

Langmuir isotherm: Ko = ko1 exp (o1 f E), K1 = k1 exp(—ay1 f E)

Transformation rates

vA- (1) = —vi(t), vs(t) = —vi(t) + va(t), va(t) = vi(t) — va(?)

Mass balance equations

Flux of soluble species

JA* (Oa t) = UA- (t)
Rate of production of adsorbed species

dos(t)  ws(t) dOa(t)  wa(t)

dt r ' dt r
Current density vs. step rates

it(t) = Foy (%)

Step rates
v1(t) = A7(0,8) O0s(t) T Ko1(t) — Oa(t) T K1 (t), v2(t) = 04 (t) T kao
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4.2.3 Steady-state conditions
Steady-state equations

Soluble species
Ja-(0) = = (A7" = A7(0)) ma-

Adsorbed species
dbs/dt = 0,07 + 60, =1

Steady-state solutions

Soluble species

1

A0 =
( ) 2K01mA7

(A—* Koima- — Kama- —kao (T Ko +ma-)+

\/4de2 Kot (ka2 + K1) ma- + ((A77 Kot + K1) my- + kaz (- Ko + mA))2>

Adsorbed species

1
"~ 2T ka2 Kot

\/4de2 Ko1 (ka2 + K1) ma- + ((sA=" Ko1 + Ky1) ma- 4+ kaz (- Koy + mA))Q)

9A (A_*Kol ma- +Kr1 ma- +l€d2 (FKOl erAf)—

Current density

_F
T 2K,

it ((A_* Ko + Kﬂ) ma- +kaz (T Ko1 +mpy-)—

% 2
\/ AT ks Kot (kaz + Kn) ma- + (A7 Ko+ K ) ma- +kaz (-T Kot +ma-)) )

4.2.4 Faradaic impedance

Faradaic impedance
Z(s) = Rev + Za-(s) + Za(s) + Zs(s)
s+ kaz+ A (0) Ko1 + Ki1 + 05T (s 4+ kaz) Ko1 Ma-(s)
f FT (S =+ de) (Ai (0> 95 Kol Qo1 + 9A Krl arl)
1 th,/TA-s
My-(s) =

ma- TA— S

Zf(S) =

Charge transfer resistance

1

R =
T FFT (A=(0) 0 Kot o1 + 0a K11 0r1)
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Concentration impedances

Soluble species
Za—(8) = 05T Ko1 Rey Mp—(s)

Adsorbed species

A~ (0) Kol Rct Krl Rct
7. =~/ - 7 - -
S(S) s+ kas ’ A(S) s+ kqo
Ret (A=(0) Ko1 + K, Ry
Zo(s) = Zs(s) + Za(s) = ol ilkal s T 1+ ReCys
RG _ Rct (Ai(()) Kol + Krl) Ce _ 1
ka2 ’ Rt (A=(0) Ko1 + K1)

4.2.5 Equivalent circuit

Fig. 4.2

R Wor

Figure 4.2: Equivalent circuit for the impedance of EADR.

4.3 Adsorption-electrodesorption reaction (AEDR)
(6]
4.3.1 Mechanism

Ads B A
A,S&A++s+e_

4.3.2 Kinetic equations

Langmuir isotherm, Koo = ko2 exp (o2 f E)

Transformation rates

va(t) = —vi(t), vs(t) = —v1(t) + valt), va(t) = V1 (t) — v (1)
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Mass balance equations

Flux of soluble species
JA(0,1) = va(t) = —u1 (1)
Rate of production of adsorbed species

dos(t) _ _
r 3 = vs(t) = —v1(t) + v2(t), T

déa(¢)
dt

= va(t) = v1(t) — va2(t)

Current density vs. reaction rate

it(t) = F us(t)

Reaction rates

v (t) = A0, ) T 0(t) kar, va(t) = DOa(t) Koa(?)

4.3.3 Steady-state conditions
Steady-state equations

Soluble species
Ja(0) = —(A* — A(0)) ma

Adsorbed species
dbs/dt =0,0,+ 6, =0
Steady-state solution

Soluble species: A(0) roots of:

kdl 2 kdl I A* kdl
— A 1 - A(0) — A* =
Ko (0)° + < + p— Ko (0) 0

Adsorbed species
A(0) ka1

Pr = — /A
A7 A0) kay + Ko

Current density
_ FT A(0) ka1 Koz

U7 TA0) kar + Koo

4.3.4 Faradaic impedance
Faradaic impedance

Zf(S) = Ret + ZA’S(S)

Charge transfer resistance

1
= R 1f = cte =

RC — — -
' fFanaKeaTOas  ae fis oz f
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Concentration impedances

Adsorbed species

ka1 T' 05 th
Ret Koo <1+ i ”d”)

ZA (S) B ma \/TdA S
S ka1 I'0s th/
A(0) kay + (1 + d;nA \/%S> s
Dy

mA = 5 Taa = o0 0 = 1,611 DY yM/e Q12

Dy

Electrode impedance

_ Zs(s)
Z(S) 1+ Ca Zf(S)

4.3.5 Equivalent circuit

Fig. 4.3
R _ Rct K02 C _ 1 _ Rct KOQFGS
ads A(O) kdl ) ads Rct K02 ) dA A(O) A
Cdc
Il
|
Cads

AR Re

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

4.4.1 Mechanism

A++s+e*ﬁ>A,s
A++A,s+e_ﬁ>A2+s

4.4.2 Kinetic equations

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

K1 = ki1 exp (*Oérle)a Ko = ko exp (704r2 fE), f= F/(RT)

Transformation rates

vas () = —01(t) = va(t), vs(t) = —vi(t) +va(t), v = v1(t) — va(t)

Mass balance equations

Flux of soluble species
Ja+(0,t) = vp+(t)

Rate of production of adsorbed species

a0.(t) _
r gr =vs(t), T

doa (t)
dt

=va(t)

Current density vs. step rates

it(t) = —F(v1(t) + va(1))

Steps rates

v1(t) = AT(0,4) T 0s(t) Ky1(t), va(t) = AT(0,¢) T Oa(t) Kra(t)

4.4.3 Steady-state conditions
Steady-state equations
Soluble species
Ja+(0) = —my+ (AT — A7(0))
ma+ = Das [Sp+, Sa+ = 1,611 DV3u1/0 Q712 o = 0,620 DY = 1/0 Q12

Adsorbed species
dfs/dt =0, 6o +0s=1
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Steady-state solutions [8]

Soluble species
_ At (Krl + Kr2) Ma+
2FKr1Kr2 + (Krl + KrQ) ma+

AT(0)
Adsorbed species
Kr2 Krl

Os =, O0A = ——
Ko+ Ko % Ko+ K

Current density

2AT FT Ky Kroma+
2FI(1r1[{r2 + (Krl + Kr2) ma+

i =

4.4.4 Faradaic impedance
Faradaic impedance

Zi(s) = Reit-Zas (5)+Zu(8)+Za(5) = Rit Zn-(s)+Zals), Zo(s) = Zo(s)+Za(s)

Charge transfer resistance

(QFKrlKrQ + mA+Kr2 + KrlmA+)
fFl"A+*Kr1Kr2mA+ (Oérl + ar2)

Rct =

Polarisation resistance
(Krl - Kr2> ma+ (arl - ar2) + 2FKr1Kr2 (arl + ar2>

R, =R
? « 2WLA* (Kr204r1 + Krlar2)

Concentration impedances

Soluble species
o QFKﬂKrchtMAJr (S)

Il = R K

Adsorbed species

_ AT Kmas Rey (e — ana) (2D K2 Mp+ () Kot + Ko + Kio)
2SFKr1Kr2 (arl + arZ) + (Krl + KrZ) ma+ (2 (Kr2ar1 + KrlarQ) A+* + s (arl + arZ))

Zs(s)

) = AT Kiomas Rey (an1 — on2) (20K o Ma+ (s) Koy + Ky + Kio)
2SFKr1Kr2 (arl + ar2) + (Krl + KrQ) ma+ (2 (Kr2ar1 + KrlarZ) A+* + s (arl + arQ))

_ A+* (Krl - Kr2) ’I’I’LA+RC4E (Oérl — Oérg) (QFKTQMA+ (S)Krl + K1+ Kr2)
QSFKrlKI‘Q (arl + ar2) + (Krl + KrQ) ma+ (2 (Kr2ar1 + KrlarZ) A+* + s (arl + arZ))
th \/
14 o vTds

— 7d S 3 —
Zo(s) =k 1+5~7'd5 ,ginéZe(s)—k(1+a)

§

th
1+«
* ZG(S) 1 \/iU
7 = = = 4.1
0 (1) E(l+a) 14a 1+4pfiu P T W (4.1)
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th\/ﬁ;$
Viu

a— o0 = Zy(u) ~ Uep = 2.54

—_

O‘_’O:Zg(u)zileﬂiuéucQ:B

Figs. 4.4 and 4.5.

05| 2 05|
N N
E E
| |
0 0.5 1 0 0.5 1
Re Z,* Re Z,*
05 ¢ 0.5 d
N N
E E
| |
0 0.5 1 0 0.5 1
Re Z,* Re Z,*

Figure 4.4: ITmpedance diagrams calculated with Eq. (4.1). a: a=1, 8=10"" b :
a=10% =103 c: a=10"3, 3 =103, d: a = 103, 8 = 1. Small dots :
Uc1 = 2.54, large dots : uc2 = 1/0.

Electrode impedance
Zf(S)

2(s) = 1+ 5Cqc Ze(s)
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log @
o
\

-5 -2
log 8
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 = 1/8.
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Chapter 5

Insertion reactions

5.1 Direct insertion reaction [2, 8]

5.1.1 Scheme of the reaction

host
electrolyte material substrate
o
-
m* e’
- = (M) 1
—_—
0 L X

Figure 5.1: Scheme of the direct insertion reaction.

5.1.2 Mechanism

M++<>+e*<§—;><M>

5.1.3 Kinetic equations

Restricted linear diffusion for (M), no mass transport limitation for M™T,
Langmuir insertion isotherm:
M*(0,t) = M, Jony (L, t) =0, Ky = ky exp (—on f E), Ko = ko exp (ao f E)

5.1.4 Transformations rates
vy (t) = v(t)

o7
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5.1.5 Mass balance equations

Flux of inserted species
Joy (0,8) = vy (t) = v(t)

5.1.6 Current density vs. reaction rate
it(t) = —Fo(t)

5.1.7 Reaction rate

v(t) = M™* Ky (M) max (1=yu) (0,8)) = Ko (M) max ¥y (0, 1), yowy (0, 1) =

5.1.8 Steady-State conditions
Steady-State equation
Inserted species
Jan (0) =0
Steady-State solution
Inserted species
(M) K, M™* 1

M K. M + K, k
(M) ma + Ko 1+k1\/0[+* exp(f F)

Yoy =

Current density
if(F) =0, VE

5.1.9 Faradaic impedance

Faradaic impedance

Z(8) = Ret + Z<M> (s)

Charge transfer resistance

K, + K, M™*

Rt = FEKo Ky MY (M)max

Concentration impedance

Zy (s) = Rowy coth VR ¥ moy = D<M>v Tam) = L
VT S L Dy
Ry = — .
Fmagy (M)max dyory /dE
1 Ry (Ko + K, M™)

me<M> <M>m'dx Y (1 - y(M)) mn)
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Electrode impedance

Zf(S)

Z(S) - 1+ sCq Zf(S)

Rpp = Rey + Rin, Rin = Ry /3

5.1.10 Equivalent circuit
Fig. 5.2

Z<M>

Figure 5.2: Equivalent circuit for the direct insertion reaction (M ™ (0,t) ~ M™* and
Jomy (L,t) = 0). The symbol M (restricted linear diffusion impedance) denotes Z .

5.2 Indirect insertion reaction #1 [7, §|

5.2.1 Scheme of the reaction

electrolyte host material substrate
S
M* M () — (M)
—_—
s e’ e’
M -
0 L X

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

5.2.2 Mechanism

)

M++s+e_<%>Ms

Mis + () < (M) +s

d
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Restricted linear diffusion for (M), no mass transport limitation for M,
Langmuir insertion and adsorption isotherms:
MH(0,t) = M, Ty (L, 1) =0, Ky = ke exp (—or f E), Ko = ko exp (ao f E)

5.2.3 Kinetic equations

5.2.4 Transformations rates

Inserted species
vy (t) = va(t)

Adsorbed species

vs(t) = —v1(t) + v2(t), vm(t) = v1(t) — va(t)

5.2.5 Mass balance equations

Flux of inserted species
J(M> (0, t) = U<M>(t) =X (t)
Adsorbed species

04(t)
at

A0 (t)
at

=v4(t) = —v1(t) + v2(t), T =opm(t) = v1(t) — va(t)

5.2.6 Current density vs. reaction rate

it(t) = —F vy (t)

5.2.7 Reaction rate
v1(t) = Ko (t) MT* T 04(t) — Ko(t) T O (1)

V(t) = ka (M)max (1 — yany (0,1)) T O (t) — ka (M) max vy (0,1) T 05(2)

5.2.8 Steady-State conditions
Steady-State equation

Inserted species
Jan(0) =0

Adsorbed species

dés
Fd—;:O:>U1 =y, Os+0y =1
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Steady-State solution

Inserted species

vy = < > - ka Ko - 1
C (M)max  ka K. o Ko M+ e M
< > a kd o+ka 1+kak eXp(—fE)
kq ko
(M) ko K. M* 1
Yamy = <M> = ki K v
max d o+kaKrM+ kdko
—_— E
PNVEE exp(f E)
Adsorbed species
0. — s K, _ 1
T T Ko+ K. M+t kM
1+ exp(—f E)
ko
0 M,s K, M** 1
M = = =
r K,+ K. M+* ko
1+ M exp(f F)
Current density
i#(F) =0, VE

5.2.9 Faradaic impedance
Faradaic impedance

One adsorbed species (M) = Zs(s) x Zm(s).

Z1(8) = Ret + Zs(8) + Zm(8) = Ret + Zo(8), Zo(s) = Zs(s) + Zm(s)

Charge transfer resistance

1 Ko+ K, M+*

Rey = -
CTFFT (0o Koy + ap Ky M+ 0,) ~ fFT Ko Ky M+*

Concentration impedance
Adsorbed species

coth . /7, S
Ret (Ko + K, M) <1 + T (ko Ot + Ka 05) m—d<M>>

(M) /Td(m) 8
Zy(s) =

coth \ /Taony 5
s (o +hon) + (15T Gt g0y ST
mmy) /Td(m) §

Zg (8) =

Rt (Ko + K, M‘H‘) coth \ /Ty 5 )

14T (kabm + ka6s)
(M)max (kay(y + kayon) < MM) /Td(M) S

Ret (Ko + Ke MT* coth /T, S
1+ ! : ) <1+r (Ka Ot + kg 6s) —— 200 ) s
Ret (Ko + Ke MT*) (M)max (kay(y + kayo) MMy A/Td(M) S
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D<M> L?
mauy = » Td(M) =
L D<M>
coth  /Tqvn S
Rap + Ry ——— _<>
Zy(s) = faan 2
coth /7, S
1+s5C.q | Rap + R<M> ik VAL
A /Td(M> S
with :
R (KO + K, M+*)
Rab =

(M)max (kay(y +kayom)
Rt (ka Ko + ko Ky MY*) (kg Ko + ko Ke M) (Ko + K, M)
(M) max ka ka "~ JFT (M)max ka ka Ko K M+
e 1 _ [FTE K M*
7 Rey (Ko + K. M**) (K, + K, M+%)?
(ka Ko + ko Ky M*+)

<M>max ka kd (Ko + Kr M+*)

Tab = Rab Cad =

Rey (Ko + K M) T (Ko Oy + ka 0)
moy (M) max (Kay(y +kayon)
 RaD(ka Ko+ ko K, MT)? (ka Ko + ko Ky M+*)?
my (M)max ka ka (Ko + K M**)  f F'my (M)max ka ka Ko Ky M+
Rpp = Rey + Rab + Rin, Rin = Ry /3

Ry

Electrode impedance

Z(s)

Z(S) - 1+sCqy 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
Mt + s 22 Mt.s
kq
M*s+ () 4 e™ 5 (M) + s
Restricted linear diffusion for (M), no mass transport limitation for M*,

Langmuir insertion and adsorption isotherms:
M+(Ovt) ~ MJr*a J(M}(Lat) =0, K, = k; exp (704r fE)v Ko, =k exp (aofE)
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Ry |—— Rw —

Zy

63

Figure 5.4: Equivalent circuit for the indirect insertion reaction #1 (M*(0,t) ~ M**
and Joy(L,t) = 0). The symbol M (restricted linear diffusion impedance) denotes

the impedance Ry coth | /Tamny 5/ /Ta() -

electrolyte host material substrate
s
A
e
s e” e”
M* h
0 L X

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

5.3.3 Kinetic equations

5.3.4 Transformations rates

Inserted species
vy () = v2(t)
Adsorbed species

vs(t) = —v1(t) + va(t), v+ (8) = vi(t) — va()

5.3.5 Mass balance equations

Flux of inserted species

Jouy (0, 1) = vy (t) = v2(t)
Adsorbed species

@
r 3 = vs(t) = —v1(t) + v2(t), T

dt

= vyt (8) = v1(t) — va(2)
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5.3.6 Current density vs. reaction rate

it(t) = —F va(t)

5.3.7 Reaction rate
01(t) = ka MT*T05(t) — kg T Oy+ (1)
va(t) = Ki(t) (M)max (1 = yy(0,8)) T Opp+ () — Ko (t) (M) max vy (0, 1) T 65(2)

5.3.8 Steady-State conditions
Steady-State equation

Inserted species
Joy(0) =0
Adsorbed species

dos

T
dt

=0=v; =wvg, Os+ 0+ =1

Steady-State solution

Inserted species

yy = ( > - ka Ko - 1
 (M)max kK, WK Mt M
( > a; kd o+ka 1+kak/’ eXp(—fE)
kd ko
(M) ko K MT* 1
YOO = My ka K, -
max d o+kaKrM+ kdko
_ E
e exp(f E)
Adsorbed specied
s kq MT, s ko MT*

0s =

B L Y N =
T kgt k, M= MT T keq + ko Mt
Current density

i(E) =0, VE

5.3.9 Faradaic impedance
Faradaic impedance

One adsorbed species MT = Z(s) o< Zy+

Zi(8) = Ret+2Z5(8)+Zy+ (8)+Z iy (5) = Rev+Zo(s)+Z oy (), Zo(s) = Zs(s)+Zy+ ()

Charge transfer resistance

1 (ka4 ka M) (ka Ko 4 ka K M)

Rey = =
’ fFF <M>max (O‘r Kr Y ) 9M+ + o Ko y<M> Gs) fFFka kd Ko Kr <M>max M+
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Concentration impedance

Inserted species

coth | /Taary 5 Dy L2
Zoany () = Roay =gy Moy = T Tan) =
b BT (KiOys + Ko) _ ReT (ka Ko + ko Ko M)
(M) m m o (kq + ka M)

B (ka Ko + ko M+* K,)?
f F’I’I’L<M> <M>max ko Mt*kq Ko K,

Adsorbed species

ZQ(S) _ Rct <M>max (Kr y() + Ko y(M)) _ Rct <M>max (Kr y() + Ko y(M))
- kq+ ks M** + s B s
k kaM+) ([1+ —m———
(ka + )< +I<:d—|—k:aM+*)
Rad
Z =
o(s) 14+ Taq s
R - Rct <M>max (Kr y() + KO y(M)) . Rct Ko Kr <M>max - kd + ka MJr*
ad = kg + ko M+ T ka Ko+ ko Ky M fFTDkqky M
_fFFkadeJr* RO 1
T ha ko M) T T T R e
Electrode impedance
Zi(s)

Z(S) - 1+sCqy Zf(S)

5.3.10 Equivalent circuit

Fig. 5.6
Cdc
Il
1
Cad
Il
1 "
R I
Zy

Figure 5.6: Equivalent circuit for the indirect insertion reaction #2(M™(0,t) ~ M**
and Jony (L, t) = 0). The symbol M (restricted linear diffusion impedance) denotes
Z<M> .
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