Short Course of Electrochemistry
L2: Polarization and Kinetics
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Polarization of Electrochemistry



Equilibrium or Not

Equilibrium Far from equilibrium
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Polarization of Electrode
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Electrochemistry, Principles, Methods, and Applications, Christopher M. A. Brett and Ana Maria Oliveira Brett, Oxford
University Press, 1993.
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Polarized and Non-polarizable
Electrode

* I|deal polarized electrode

> It shows a very large change in potential upon the passage of an
infinitesimal current.

* Ideal non-polarizable electrode (or ideal depolarized electrode)

> Itis thus an electrode whose potential does not change upon passage
of current.
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(a) Ideal polarizable electrode (b) Ideal nonpolarizable electrode

Dashed lines show behavior of actual electrodes that approach the ideal behavior over limited
ranges of current or potential



Overpotential and Polarization

_c Potential / V vs. RHE

& 0, +4H* + 4e~ -» 2H,0 ..E* =1.23V
=

< The standard potential of oxygen reduction

E reaction is 1.23 V; However, it happens below 1.0 V.
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2H,0 - 0, +4H" +4e” ..E°=-1.23V

The standard potential of oxygen evolution
reaction is 1.23 V; However, it needs at least 1.48 V.
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G. Zhang, Z.-G. Shao, W. Lu, G. Li, F. Liu, B. Yi, Electrochemistry Communications, 22 (2012) 145-148.
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Polarization Curve of Battery

Various current-voltage
curves of batteries
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Ref.: http://www.mpoweruk.com/performance.htm

Lithium-ion battery
discharged by various C-rate
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Heat, Polarization and Loss

Concentration losses
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http://www.ika.rwth-aachen.de/r2h/index.php/Introduction to PEFC Operation.html
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Polarization of Water Electrolysis

Evolution of the I-V characteristic with NaOH electrolyte by
stainless steel working electrode (SS304L)
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P. Mandin, R. Wuthrich and H. Roustan (2010). "Polarization curves for an alkaline water electrolysis at 10

a small pin vertical electrode to produce hydrogen.” AIChE Journal 56(Compendex): 2446-2454.




Cont’'d

Electrode: Stainless steel vs.

Electrolyte: KOH vs. NaOH Carbon steel vs. Graphite

25 T T
—©O— NaOH '

rrent [A]

Current [A]

Voltage [V]

Voltage [V]

P. Mandin, R. Wuthrich and H. Roustan (2010). "Polarization curves for an alkaline water electrolysis at a small pin

11
vertical electrode to produce hydrogen." AIChE Journal 56(Compendex): 2446-2454.




Kinetics of Electrochemistry
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Electrochemical Process

Diffusion (step 1)
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Diffusion of the species to where the reaction occurs by a mass transfer
coefficient.

Rearrangement of the ionic atmosphere (108s).

Reorientation of the solvent dipoles (1011 s).

Alterations in the distances between the central ion and the ligands (1014 s).
Electron transfer (10-16 s).

Relaxation in the inverse sense.



Electron Transfer at an Inert Metallic
Electrode

) (b)
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Reduction Oxidation

N

(‘negative’ electrode potential) (*positive’ electrode potential)

The potential applied to the electrode alters the highest occupied
electronic energy level, E, facilitating (a) reduction or (b) oxidation.



Standard free energy

AG Variation

.

Standard free energy

Reaction coordinate

Reaction coordinate
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Standard free energy —

AG and Reactlon Coordinate

If the reaction is at standard situation,
O + ne i R

ki, AG? = ﬁGﬂa - .&GDE At E*

rxn

AG? =_nFE"

rxn

Now, the reaction is subjected to a
new potential of E,
AG = ﬂtGi - QG:

rxn

AG,  =-nFE =AG, -nF(E-E")

rxn

If n =1, we can define:

AG: = AGE, — (1 — a)F(E — E?)

AG} = AG}. + aF(E — EY)
a: Transfer coefficient
Rate constants are: k=A"e

—AGHRT

Reaction coordinate —— ke = Agexp (*AGE/RT)
ky, = Ayexp (—AG? /RT)
ke = Arexp (—AGj./RT)exp[—af (E — E"))
ko = Apexp (—AG§,/RT)exp[(1 — a)f(E — E*)]
where f = F/RT

16



Butler-Volmer Equation
i =i, — i, = nFA[ks Co0, 1) — kyCRr(0, )]

Standard situation

If we set kO is the standard rate constant, which is:

KO = Acexp (—AGH./RT)= Ayexp (—AGE,/RT)
ke = kﬂexp [— af (E — EU’)] ky = kﬂexp (1 —a)f (E— ED’)]

Butler-Volmer Equation (One-step, one-electron process)

i = FAK® [C (0, e T E=E") — (0, et~/ E - En')]

This equation is for one-electron process; if n is not equal
to 1, what does the equation express?



a: Transfer coefficient

i = FAK® [C 0(0, e~ E=E") — C o (0, e~/ E - Eﬂ

* a should be between 0 - 1.
> In most systems a turns out to lie between 0.3 and 0.7

> a can usually be approximated by 0.5 in the absence of
actual measurements.

* a should generally be a potential-dependent factor.

> However, in the great majority of experiments, a appears
to be constant, if only because the potential range over
which kinetic data can be collected is fairly narrow.



Equilibrium Conditions: Exchange
Current

At equilibrium, the current is zero and the potential is E,,.
i = FAK® | C (0, e E~E) — C (0, et~/ E E”ﬂ =0

FAKC(0, f)e™*EeqE™) = FAROCR(0, £)et 0 Eea=E")

You can know bulk concentration at the equilibrium (E = E, 1 = 0).
Co(0,)=Cq,Cr(0,t)=C,

. RT  C,
E,=E’+—Ih—%
nF C,
* F (Eeq -E°) .
Ci) P :enf(EequO)
CR

Atequilibrium v = Uy = U =mmssp 1. =1, =1, iy Exchange current

> ) = FAKCC Ko 0f(EeqE”) E;‘Chj”?é?ﬁcrgz‘f*u-m ok
0= O R

Thinking: If the exchange current is higher, the reaction rate should be
higher or lower?




Current-Overpotential Equation

i = FAK® [C 00, e~ E=ED) — C o (0, el = E - E“’>]

iy = FAK'CE ' c¥*

i Co0,0e”TEED 0, el EED

Iy CS(I_H)C;%“ Cg(l—ﬂ)c Eﬂr

Current-Overpotential Equation

Cnh(0, t Cp©0,0) ,_
j = gg[ 0($ )e*ﬂffﬂ_ R(* )e(l cr)fn]
Co Cr

an_Eeq

20



Exchange Current

(1=a)

ip = FAK°CY " Cx°

H, > 2H* + 2e

Table 1. Exchange current densities of the hydrogen evolutionfan

°
* Exchange current is related
odic oxidation reaction at different electrode materials in agueous

to [ ] I N H.,50, solution at ambient temperature
[

Metal i.."l""‘ e

> Bulk concentration b, 1 o
Rhodium. Rh 2.5 x 107

%k - & 3 H 1 ridium, Ir 20 x 4

e [Co* T x C*e] in the equation -[:;it‘:ﬁﬂ;ﬁf I;;}1;

> Rate constant, k° Lunesten, e
Titanium. Ti 7.0 x 10F

* The rate constant is theoretically ~ gomem e 3107
dependent on the electrode e 0 107

Mercury, Hg 0.5 x 10"

fd

type and the solution and
independent on the
concentration and the potential.
(See right table.)

21
Ref.: http://www.scielo.br/scielo.php?pid=S0100-40422005000600023&script=sci_arttext
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Current-Overpotential Curve
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Variation of Exchange Current
i CO(O’ ) o~ Cr©, 9 e(l*a)fn}
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Variation of Transfer Coefficient
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Linear Behavior, Small n

J, uAsem?

L Y

Co(0, 1 Cr©0,0) _
= ,;0[ 0(* )e*afn_¥ e a)fn]
o CR

If the solution is well stirred (no mass- 40 30 200 100

8
6
4
2

J | 4

transfer effect), we can define

C, (0,t) = C; i = J‘QI:F-’ —afﬂ_e(l —&)fﬂ:|
C.(0,t)=C,

When the reaction is near equilibrium, n = E — Eeq ) 0

For small values of x, e* =1+ x +...
I = —Igfn (Linear current-voltage curve)

—m/i is often called the charge-transfer resistance

_RT

Rct"—ﬁg

=100 -200 =300

-400
n, mv



Co (0,t) = Ci) i = !'0|:€ -—afﬂ_e(l —a)fn 400
C.(0,t)=C, _

1.

Tafel Behavior, Large n

k LuAMm2
i=1i O[CO(O D —afn _ CROD o= a)fn O +ne=R °
Co Cr 4 %

300
L

200 100
i |

Reduction reaction, |[n| >> 0, O + ne > R 2. Oxidation reactlon In| >>0,R > O +ne

e~ __ (1 —aifn e~ M __ (1 —afn

i =i e " (Cathodic Tafel behavior) li|=i,e"" ™" (Anodic Tafel behavior)

SLLE LI S Y In i
oF oF l-a)F l-a)F

=a+blogi =a+blog |I]
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Tafel Plot (Il)

i =—igfn

| 1 | | o l | |
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n, mvV

O+ ez=2Rwitha =05, T = 298K, and j, = 107 A/em?



Electrode potential U(V)

Tafel Plot: Catalyst
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F ) sites, current drops
0.2 5
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8
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A.B. Anderson, Y. Cai, Calculation of the Tafel plot for H2 oxidation on Pt(100) from potential-dependent activation energies. 4"

Phys. Chem. B, 108 (2004) 19917-19920.




Tafel Plot of Corrosion

* For the corrosion, the Tafel curve
can be expressed by:

> Oxidation reaction (Anode)

EA

1
n=bylog—=>bylog-

Lo Leorr
> Reduction reaction (Cathode)

ECOTT
m=0)

lCOTT

i
n =—b, logi— = —b. log
0

logi

Note:
n =E—Eeq =FE — Ecorr



Theory of Tafel Plot of Corrosion

Solution species EA
ZV+e 217 b

Metal species Ecorr
M*"+e 2M ‘un

Metal corrosion in solution

M+Zt->M"+2Z

At the equilibrium of corrosion
potential, E .,

lcorr = Rz = lom

lCOTT

> log i



Cont’'d

imeas = lom —lpz..-(1)

n=bylog f"” .(2) Feas

I;COTT
e
(2)&(3)=>(1)

lMEAS — lco1‘r(10b“1 — 10 bc) (4‘)
(2.303x)2

10* =1 + 2.303x + + - (5)

2!
(5)=(4) & x is very small

bA+bC

iMEAS = 2. 30311 babg (6)

loz

lCOTT

> log i



Corrosion of Zn-Ni Alloy

Phase Crystal
M . I . Z No II System Designation Crystal System Size (nm)
aterla s' n- I a oy Zngo sNig s n hexagonal 300
v-ZnaNi body centered cubic 260
L] [ ] ” - E
° LnggMNi; Zn hexagonal 264
SOIUtlon. KOH SOIUtlon y-ZnsNi body centered cubic 335
ZngsNis In hexagonal 210
o p-ZnaNi body centered cubic 342
Temperature: i
LngMNiy, Zn hexagonal 149
y-ZnyNi body centered cubic 210
v-ZnNi 140
(IR IS N NP N B | NS R A I T R S R I R R N
104 -
8 L ]
g L
g L
6| | J
7 - L
g L
— 4 B s 5 ) -
g 5 4] L
- -;' i
=
S 24 - S 3 -
= = 5] K
0| - 14 -
1 pure Zn
0+ -—---alloy I r
1 oo alloy 11
21 - 19 |——aloym r
5 1 —.-—- alloy IV
dA4+——T—T T T T T T T T T T T B e e N R B S B S
1850 1600 1550 1500 1450 1400 1350 1300 1550 1200 -1700 -1650 -1600 -1550 -1500 -1450 -1400 -1350 -1300 -1250 -1200
E. mV vs. (SCE) E, mV vs. (SCE)

A.-R. El-Sayed, H.S. Mohran, H.M. Abd El-Lateef, Corrosion study of zinc, nickel, and zinc-nickel alloys in alkaline solutions by Tafel
plot and impedance techniques. Metallurgical and Materials Transactions A: Physical Metallurgy and Materials Science, 43 (2012)2
619-632



Cont’'d

Concentration (mol/L) —Fpee (MY vy SCE) | - [,m'-"u.-'q:[tllj b, (mV/decade) —b. (mV/decade) o
Pure Zn

025 M 1446 140} 48 120.2 049
050 M 1444 320 50 125.9 (.46
075 M 1441 712 54 127 (.46
1M 1439 1635 L) 130 (.45
Pure Ni

025 M 273 .55 70 175 0.330
050 M 270 1.21 71 175 0330
075 M 269 1.47 T2 176 0335
1M 260 3.32 T2 176 0335
Alloy 1 (0.5 pet Ni)

025 M 1442 134 46 125 047
050 M 1441) 253 47 126 (.46
075 M 1438 043 48 128 (.46
1M 1437 953 il 128 (.46
Alloy II (2 pet Ni)

025 M 14410 112 1] 135 043
050 M 1438 210 50 144} 042
075 M 1436 239 52 147 (.40
1M 1435 445 52 149 039
Alloy IIT (5 pet Ni)

025 M 1435 24 20 143 041
050 M 1433 150 &0 146 (.40
075 M 1432 209 82 150 0.39
1M 1430 343 83 152 038
Alloy TV (10 pet Ni)

025 M 1427 45 04 166 0.35
050 M 1421 0Q 04 166 035
075 M 1419 164 05 167 035
1M 1418 213 0k 178 033

A.-R. El-Sayed, H.S. Mohran, H.M. Abd El-Lateef, Corrosion study of zinc, nickel, and zinc-nickel alloys in alkaline solutions by Tafel
plot and impedance techniques. Metallurgical and Materials Transactions A: Physical Metallurgy and Materials Science, 43 (2012)4
619-632
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Metals and Alloys

E, (kJ/mol)

Pure Zn

Alloy I (0.5 pet Ni)
Alloy IT (2 pct Ni)
Alloy III (5 pet Ni)
Alloy IV (10 pct Ni)
Pure Ni

S R

Higher corrosion resistan%g



Some Important Equations

O+ne - R
Gibbs free energy: AG = —nFE
Nernst equation: E = E® + = [n %2
nF CR
Current-overpotential equation:
i =i COC(? Y g-afn _ CRC(O b e(1-a)f ’7] F=ai
0 R

Overpotential: n = E — E,,
Smalln:i = —iyfn

largen:i = ige Y1 =9y = lnlo — aiflni (Tafel

af
equation)
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