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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

Kr = kr exp (7Grf E) = kO exp (7Grf (E — EO>)
Ko = ko eXp(GOfE) = kO eXp(C(of(E 7Eo)), f= F/(RT), G0+Gr: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), Ir(0,t) = VRr(t)

Current density vs. reaction rate

if(t) = —F v(t)

Reaction rate
v(t) = —R(0,1) Ko(t) + O(0, t) K((t)

7



8 CHAPTER 1. REACTIONS INVOLVING SOLUBLE SPECIES ONLY

1.1.3 Steady-state conditions

Steady-state equations

Soluble species
Jo(0) =0,Ir(0)=0

Steady-state solutions

Only at equilibrium potential

0(0) = 0%, R(0) = R*

. 1. O
|f:0,E:Eeq:Eo+¥h’la

1.1.4 Faradaic impedance

Faradaic impedance
Z4(S) = Ret + Zo(s) + Zr(S)

. 1+ K, MO(S) + Ko MR(S)

Z =
) = FFR Koo 1O Kr o)

Charge transfer resistance

1

R =
T FF (R* Ko 0o + O* K, )

Concentration impedances

Zo(S) = K, Ret Mo(S), ZR(S) = Ko Ret MR(S)

1 1
Mo (s) = , S) =
O() SDO R() SDR
K/R 1 Ko R 1
ZO(S) _ r Ret _ ZR(S) o o Mct

VsDo n2fFO*ysDgo’ - /sDr n2fFR*pDgr

o’ , 1 1 1
Zo(s) + Zr(s) = N 3= (O*\/D_o+ R*\/D_R) "

1.1.5 Equivalent circuit

(Fig. 1.1)
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— W W
— & W
Zo Zg

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 R
K,
Kr =k exp (-0 fE) =k® exp (—a, f (E — E?))
Ko = ko eXp(GOfE) = kO eXp(Gof(E 7Eo)>, f= F/(RT), CXO+CX|-: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),Ir(0,t) = V(1)

Current density vs. reaction rate

if(t) = —F v(t)

Reaction rate

V(t) = —R(0, 1) Ko(t) + O(0, t) 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 +O0*/mg)

R(O) . Oo* + K, (R*/mo + O*/mR)
o 1+ Ko/mgr + K /Mo

' O(O) o 1+ Kyo/mgi + K /mgp

Current density
_ F (KoR* - K;0")
1 + Ko/mg + K /Mo

I

1.2.4 Faradaic impedance

Faradaic impedance

Zg(s) = Ret + Zo(s) + Zr(s)
. 1+KrMo(S)+KOMR(S)
- fF (R(0)Ko o + O(0) Ky aty)

Zf(S)

Charge transfer resistance

1
fF (R(0) Koo+ O(0) Krarr)

Rct =

Concentration impedances

ov
(Wlth GXV = a—x)
0oV Mo (s
Zo= "5 o) _ K, RMof(s)
EV
OrvVMg(s
Zr = RaiR() = KoRct Mg(s)
EV
1 th,/TaosS 1 th/TarS
Mo(s) = — —Y"99° Mg(s) = — — L IR>
O() Mo +/Tdo S R() MR /TdrR S
1.2.5 Equivalent circuit
Fig. 1.2
Ca
I
1
| R. \W W
' Wa, e
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
Kot = Koz exp (aog T E) = K7 exp (0o T (E — EY))
Kr1 =K1 exp (01 FE) = K? exp (a1 F(E — ET)), Qo1 + 01 =1
Koz = Koz exp (Oo2 F E) = k3 exp (0o2 f (E — EJ))
Krz = k2 exp (= FE) =Kk exp (=02 F(E — E3)), Oo2 + 02 = 1

1.3.2 Kinetic equations, without
coupled homogeneous reactions

Transformation rates

VR (t) = —V1 (t), Vx (t) =Vi (t) — Vo (t), Vo (t) = V> (t)

Mass balance equations

Flux of soluble species
JR(O, t) = VR (t), Jx(o, '[) = Vx (t), Jo(O, t) = Vo(t)

Current density vs. step rates

if(t) = F (va(t) 4+ va(1))

Step rates

vi(t) = R(0, 1) Kox (t) — X (0, 1) Kra (1), v2(t) = X(0, 1) Koz (t) — O(0, 1) Krz(t)

1.3.3 Steady-state conditions
Steady-state equations
Ir(0) = — (R* = R(0)) Mg, Ix(0) = — (X* = X(0)) Mx, Jo(0) = — (0" — O(0)) Mo

with



12 CHAPTER 1. REACTIONS INVOLVING SOLUBLE SPECIES ONLY

Steady-state solutions

Soluble species

R*K X*K X K K
R(O) _ <R* + r2 + rl + rl r2+
Mo MR Mo MR
R* K02 + R* Krl + R* Kr1 Kr2 + o~ Kr1 Kr2) /
Mx mx Mo Mx Mr Mx

K K Ko K K K K K Ko1 K
(1 + r2 + _01 + ol r2 + 02 + rl + rl ’\r2 ol 02)
o mgr Mo MR mx mx Mo Mx Mr Mx

X*K X*K X*Ko1 K
X(O) _ (X* + r2 + ol + ol r2
Mo mMgr Mo MR
R*K O*K R* Ko K O* Ko1 K
ol + r2 + 0l I\r2 + ol rz) /

mx mx Mo Mx mRr Mx

K K Ko1 K K K K K Ko1 K
<1+—r2+ olJr ol r2Jr 02+_rl+ ri r2Jr ol 02>
Mo mgr Mo MR mx mx Mo Mx mgr Mx

X*K Oo*K X* Ko1 K
O(0> _ <O* + 02 + ol + ol 02+
Mo MR Mo MR
O*K Oo*K R* Ko1 K 0* Ko1 K
02 + rl + ol \o2 + ol 02) /
000% My Mo Mx MR Mx

K K Ko K K K K K Ko1 K
(1 + r2 + _01 + ol r2 + 02 + rl + rl ’\r2 ol 02)
Mo mgr Mo MR mx mx Mo Mx Mr Mx

Current density

i Koi Koz X* Ko K2 R* 2K Koz R*
If:<K01R*+K02X*+ 01 To2 + ol "2 n o1 Ko2 _

mg Mo mx
KK X*  Kg Kp O 2K K OF
Krl X* _ Kr2 o* — rl ’\r2 o 0l \r2 o rl ’\r2 ) /
Mo mgr My

K K Ko1 K K K Kr K Ko1 K
(1+ r2 +_01+ ol F\r2 + 02 + r1+ rl P\r2 ol 02)
Mo mgr Mo MR My My Mo Mx MR My
1.3.4 Faradaic impedance

Faradaic impedance

Zt(8) = Ret + Zo(s) + Zr(s) + Zx(s)

Zi(s) = (1 + Ko1 Mo(s)) (1 + Kr2 Mr(s)) + (Koz (14 Ko1 Mo(s)) + K1 (1 + Kr2 Mr(s))) Mx(s)/
(f F (X(0) Ker anr (14 Krz M(s) + 2 Ko 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)))))
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Charge transfer resistance

1
fF (O(0) Ko1 Oo1 + X (0) (Koz 0oz + K1 0r1) + R(0) Kr2 Or2)

Rct =

Concentration impedances

Zo(s) = Ret Kor Mo (s) (0(0) Ko 061 (1 + Kz Mg(S) + Koz Mx(S))
+Kr1 (X(0)ar1 (1 + Kz Mg(S)) + X (0) Koz (0oz2 + ar1) Mx(S) + R(0) Kr2 0r2 Mx(S))) /
(X(0)Kriar1 (14 K2 Mg(S) 4+ 2 Koz Mx(S))
+X(0) Koz 0oz (1 + 2K Mx(s)) + R(0) Kz arz (1 4+ 2Kr1 Mx(S))
+Ko1 ((X(0) Koz 0oz + R(0) K2 atr2) Mo (S) 4+ O(0) 0o1 (1 + Kz Mg(S) + 2 K2 Mx(S))))

Zx(s) = Rer (Koz — K1) Mx(s) (X(0) Koz 0oz — X (0) K1 0r1 (1 + Kr2 Mg(S))
+R(0) Krz ar2 + Kop ((X(0) Koz 0oz + R(0) K2 0r2) Mo (S) — 01 O(0) (1 + K2 Mg(S))))/
(X(0) Kra 01 (1 + Krz2 Mr(S) + 2 Koz Mx(s))
X (0) Koz 0oz (1 + 2 Ke1 Mx(s)) + R(0) Kez Gira (1 + 2 Ke1 Mx(s))
+Koz1 ((X(0) Koz 0oz + R(0) Kr2 ar2) Mo(s) + O(0) o1 (1 + Krz Mr(S) + 2 Koz Mx(s))))

Zr(S) = Ree Kz Mg(s) (R(0) Kyz r2 (1 + Ko1 Mo(S) + Kt Mx(S))
+ Koz (X(0)0g2 + X (0)Kr1 (Ooz + 0r1) Mx(S) + Ko1 (X (0)0e2Mo(s) + O(0)0e1Mx(S)))) /
(X(0) K1 s (14 Kra Ma(S) + 2 Koa Mx(S))
+X(0) Koz Goz (142 Ke1 Mx(S)) + R(0) Kz vz (1 + 2 Kes Mx(s))
+Ko1 ((X(0) Koz toz + R(0) Kr2 ar2) Mo(s) + O(0) dox (1 + Krz Mr(s) +2 Koz Mx(s))))

1 th,/T4rS 1 th,/TgxS 1 th,/Tqso S
with Mg(s) = — —Y"R° 'My(s) = — — L% Mo(s) = — — Y 90>
MR /Tdr S My /Tgx S Mo Tdo S
62 62 62
and Tgr = =2, Tgx = ==, Tgo = —2.
drR Dr dx Dy do Do

Equivalent circuit

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&EL X 4o
K
X &0 4o
Koi = ko1 exp (0lo1 T E) = k3 exp (001 T (E — EY))
Kr1 = k1 exp (_arlf E

=k exp (—0p f E S , Op2 + 02 =1

Koz = Ko2 exp
Kr2 = kr2 exp (—Olrzf E

(

=k{ exp(—ap f (E f ) 0(01 + 0o =1
(o
(

X*=0"=0

DR:Dx:Do:D:>
52

D
dr =0x =00 =9, MR=Mx=Mo =M=+ Tr=Taxx=Too =T= 5

1.4.2 Kinetic equations, without
coupled homogeneous reactions

Transformation rates

VR (t) = -V (t), Vx (t) =V (t) — V2 (t) Vo (t) =\V> (t)

Mass balance equations

Flux of soluble species
JR(O, t) = VR(t), Jx(O, t) = Vx(t), Jo(O, t) = Vo(t)

Current density vs. step rates

if(t) = F (va(t) +va(t))

Step rates

Vi (t) = R(0, 1) Kox (1) — X (0,8) Kea (£), 2 (t) = X (0,8) Koa(t) — O(0, 1) Kra(t)

1.4.3 Steady-state conditions

Steady-state equations

Jr(0) = —m (R* = R(0)), Ix(0) = —m (X" = X(0)), Jo(0) = —m (O™ — O(0))
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Steady-state solutions

Soluble species

R* (MKoz + (M + Krp) (M + Krz))

R(0) =
© MKo2 + (M + K1) (M + Kyz) + Kor (M + Koz + Ki2)
X (0) = R*Ko1 (M + Ky2)
MKz + (M 4+ Kr1) (M + Ky2) + Kor (M + Koz + Ki2)
R*Ko1 K
O(O) olM\o2

~ MKoz + (M + K1) (M + Kr) + Kop (M + Koy + Kro)

Current density

B FMR*Koy (M + 2Kz + Kpo)
MKz + (M 4+ Kr1) (M + Ky2) + Kor (M + Koz + Kr2)

it

1.4.4 Faradaic impedance
Faradaic impedance

Zi(S) = Ret + Zo(S) + Zr(S) + Zx(S)

Charge transfer resistance

1

R, —
CTfF (0(0) Koz tlo1 + X (0) (Ko2 0oz + K1 0r1) + R(0) K2 0r2)

Concentration impedances

Rr (1+arM*) M~
1+bM=

Rx (1+axM*) M*
1+bM*

Ro (1+arM*) M*
1+bM=

ZR(S) =

Zx (S) =

Zo (S) =

where
M* — thy/Ts
/TS

and

Ko1Ret (R(0)Ko1001 + K101 X (0))
M (R(0)Ko10o1 + O(0)Kr20lr2 + Ko2002X (0) + K101 X (0))

Rr =

R(0)Ko1 (Koz2 + Kr2) o1 + Kr1 (Koz (G2 + 0r1) X(0) + Kz (O(0)0tr2 + 0r1 X (0)))

an =
R m (R(0)Ko1001 + K101 X (0))
Ry — (Koz — K1) Ret (—R(0)Ko1001 + O(0)Kr20r2 + Ko2002X (0) — Krp0p1 X (0))
m (R(0)Ko1001 + O(0)K20r2 + Ko2002X (0) + K10r1X(0))
ax — (Ko1 (K2 (O(0)arz — R(0)061) 4+ Ko2062X(0)) — K1 K201 X (0))

m (_R(O)Kolaol + O(0)Kr20r2 + Ko2002X (0) — K101 X (0))
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KroRet (O(O>Kr2ar2 + K202 X (0))
m (R(O)Kolaol + O(O)Krzarz + Kozaozx(o) + Kr10r X (0))

O(O) (Kol + Krl) K202 + Koz (Krl (0(02 + cxrl) X(O) + Ko1 (R(O)aol + 02X (0)))

Ro =

an =
© m (O(O)Krzarz + K02002X(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) + KI'IOCI'IX(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

A (0, t) = A7, Ko =ko A " exp (0, FE), Ky =k exp (—0a, FE)

Transformation rates

Va- (t) = —Va (1), Vs(t) = —va(t), Va(t) = Vo (1)

Mass balance equations

Rate of production of adsorbed species

dOs(t)  Vs(t) dBa(t)  va(t)

dt r ' dt r

Current density vs. reaction rate

if(t) = Fv(t)

Reaction rate

V(1) = 8(t) I'Ko(t) — BA(t) I'Ke (1)

17



18 CHAPTER 2. REACTIONS INVOLVING ONE ADSORBATE

2.1.3 Steady-state conditions
Steady-state equations
Adsorbed species
dBs/dt = 0,84 +6s =1
Steady-state solutions

Adsorbed species

K, Ko
b= Ba=
K0‘|'|<r K0‘|‘|<r

Current density
ir=0

2.1.4 Faradaic impedance
Faradaic impedance

Z:(S) = Ret + Za(S) + Zs(s)
s+ Ko+ K¢ (Ko + Kp) (s+ Ko+ Ky)

:fFFS(esK0a0+eAKrar)_ fFSFKoKr

Zf(S)

Charge transfer resistance
R — 1 Ko+ Ky
Ct_fFF(esKoao+eAKrar)_fFFKoKr

Concentration impedances

Adsorbed species

Kcht 1 K0+Kr Ko Rct 1 K0+Kr
Z == - = ,Z = = =
A(S) s FEsTo.  frsTRy =® s fFEsro, FFsIK,
déa 1
Cads =FT -2 —fFIOpB = —
ads dE A% 7 Re (Ko + Ky)
Ca
||
1
Cads
Il
Re 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
M2*(0,t) ~ M2, A= (0,1) ~ A~*
Koi = Ko1 exp (2001 FE), K =kn M2 exp (=201 TE)
Koz = ko2 A" exp (02 TE), Kr2 = K2 exp (—0a2 FE)

Transformation rates (va stands for va )

Vs(t) = —va(t), va(t) = va(t)

Mass balance equations

Rate of production of adsorbed species

dBs(t)  vs(t) dBA(t)  Va()

dt r ' dt T

Current density vs. step rates

if(t) = F (2va(t) +va(1))

Step rates

19

V1 (t) = 8s(t) T Ko (t) — 8s(t) T Kra (1), V2 (t) = 8s(t) T Koa(t) — 8a(t) T Kra(t)

2.2.3 Steady-state conditions
Steady-state equations
Adsorbed species
dBs/dt = 0,64 +6s =1
Steady-state solutions

Adsorbed species

Ko2 Ky

Bo— — 2 g, _ r2_
T Kz + Kz A Koz + Kz

Current density

i — 2F T (Ko1 — Kr1) Kp2
Koz + K2
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a b
1,
8
IS
o
<
E O
0 0.3 0.6
E/NV

Figure 2.2: i¢ vs. E curve calculated with Eq. (2.1) for ko1 = 0.1 s7 ky =1s70,
ko2 = 1071 71, ko = 10071 571, o1 = 0.35, oz = 0.5, = 1072 mol ecm ™2, f = 38.9,
F = 96485 C mol*.

2.2.4 Faradaic impedance

Faradaic impedance

Z5(S) = Ret + Za(S) + Zs(s)

Zi(s) = (s + Koz + Kr2) /
(FFT (6s (Ko2 (s+2Ky1) 0oz +2Kor (2 (s + Koz + Ky2) o1 — Koz 0o2) +
4K (s+ Koz + Kr2) ar1) + 64 (s —2Ko1 + 2 K1) Kz 0r2))

Zg(s) =
(Koz + Kr2) (s + Koz + Kr2)
fFFT K (4 (s+Kp) (KoiOor + K 0r1) + Koz (84 Kot (=24 4001) + Kpy (2+4051)))

Charge transfer resistance
1
" FF T (485 Kog Oo1 + 85 Ko Olop + 485 Ky1 1 + 84 Kyz Orz)
_ Koz + K2
fFT Ky (Koz + 4 Ko1 Oo1 + 4 Krp Or1)

Ret

Ret

Concentration impedances

ZA(S> = Kr2 Ret (es Koz 0oz + 84 Ki2 c1r2>/
(8s (Koz (S+2Kr1) 0oz +2Ko1 (2 (54 Koz + Krz2) Oo1 — Koz 0p2) +
4K (s+ Koz + Ki2) ar1) + 84 (S— 2Ko1 +2Kp) Kz Or2)

Koz Kr2 Ret
4 (S + Krz) (Kol Oo1 + Kpp arl) + Koz (S + Koz (—2 + 4G01) + Kn (2 + 4(Xr1))

ZA(S) =
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Zs(s) = —(2Ko1 + Koz — 2Ky1) Ret (8s Koz Qo2 + 84 K2 Or2)/
(8s (—4Ko1 (s+ Koz + Ky2) 0o1 — Koz (s —2 Ko + 2 K1) 02—
4Ky (5 + Koz + Kr2) 0r1) — 84 (s —2Ko1 +2 K1) Kr2 Or2)
Koz (2Ko1 + Koz —2Ki1) Ret

Zs(s) =
S( ) 4 (S + Krz) (Kol Oo1 + K1 arl) + Koz (3 + Koz (_2 + 4Gol) + K (2 + 4ar1))

0.5} a b
m;:A. CCQ | 1
Ny 0 Ny 0.5
5 5 0

0 : 8
0 L
0 0.5 1 T 05 0

ReZ/R, ReZIR,

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

_ Rct K02 (2 Kol + Koz - 2Kr1 + Krz)

B Ko1 ((4 Qo1 — 2) Ko2 + 4 0p1 Krz) +2 Krl(2 01 Koz + Koz + 2041 Krz)
o 4001 Ko1 + Koz +4 01 Kig

B Rct K02 (2 Kol + Koz -2 Krl + Krz)

Rg

Co

2.3 Volmer-Heyrovsky (V-H) reaction

2.3.1 Mechanism
At psde & A

o

A++A,s+e7<%>A2+s
02

2.3.2 Kinetic equations
No mass transport limitations, Langmuir isotherm
AT(0,1) ~ AT, Ax(0,t) = AS
K =k A" exp(—ap FE), Ko = Koz exp (0o1 FE)
K2 =k A" exp (-0 FE), Ko = Ko2 A exp (0ox TE)
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Cal
I
1
Ceo
Il
||
— Re [ R« [
[ R l
| A |
~ 200 - R, Ry
E HE 001}
~ O o
o €
5 200 m S
‘ ‘ ‘ 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) = —vi(t) + Va(t), Va(t) = va(t) — v2(t)

Mass balance equations

Rate of production of adsorbed species

dBs(t)  vs(t) dBa(t)  val(t)

Step rates

V1(t) = —Ba(t) T Ko (t) + 8s(t) T Kra (1), V2 (t) = —84(t) T Koa(t) + 84 (t) T Kra(t)

2.3.3 Steady-state conditions
Steady-state equations

Adsorbed species
desldt: 0,9A+es - 1
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Steady-state solutions

Adsorbed species
_ Ko1 + Kr2 n = Koz + K1
Ko1 + Koz + Kr1 + Krz’ Ko1 + Koz + K1 + Ky

Current density

65

if _ 2FT (Kol K02 - Kr1 Krz)
Ko1 + Koz + K1 + Kp2

2.3.4 Faradaic impedance
Faradaic impedance

Z#(S) = Ret + Za(S) + Zs(s)

Charge transfer resistance

1

R =
ot fFD (eA Ko1 Op1 + 0s Koz 02 + 0s K1 01 + 04 K2 c1r2)

Concentration impedances

ZA(S) = (Kol - Krz) Rect (GA Ko1 Olo1 — 85 Koz Olp2 + 85 K1 01 — 84 Ky O(rz)/
(es Ko2 (S +2Ky1) Og2 + 65 Kyg (3 + 2K +2 Krz) Or1 + 6a (S + 2 K1) Ke2 O+
Ko1 (0a (S+2Koz2 +2Kr2) Oo1 + 2 (65 Koz 0oz + 84 Kr2 Or2)))

Zs(s) = (Ko2 — Kr1) Ret (—68a Ko1 Olo1 + 85 Koo 0oz — 8s Ky1 01 + 84 K2 Or2)/
(63 Koz (S + 2 Krl) Oo2 + 65 K1 (S + 2Kg2 + 2 Krz) Or1 + 04 (S + 2 Krl) Ko Oy -+
Ko1 (0a (S+2Koz +2Kr2) Oo1 4+ 2 (65 Koz 0oz + 84 Kr2 Or2)))

2.4 Volmer-Heyrovsky (V-H) corrosion reaction

2.4.1 Mechanism
HY +s+e” Ko, H;s
H"+Hs+e &Hz—i—s
M,s 28 M2+ 45+ 2e"

2.4.2 Kinetic equations
No mass transport limitations, Langmuir isotherm
HT(0,t)  H™, M,s=s
Kr =k exp (-0 FE), kg =kj; H
K2 = k2 exp (02 FE), krz = kj, H, Koz = Koz exp (2003 FE)
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Transformation rates

Vs(t) = —vi(t) + va(t), v (t) = vi(t) — va(t)

Mass balance equations

Rate of production of adsorbed species

dOs(t)  vs(t) dOu(t)  va(t)

dt r ' dt r

Current density vs. step rates

if(t) = —F (va(t) + va(t) — 2v3(t))
Step rates
vi(t) = K (t) T 64(t), va(t) = Kpa(t) I'61(t), va(t) = Koa(t) I'8s(t)

2.4.3 Steady-state conditions
Steady-state equations
Adsorbed species
desldt: O,GH +es - 1
Steady-state solutions

Adsorbed species

6. — _ Kr __Kn
s Kr1 + KrZ’ Kr1 + Kr2
Current density
if _ 2FT (K03 Kr2 - Kr1 Krz) (2.2)
Kr1 + Kr2

. 1 Kr1
T E=Eqor=———In|—
=0 O~ (O + 2003) T n(k03>

2FT Kos(Ecor) KrZ(Ecor) _ 2FT Krl(Ecor) KrZ(Ecor)

icor = —

T K (Ecor) + Kr2(Ecor) K1 (Ecor) + Kr2(Ecor)
o 2 F F kr]_ kr2
- A2 qr1

ke (&) 20003 + 0r1 g (&) 2003 + Qr1
k03 k03
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0.02

|f/A

Fommmmm - 4

[Q.D2

an [P
E/N

o
S

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 + ZH(S) + Zs(s)

Zs(s) = (Kyp + K2 +5)/
(FFT(2 (0r2 81 Kr2 (—Koz + Kr1) + (a1 (Koz + Kr2) K1 + 2 003 Koz (Kr2 + Kr1)) 65)
+(0r2 01 K2 + 4 003 Koz 85 + 01 K1 85) )

Zf(S) =

(Krz + Krl)(Krz + K1 + S)
fFFKrZ(arlKrl(Q(Kw + Krz) +s)+ 4003K03(Kr2 + K + 3) + arZKrl(_2K03 + 2Ky + 3))

Polarization resistance

B K + Ky2

~ 2FF T (261 Krz (—Koz + K1) + (a1 (Koz + Krz) K1 + 2003 Koz (K2 + K1) 6s)
_ (Krz + Krl)2

- 2fFI'Kp (2 003 Koz (Kr2 + Kr1) + K (0r1 (Koz + Kr2) + 02 (Krr — Koz)))

Rp

No simple relation between Rp and icor.

Charge transfer resistance
— 1 _ Kr2 + Kyg
fFD (Grz On Kr2 + (4 Oo3 Koz + 01 Krl) es) fFIKy (4 Oo3 Koz + (arl + c1r2) Krl)

1
(2 Qo3 + (arl + Olrz)/2) L icor

Ret

Rct(Ecor) =
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a E [Ebor o E/V [EL,r [0I04
g X 05
B B
< <
N N
: v 8¢
0 0.5 1 R 0 0.5 R 1
He i3
Re Z/R,, Re Z/R, Re Z/R,, Re Z/R,

0 0
g <
N N
[=2] o
k] S

(I E [Ekor 1 E/NV CEk [0I04

1 0 2 4 2 0 2 4
log (Q/rd s™) log (Q/rd s}

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
A* fste &L A

ol

2As % Ay +2s

g2

2.5.2 Kinetic equations
No mass transport limitations, Langmuir isotherm
AT(0,1) ~ AT, Ax(0,t) =~ A}
K =krt A" exp (-0 FE), Ko1 = ko1 exp (Go1 FE), kg2 = kg A

Transformation rates

Vs(t) = —vi(t) + 2va(t), va(t) = va(t) — 2va(t)

Mass balance equations

Rate of production of adsorbed species

dOs(t)  vs(t) dBa(t)  Va()

dt T dt r
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Current density vs. step rates

if(t) = —F vi(t)

Step rates
V1 (t) = —GA(t) I'Kor (t) + Gs(t) I Krl(t), Vo (t) = GA(t)2 r? Kdgo — Bs (t)z r? kgz

2.5.3 Steady-state conditions
Steady-state equations
Adsorbed species
desldt: 0,6A+93 - 1
Steady-state solutions

Adsorbed species

- (4Fkgz + Kol + Kr1 - \/8Fkgz Kol + 8T kdz (QF kgz + Krl) + (Kol + Krl)z)

Bp =
A AT (Kdz — Kg2)

Current density

F

. 2
If = m (— (4Fkgz Ko1 + 4T kg2 K + (Ko1 + Kr1) )+

(Kol + Krl) \/SF kgz Kol + 8de2 (2Fkgz + Krl) + (Kol + Krl)z)

2.5.4 Faradaic impedance
Faradaic impedance
Z¢(s) = Ret + ZA(S) + Zs(s)

B S+49Arkd2+4esrkgz+K01+Kr1
Ffl (S+46Al—‘kd2 +465Fk92) (eA Ko1 Oo1 + 8s Kr1 arl)

Zf(S)

Charge transfer resistance

1
- fFT (0a Ko1 Oo1 + 0s Ky Or1)

Ret

Concentration impedances

Kocht Krcht
Za(S) = , Zs(S) =
AlS) = sTar (Ka28a + Kg20s) &) =s5ar (Ka2Ba + Kg26s)
o o (Kol + Krl) Ret o Ry
Z0(8) = Za(8) + 25(8) = oo T (KB + kgaBs) ~ 11 Ry Cos
(Kot + Kr1) Ret 1

R = 1 v v b
o AT (Kg20a + Kg26s) o (Ko1 + Kr1) Ret
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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, 425

M,s 22 M2+ 454 2e”

2.6.2 Kinetic equations

No mass transport limitations, Langmuir isotherm, H(0,t) ~ H™, M,s =5,
Kr]_ = kr]_ exp (7Gr1f E), krl = kll’l H+* K03 = k03 exp (2 a03f E), kol =
0, kr3 = 0

Transformation rates

Vs(t) = —vi(t) + 2Vva(t), vu(t) = va(t) — 2va(t)

Mass balance equations

Rate of production of adsorbed species

d0s(t)  Vs(t) dOn(t)  va(D)

dt r ' dt r

Current density vs. step rates

if(t) = —F (vi(t) — 2v3(t))
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Step rates
vi(t) = K (t) T 0,(t), va(t) = kg2 (I' B (1))?, va(t) = Koa(t) I Bs(t)

2.6.3 Steady-state conditions
Steady-state equations
Adsorbed species
dBs/dt =0,64 + 65 =1
Steady-state solutions

Adsorbed species

- 4Tkg2 + K1 — vKr1v/8kgo + Kip
N 4T'Kg2

93 ,es+eH:1

Current density
i 4FT%kgz (2Ko3 — Ky1)
f =
4I'kg2 + K1 + VK1 v/ 8T Ka2 + Kig

H 1 kr1
it=0=E =E¢r = 1
f cor f (2(]03 + cxrl) Og (2k03)

93—exp, E szdzkoa (lz_(r)f) — exp,

lcor =

2Pk (422 ) %P1+ ATz + \/ 20 (Ko ) expacyy \/ 201y (422 ) 81+ 8Tk
with
ar]_ 2(]03

exX = —, X = =
D1 tes + 01’ 2T 20105 + O

2.6.4 Faradaic impedance

Transfer resistance
1
Rct =
fFF (4K03G03 + Krlarl) es

Relation between Ret(Ecor) and icor:

1

Rct(Ecor) icor = m

Concentration impedance

Krl (Krl - 2Ko3) RctC(rl

Zs(s) =
S( ) 2Ko3Kr 01 + Kip (S + 4de29H) O + 4Kp3003 (S + Ky + 4de29H)

Faradaic impedance
Z¢(S) = Ret + Zs(s)

+ Krl (Krl - 2Ko:%) Or1 )
2Ko3Kr10r + Kip (S + 4de26H) Op1 + 4Kg3003 (S + Ky + 4de26H)

Z¢(s) = Ret (1
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Polarization resistance

R. — R (1 Kr1 (Krl — 2K03) RetOr1 >
p=Rect |1+
2Ko3Kr1 (2003 + 0r1) 4+ 4TKaz (4Koz0o3 + Kr10r1) O1

No simple relation between Rp(Ecor) and icor-

Equivalent circuit
Rs 4Ko3003 + Kr10r1

Zi=——" Cs=
s 1+ RS Cs S s Krl (Krl - 2|'<03) Rctarl

R. — Krl (Krl - 2K03) Rctarl
* T 2K3Ky1 (20003 4 Or1) + 4TKgz (4Ko3003 + Kr1041) 04

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

+ - K
AT 4+s+e” &5 As
Kol

A++A,s+e_<%>A2+s

2A,s<’;ﬁ>A2+2s

23

2.7.2 Kinetic equations

No mass transport limitations, Langmuir isotherm
AT(0,t) ~ AT, Ax(0,1) = AS
Krl = kr]_ At* exp (—erlf E) s Kol = kol exp (Golf E)
Krz = kr2 IA\_'_>‘< exp (7Gr2f E) y K02 = k02 A; exp (Gogf E) y kga = k§/]3 A2
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Transformation rates

Vg (t) = 7V1(t) + Vo (t) + 2V3 (t), VA(t) = Vl(t) — V2 (t) — 2V3(t)

Mass balance equations
Rate of production of adsorbed species

dBs(t)  vs(t) dBa(t) val(t)

dt r ' dt T

Current density vs. step rates

if(t) = —F (va(t) + va(t))

Step rates
V1 (t) = —GA(t) I Kol(t) + Gs(t) 'K (t)
Vo (t) = —Gs(t) I'Ko2 (t) + GA(t) I'Kpo (t)

Va(t) = Ba(t)* T kaz — Bs(t)* % kg3

2.7.3 Steady-state conditions
Steady-state equations

Adsorbed species
desldt: 0,6A+93 - 1

Steady-state solutions

Adsorbed species

1

——  (4Tk K K K Ko —
4F(kgs—kd3)( g3 + Ko1 + Koz + Kr1 + K2

Ba =

\/8F (Kaz — Kg3) (2T Kgz + Koz + Kr1) + (4Tkgs + Kot + Koz + K1 + Krz)z)

Current density

P F
"7 4 (Kas — Kga)
(Koz + Kr2)® + (Kox — Koz + K1 — K2)

(4de3 (Koz — Kr1) — (Kot + Krl)2 +4T Kgz (—Ko1 + Kp2) +

X\/SF (kd3 - kg3) (2Fk93 + Koz + K1) + (4F kgS + Ko1 + Ko2 + K1 + Krz)z)
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2.7.4 Faradaic impedance

Faradaic impedance

Z¢(S) = Ret + Za(S) + Zs(S)

Z¢(S) = (s +40aT Kgz + 46s T Kgz + Ko1 + Koz + Kr1 + Kr2) /
(FFT (Bs Koz (s+408aT kgz +468sTkgz + 2 Ky1) Oo2
85 Kyg (5 +40a T Kas + 485 T kga + 2 Koz + 2 Kr2) Ot
+0a (5+ 404 T Kaz + 485 T gz + 2 Key) Krz Gz
+Ko1 (A (S+40aT Kgz + 465 kgz + 2 Koz + 2 Ky2) Oo1 + 2 (8s Koz Oo2 + 84 K2 Or2))))

Charge transfer resistance

1

R, —
CTFFT (8a Ko1 01 + 85 Koz 02 + 85 Kr1 01 + 84 Kz Or2)

Concentration impedances

ZA(S) = (Ko1 — Kr2) Rer (84 Kop o1 — 85 Koz Oz + 85 K1 01 — 84 Kiz 012)/
(es Koz (5 +40aT kgz +46sT kga + 2 Krl) Oo2
+6s Kr1 (S+408aT Kaz +40sT Kgz + 2 Koz +2Kp2) 01
+6a (S+46aT Kaz +40s T Kgz + 2 K1) Kz 2
+Ko1 (Ba (S+40aT ks +40sT'Kgz + 2 Koz + 2 Kyz2) o1 + 2 (85 Koz Oz + 84 Kr2 0r2)))

Zs(s) = (Ko2 — Kr1) Ret (—08a Kot 0ot + 85 Koz Og2 — 8s Ky1 01 + 84 K2 Or2)/
(8s Koz (s+40aT kgs + 485 T kgz + 2 K1) ao2
+0s K1 (S+40aT Kgz +46sTkgz + 2 Koz + 2 Ky2) Or1
+6a (S+46aT Kaz +40s T Kgz + 2 K1) Kz 2
+Ko1 (6a (S+40aT Kaz +40sT kg + 2 Koz + 2 Ky2) Oo1 + 2 (8s Koz o2 + 84 K2 Qr2)))



Chapter 3

Reactions involving
two adsorbates

3.1 Volmer-Heyrovsky with chemical desorption
3.1.1 Mechanism [9, 3, 4]
A* pste Ko A
A* +As+e 53 ALs
Aps B8 Ay 4+ g

3.1.2 Kinetic equations

No mass transfer limitations, Langmuir isotherm
AT(0,t) ~ A™*

Krl = kr]_ IA\_'_>‘< exp (70,—1 f E) y Krz = kr2 A+* exp (7(1,—2 f E)

Transformation rates

Vs(t) = —v1(t) + Va(t), Va(t) = vi(t) — V2(t), Va, (t) = V2(t) — va(t)

Mass balance equations

Rate of production of adsorbed species

des(t) - Vs(t) dGA(t) - VA(t) deA2 (t) _ Va, (t)

dt r ' d I ' dt r
Current density vs. step rates

if(t) = —F (vi(t) +v2(t))

33
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Step rates
Vi (t) = 63 (t) 'K (t), Vo (t) = GA(t) 'K (t), V3 (t) = 9A2 (t) I kdg

3.1.3 Steady-state conditions
Steady-state equations

Adsorbed species
dBs/dt = 0,d0a/dt = 0,04 + 6A2 +6;=1

Steady-state solutions

Adsorbed species
_ kd3 Kr1 eA _ Kr1 Kr2
K Kz +kas (K + Ke2)' 77 K Krz + kas (K + Ki2)

Current density

Ba

_ —2FT kd3 K1 Kr2
Kr1 Kr2 + Kaz (Kr1 + Ky2)

it

3.1.4 Faradaic impedance
Faradaic impedance
Z(S) = Ret + Za(S) + Zs(s)

Charge transfer resistance

1
T FFT (8sKr1 0 + 64 K2 )

Ret

Concentration impedances

Kr2 Ret (— (8s (S + Kaz) Kr1 0r1) + 64 (S + Kaz + Kr1) Krz2 0r2)

Bs (s+ kaz) Kr1 (s+2Ky2) Or1 + 04 (S (S+ Kaz) + (s + 2Kaz) Kr1) K2 02
Kr1 Ret (es K1 (5 + Krz) Or1 — Kas (*es K1 01 + 084 Ki2 Grz))

Bs (S+ kaz) Kr1 (S+2K2) Or1 4+ 04 (S (S+ Kaz) + (S + 2Kasz) K1) K2 a2

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
K2

Xs+AZAXsrB+2e
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3.2.2 Kinetic equations
No mass transfer limitations (A(0,t) ~ A*), Langmuir isotherm
Ko1 = Ko1 exp (2001 TE), Ki1 =K1 exp(—20r1 TE)

K02 = k02 exp (2 Cxozf E), Kr2 = kr2 exp (—2 Grzf E), K03 = k03 A* exp (2 CX03f E)

Transformation rates

Vs(t) = —va(t), vx(t) = va(t) — Va(t), V() = va(t)

Mass balance equations

Rate of production of adsorbed species

dBs(t)  vs(t) dOx(t)  vx(t) dog(t)  vo(t)

dt r ' dt r ' dt T

Current density vs. step rates

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

Step rates
vy (t) = B5(t) T Koz (t) — Bx (1) T' Ky (t)
Va(t) = Ox (1) I Koa(t) — 0o (1) T Kea(t)
v3(t) = Bx(t) T Koa(t)

3.2.3 Steady-state conditions
Steady-state equations

Adsorbed species

dBs/d = 0, dB8x/dt =0, 6Q+93+6x =1

Steady-state solutions
Adsorbed species

O — Ko1 Koz By — Ko1 Kr2
Q Kr1 Kr2 + Kol (Koz + Krz)’ Krl Kr2 + Kol (Koz + Krz)

Current density

2F I'Ko1 Koz Kz
Kri Krz2 + Ko1 (Koz + Kr2)

it =

3.2.4 Faradaic impedance
Faradaic impedance

Z5(s) = Ret + Zq(s) + Zs(s) + Zx(s)
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Charge transfer resistance
B 1
4T F T (85 Ko1 Oo1 + Ox Koz Olp2 + 8x Koz 0oz + 8x Kr1 0r1 + 80 K2 Or2)

_ Kr1Kr2 + Kol (Koz + Krz)
4fFFKol (Koz + C‘03K03 + Krl) Kr2

Ret

Ret

Polarisation resistance

(Krl K2 + Ko1 (Koz + Krz)) Rect (Koz + K1 + K03G03>

R. —
P Koz (KrlKrZ (0(03 + 1) + Ko1 (Krzao:s - KozarS))

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?
(3K02 + (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"°F ecm™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 &4 Ps + 2 ¢
K

Ms X2 vs 1 2e
Ys B2y 15426

3.3.2 Kinetic equations

No mass transfer limitations, Langmuir isotherm

Kol = kol exp (2 aolf E), Kr]_ = krl exp (72 cxr]_f E)
K02 = k02 exp (2 Cxozf E), K03 = k03 exp (2 O3 f E)

Transformation rates

Vs(t) = —v1(t) — va(t) + va(t), vp(t) = vi(t), vy (t) = Va(t) — va(t)

Mass balance equations

Rate of production of adsorbed species

dBs(t)  vs(t) dBp(t)  Vp(t) dOy(t) vy (D)

dt r ' dt r ' dt r

Current density vs. step rates

if(t) = 2F (vi(t) + va(t) + va(t))

Step rates
vi(t) = 85(t) T Kop(t) — Bp (1) T Kr1 (1)
Vo (t) = 8s(t) T Koz (t)

v3(t) = By (1) T Koa(t)

3.3.3 Steady-state conditions
Steady-state equations

Adsorbed species

dBs/d =0, dBp/dt =0, 6s +6p + 6y =1
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Steady-state solutions

Adsorbed species

KozKi1

0. —
* T Ko1Kos + (Ko + Koz) Kig

Ko1Ko3 Ko2Ki1

0p = , By =
P KoaKos + (Koz + Koz) Kr1' 7 Ko1Kos + (Koz + Koz) K

Current density

o 4F FK02K03Kr1
K01K03 + (Koz + Ko3) Krl

if

3.3.4 Faradaic impedance

Faradaic impedance

Z¢(s) = Ret + Zs(s) + Zp(s) + Zv(s)

Charge transfer resistance

Kol K03 + (Koz + Kos) Krl

R =
ot 4FFI'Kp3Kr1 (Kol + Koz (002 + 0(03))

Polarisation resistance

(Kol Koz + (Koz + Koa) Krl) Rect (Kol + Koz (0(02 + 0(03))

R, =
P K02 Kr1 (2K03002 + 2K020(03) - 2K01K02 K03ar2

Concentration impedances (second order impedance)

Rs (1 + Ts S)
Zs(S8) = ———=
s(5) 1+as+Bs2
(Ko1 + Koz2) Ret (Ko (5 4 Koz) + Koz (s + Kr1) (Clo2 — Oo3))
Koz (5 + K1) ((s + 2Ko3z) o2 + (S + 2Ko2) Oo3) + Kot (S (S + 2Ke2003) + Koz (S — 2Ke2012))

Rp(1+1tps)

Zp(S) = —————=
P(s) 1+as+ps?

Ko1Kr1Ret (S + Koz + Koz (0(03 + Grz))
Koz (5 + K1) ((s + 2Ko3z) o2 + (S + 2Ko2) Oo3) + Kot (S (S + 2Ke2003) + Koz (S — 2Ke2012))

_ Ry(l+1ys)
14+ as+Bs?
Ko2KozRet (Kot (oz + 0Or2) — (S + K1) (Oo2 — 003))
Koz (s + K1) ((s + 2Ko3z) o2 + (S + 2Ko2) Ooz) + Ko1 (S (S + 2Ke20l03) + Koz (5 — 2Ke20r2))

ZY (S)
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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=-0.07 V.

Rp(1+T1s)
Zi(s) = —B— ~ >
f(s) 1+as+ps?
(Kol (S + Koz) + (S + Koz + Kos) (S + Kr1)) Ret (Kol + Koz (0(02 + 003))
Koz (s + Kr1) ((S + 2Ko3z) Oo2 + (S + 2Ko2) Oo3) + Ko1 (S (S + 2Kp2063) + Koz (5 — 2K2012))

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 : Ko = ko exp (0o TE), Ky =k exp (—a, FE)

Transformation rates

Va- (t) = —Va (1), Vs(t) = —va(t), Va(t) = va (1)

Mass balance equations

Flux of soluble species
Ja-(0,1) = va- (1)
Rate of production of adsorbed species

dBs(t)  vs(t) dBA(t)  Va()

dt r ' dt T

Current density vs. reaction rate

if(t) = F v(t)

45
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Reaction rate

V(1) = A (0,1) 8:(t) T Ko(t) — B(H) T Kr (1)

4.1.3 Steady-state conditions
Steady-state equations

Soluble species

Adsorbed species
dBs/dt = 0,6a +6s =1

Steady-state solutions

Soluble species

A (0)=A""
Adsorbed species
Kr Ai* KO
eS - * leA - *
A" Ky + K, A" Ky + K,
Current density
If = 0

4.1.4 Faradaic impedance

Faradaic impedance

Z5(s) = Ret + Za-(s) + Za(S) + Zs(s)

Charge transfer resistance

1
o fFF (A7*93K0a0+eAKrar)

Ret

Concentration impedances

Soluble species

1 th./T4-S
Za-(S) = 0T Ko Ret Ma—(S), Mp—(s) = —— — Y42

Mpa- /Ty-S
Adsorbed species
A *KoR I'KiR
Zs(s) = 7OM,ZA(S) _ - hritet
S S
Ret (A™* Koy + K 1
ZG(S) = ZS(S) + ZA(S) = Ct( S - r) B Cads s
1

T Ra (A Ko+ Ky)
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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 FE), Kr1 = ki1 exp (—ap T E)

Transformation rates

Va- (1) = —Vi(t), Vs(t) = —Va(t) + V2(t), VA (L) = va(t) — v2(t)

Mass balance equations

Flux of soluble species
Ja-(0,1) = va- (1)
Rate of production of adsorbed species

dBs(t)  vs(t) dOA(t)  Va()

dt r dt T

Current density vs. step rates

if(t) =F Vl(t)

Step rates
Vi1 (t) =A" (0, t) 95 (t) T Kol(t) — OA(t) 'Ky (t), Vo (t) = OA(t) I kd2
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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 = 0,84 +6s =1

Steady-state solutions

Soluble species

1

A (0)= -~
©) 2 Ko Mp-

(A" Korma- — Kama- —kaz (D Koy +ma-) +

\/4de2 Ko1 (kdz + Krl) Mpa- + ((Af* Ko1 + Krl) Ma- + Kq2 (*F Ko1 + mA))z)

Adsorbed species

1
BN ka2 Ko1

\/4de2 Ko1 (Kaz + Kr1) Ma- + ((SA~" Ko1 + Kr1) Ma- 4 Kaz (—T' Ko + mA))z)

O (A_* Kor Ma- + Krg Ma- + kg2 (F KolerAf)f

Current density

_ F
- 2Ko1

it ((A_* Ko1 + Krl) Ma- + Koz (I'Kop +Mp-) —

. 2
\/4de2 Ko1 (Kaz + K1) ma- + ((A_ Ko1 + Krl) Ma- + Koz (—T' Ko1 + mA—)) )

4.2.4 Faradaic impedance
Faradaic impedance
Z5(s) = Ret + Za-(S) + Za(s) + Zs(s)
Zi(s) = S+ Ka2 + A~ (0) Kot +E<r1 +0sT (s + kaz2) Koi Ma-(S)
fFT (s+Kkg2) (A=(0)8s Koz Go1 + 84 Kr1 Or1)
Ma-(s) = L thyTa s

 Ma- JTA-S

Charge transfer resistance

1

R =
T FFT (A(0)0s Kop Olo1 + 0a Ky1 Or1)
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Concentration impedances

Soluble species
ZA— (S) = 95 F KOl RCt MA— (S)

Adsorbed species

A~ (0) Ko1 Ret Kr1 Ret
Zs(8) = — o 2als) =
s(s) S+ kg AS) S + Kaz
RCt (A_ (0) Kol + Krl) RG
0(S) = Zs(s) + Zal(s) s+ Kaz 1+RyCys
Ry~ Rt (A (O Kon +Kn) (o 1
Kaz ' Ret (A7(0) Koy + Kra)

4.2.5 Equivalent circuit

Fig. 4.2

R lves

Figure 4.2: Equivalent circuit for the impedance of EADR.

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

Ads B A
As B2 AY L st

4.3.2 Kinetic equations

Langmuir isotherm, Koz = Koz exp (02 F E)

Transformation rates

Va(t) = —vi(t), vs(t) = —vi(t) + Vo (t), Va(t) = vi(t) — va(t)
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Mass balance equations

Flux of soluble species
JA(O,t) = VA(t) = 7V1(t)
Rate of production of adsorbed species

I % = Vs(t) = —vi(t) +vo(), T degt(t) = Va(t) = vi(t) — va(t)

Current density vs. reaction rate

it(t) = F va(t)

Reaction rates

Vi1 (t) = A(O, t) T 63 (t) kd]_, Vo (t) =T GA(t) Kog(t)

4.3.3 Steady-state conditions
Steady-state equations

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

Adsorbed species
desldt: 0, 93+6A = 0
Steady-state solution
Soluble species: A(0) roots of:

Ka1 2 < kail'  A*Kag1
A2+ 1+ -
Ko2 ©) ma Ko2

)NmA*o

Adsorbed species
Oa — A(0) kg1
A(O) kdl + K02
Current density
i — F I' A(0) kg1 Koz
A(0) ka1 + Koz

4.3.4 Faradaic impedance
Faradaic impedance

Z#(s) = Ret + Zas(S)

Charge transfer resistance

1 .
= Rt If = cte =

Rt = = -
ct fF Qo2 K02 I GA,S Op2 f If Op2 f
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Concentration impedances

Adsorbed species

kg1 I'6s th /Tda S
Ree Kop <1+ a1 I 6s \/dA)

Za (S) . Ma v/ TdA S
S -
A(0) Kar + (1 + k"rlnF 6 th V;“’j) s
A v/ LdA
Da _ 3

Ma = 5 Toa , 8a = 1,611 Dy > v/ 0~1/2

Da

Electrode impedance

. Zf(S)
Z(S) 14 sCal Zf(S)

4.3.5 Equivalent circuit

Fig. 4.3
Rct K02 1 Rct K02 r es
Rads = ~——, Cads = =——>—, Rga = — o >
ads A(O) Ka1 ads Ret Koz A A(O) ma

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_&>A2+s

4.4.2 Kinetic equations

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

Krl = kr]_ exp (7ar1f E), Krz = kr2 exp (7Gr2f E), f= F/(RT)

Transformation rates

Va+ (1) = =va(t) — va(t), Vs(t) = —va(t) + v2(t), va = va(t) — v2(t)

Mass balance equations

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

Rate of production of adsorbed species

d6s (t) dBa(t)
[ = V), T gt = va(t)

Current density vs. step rates

if(t) = —F (va(t) + va(t))

Steps rates

vi(t) = AT(0,t) T 0s(t) Kea(t), va(t) = AT(0,1) T0a(t) Ke2(t)

4.4.3 Steady-state conditions
Steady-state equations
Soluble species
Ja+(0) = —mas (AT = AT(0))
Ma+ = Da+/Bp+, 8pr = 1,611 DY3vY0 0712 m, . = 0,620 D5/ 2 v1/6 01/

Adsorbed species
dBa/dt =0, 64 +6s =1
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Steady-state solutions [8]

Soluble species
AT (Krp + Kr2) mas

A*(0) =
(0) K Krz + (Krp + Kr2) ma+

Adsorbed species

9 __Ke eA:L
* T K+ Kp Kr + Krz

Current density

2A+*FFKr1Kr2mA+
2FKr1Kr2 + (Kr]_ + KFZ) mA+

it =

4.4.4 Faradaic impedance
Faradaic impedance

Z#(S) = Ret+Za+(S)+Zs(S)+Za(S) = Re+Za+(S)+Zo(S), Zo(S) = Zs(S)+Za(S)

Charge transfer resistance

(2K Kz + Ma+ Krz + Krgmas)
fFFA+*Kr1Kr2mA+ (erl + Grz)

ct —

Polarisation resistance
(Krl - Krz) Ma+ (arl - O(rz) + 2I'K 1 K2 (arl + c1r2)
2Ma+ (K201 + Kr1042)

Rp = Rt

Concentration impedances

Soluble species
2FKr1 Krz RCtMA+ (S)
Zp+(S) =
A+( ) Krl + Kr2

Adsorbed species

_ AT KiMa+Ree (a1 — 0r2) (2T K2Ma+ (5)Kr1 + Kr + Krp)
2sT'Ky1 K2 (arl + Or2) + (Krl + Krz) Ma+ (2 (Krzarl + Krlarz) A*" +s (arl + Olrz))

Zs(s)

AT KraMa+ Ret (01 — Or2) (2IK2Ma+ (8)Kr + Krg + Kro)

ZA S) = =
( ) 2sT'Ky1 K2 (arl +dr2) + (Krl + Krz) Ma+ (2 (Krzarl + Krlarz) A" +s (arl + O(rz))

_ A" (K — Kr2) Ma+Ret (01 — Ar2) 2T K2Ma+ (5)Krt + Krg + Krp)
2sT'Kp1 K2 (arl + O(rz) + (Krl + Kr2) Ma+ (2 (Krzarl + Kr10r2) A+ +s (arl + Olrz))

Z@ (S)

Zo(s) _ 1 iu
1+a) 14a 1+Biu

, U=Tg0 (4.1)



54CHAPTER 4. REACTIONS INVOLVING ADSORBED AND SOLUBLE SPECIES

thviu

iu
- Uy = 254

Viu

a—oo=2Z5(u)~

a—>0:25(u)~71+81u:>u0228

Figs. 4.4 and 4.5.

a b
g 05 g 05
N N
L= L=
L L
0 0.5 1 0 0.5 1
Re z,™ Re z,™
d
N N
g 5
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)

Z(S) - 1+ sCqc Zf(S)
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log A
o

21
log B

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.



56CHAPTER 4. REACTIONS INVOLVING ADSORBED AND SOLUBLE SPECIES



Chapter 5

Insertion reactions

5.1 Direct insertion reaction [2, 8]

5.1.1 Scheme of the reaction

host
electrolyte material substrate
e L
-
Mt et
- = (M) 1
—_—
0 L X

Figure 5.1: Scheme of the direct insertion reaction.

5.1.2 Mechanism

M* 4 >+e*<§» (M)

5.1.3 Kinetic equations

Restricted linear diffusion for (M), no mass transport limitation for M™*,
Langmuir insertion isotherm:
M™(0,t) = M™*, Iy (L, t) = 0, Ky = Ky exp (—ar FE), Ko = Ko exp (0o T E)

5.1.4 Transformations rates
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5.1.5 Mass balance equations

Flux of inserted species

Iy (0, 1) = vy (1) = 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, 1)) =Ko (M)max Ymy (0, 1), ymy (0, 1) =

5.1.8 Steady-State conditions
Steady-State equation

Inserted species

Jimy(0) =0
Steady-State solution
Inserted species
y (M) Ky M** 1
<M>:M :KM"'*—I—K: ko
< >maX r o 1 + kr M+ eXp(f E)
Current density
if(E) =0, VE
5.1.9 Faradaic impedance
Faradaic impedance
Zf(S) = Ret + Z<M> (S)
Charge transfer resistance
Ko+ KiM**
Ret = +
fF Ko Ki M** (M) max
Concentration impedance
coth | /Td(m) S D(M) L2
4 s)=R — M = — T =
w0 (8) = Rowy ——72=ms = Mowy = == Tan) = -
R — 1
™M T F mimy (M)max dy oy /dE
1 o Rct (Ko + Kr M+*)

- fF My (M) max Ymy (1- y('V')) Mm)
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Electrode impedance

Zf(S)

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

RLF = Rct + Rin, Rin = Rywmy/3

5.1.10 Equivalent circuit
Fig. 5.2

ZEM]E

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
ME M () — (M)
—_—
S el el
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:
M™(0,t) = M™*, Iy (L, t) = 0, Ky = kr exp (—ar FE), Ko = Ko exp (0o FE)

5.2.3 Kinetic equations

5.2.4 Transformations rates

Inserted species
Vimy (1) = va(t)

Adsorbed species

Vs(t) = —va(t) + Vva(t), vm(t) = va(t) — v2(t)

5.2.5 Mass balance equations

Flux of inserted species
J<M>(0, t) = V<M>(t) = Vg(t)
Adsorbed species

ds(t)
dt

dbm(t)
dt

r

=Vs(t) = —vi(t) +vo(t), T = Vm(t) = va(t) — va(t)

5.2.6 Current density vs. reaction rate

if(t) = —F vy (t)

5.2.7 Reaction rate
vi(t) = K (t) M T 85(t) — Ko(t) T Om(t)

Vz(t) = ka <M>max (1 - Y<M)(Oi t)) I'Bm (t) —kq <M>max Y<M>(Ovt) Fes(t)

5.2.8 Steady-State conditions
Steady-State equation

Inserted species
Jimy(0) =0

Adsorbed species

de
Fd—ts:():>V1=V2, 0s+06p =1
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Steady-State solution

Inserted species

Yy = < > _ kKa Ko _ 1
<M>max kd Ko + ka KM 1+ ka kr M eXp(—f E)
kd ko
y (M) ka Ky M*+* 1
(M) = = P
<M>max ka Ko +ka KM 1+ kallz?:\(;+* eXp(f E)

Adsorbed species

6. S Ko 1

s— = . k. M **
I Kot KeM 1+ — exp(—FE)

Ko
M,s K, M** 1

e N S VT Ko

) r 1+ ke M~ exp(f E)
Current density
it(E) =0, VE

5.2.9 Faradaic impedance
Faradaic impedance

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

Zg(S) = Ret + Zs(s) + Zm(S) = Ret + Zo(S), Zo(s) = Zs(s) + Zm(S)

Charge transfer resistance

1 Ko + Ky M™**

Ret = -
CTFFT (0o KoBw + o, KM 85)  FFIK,K M**

Concentration impedance

Adsorbed species

coth /T S
Ret (Ko + Ky M™*) <1 + T (KaBm + Ka 05) ﬁ)
M M

coth \/Tgwy S ) .

Zy(s) =
(M Ymax (kaY() + Ky Y<M)) + <1 + T (KaBm + Ka 85)
Mm) /Td(m)

Zg (8) =

Rt (Ko + K M+*) coth , /Ta(M) S )

14T (kabu + ka 6s
(M) max (ka Yoy + ka y<M>) < ( as) My A/Td(M) S

1

R (Ko+ K, M™* th .,/
+ ! s (o + ) <1+r(ka0M+kd95) w)s
Ret (Ko + Ke MT*) (M)max (kay(y + kayo) MMy /Td(M) S
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S Dm) c B L2
(M) = L’ d(M) — D(M)
coth . /Tqimy S
Rab + R(M) 7<>
Zi(s) = /i
coth . /Tqimy S
1+sCu <Rab + Rowy Wi;)

with :

Ret (Ko + K M™*)
(M)max (Kay(y +kdYmy)
 Ret(Ka Ko+ ka KeM™) (g Ko 4 ka Ke M**) (Ko + K, M*¥)
N (M) max Ka Kqd N T F T (M)max Ka ka Ko Kr M+
B 1 fFIK K M*
T Ret (Ko + KeM™) 7 (K + K M*++)2

(kg Ko 4+ ka Ky M ™)

(M)max Ka ka (Ko + Ky M**)

Rab =

Cad

Tab = Rap Cad =

R = Rt (Ko + KeM**) T (Ka B + kg 85)
Mmy (MYmax (Ka Yy + Ka Yomy)
 Ral(kaKo+kaKeM*)2 (kg Ko + ka Ky M*+%)?
= Mo (M)maxKaKa (Ko + K M*) — TF M) (M) max Ka ka Ko Ky M+
RLF = Rct + Rab + Rin, Rin = Rywy/3

Electrode impedance

Zf(S)

Z(S) - 1+sCqg 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* 4 s 22 M* 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+(O,t) =~ M+*, \J(M>(L,t) = 07 Kr = kr exp (7Grf E)7 Ko = ko exp (aof E)
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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

.
ME O
e
S el el
M5 N

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
Vimy (1) = v (t)
Adsorbed species

Vs(t) = —v1(t) + Va(t), iy (t) = va(t) — va(t)

5.3.5 Mass balance equations

Flux of inserted species

J<M> (0, t) = Vimy (t) = Vs (t)
Adsorbed species
des(t)

I——= = Vs(t) = —Vl(t) +V2(t), r 97 = VM+(t) = Vl(t) — Vz(t)

dt



64 CHAPTER 5. INSERTION REACTIONS

5.3.6 Current density vs. reaction rate

if(t) = —F vo(t)

5.3.7 Reaction rate
Vi(t) = ka M™* T 05(t) — kg T Opg+ (1)
Va(t) = Kr(t) (M)max (1 — Ymy (0, 1)) T Bpg+ (1) — Ko (t) (M )max Ymy (0, 1) T'85(t)

5.3.8 Steady-State conditions
Steady-State equation

Inserted species

Iy (0) =0
Adsorbed species
dé
r— =0= vy =Vy, 95+6M+ =1
dt
Steady-State solution
Inserted species
Y() _ < > o kd Ko 7 1
(M " Kg Ko+ Ka Ky M*+* Kake M**
< >max d Ko + Ka Kr 1+ ak; ko eXp(—f E)
My ka KiM™* B 1
Y = IMYmax  kaKo + ka K M** kako —fE)
Kake M*= P
Adsorbed specied
s kg M*.s ko M™**

93:

24 g = —
T kg +kgM*=' M7 T Kq -+ kg M+~
Current density
if(E) =0, VE
5.3.9 Faradaic impedance
Faradaic impedance

One adsorbed species M* = Zs(S) < Zy+

Z4(5) = Ret+ Zs(8)+Zu+ (5)+Z ) () = Ret-+Zo(S)+Z ) (S), Zo(S) = Zo(S)+Zpa+ (5)

Charge transfer resistance

1 o (kd+kaM+*) (deo+kaK1' M+*)

Rct

N fFF <M>max (O‘Y Kr Y ) 9M+ + o Ko y<M> Gs) B fFFka kd Ko Kr <M>max M+
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Concentration impedance

Inserted species

coth \/Tamy S Dm) L?
Z s)=R —, M = , T, =
) (8) = Row) o0 ) =T Ta = 5

C ReD (Ke Byt + KoBs)  ReT (kg Ko + ka K M*)
N My My (kg +kaM**)

B (ka Ko + ka M*+* K,)?

~ FF My (M)maxka M+ kg Ko Ky

Rm

Adsorbed species

Z4(s) Ret (M) max (K Yoy + Ko y(M>) Ret (M )max (K Yoy + Ko y<M))
0 = =
Kg + kaM** +s - S
(kg +kaM™**) [ 1+ PRV E=
Rad
Z =
O(S) 14 TagS
R — Ret <M>max (Kry() + Ko Y<M)) _ Ret Ko K <M>max o Kg +kaM™*
ad = Kq + kg M+ T kaKo + kaK M+ FF Dkgkg M+
fFITkakgM™** 1
=—————  — Tad=RagCag=————
ad (kd n ka|\/|+*)2 ad ad “~ad kg + kg M+
Electrode impedance
Z(s) ZS)

- 1+sCqg Zf(S)

5.3.10 Equivalent circuit
Fig. 5.6

Cdc

Cad

Zy

——
——

Py
j23
-
—
p—

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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