The overpotential (n)

Overpotential (n): deviation from the equilibrium potential (thermodynamic) required to
drive a reaction at a certain rate (faradaic current density)
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L. Chen et al., Energy Environ. Sci., 2014, 7, 329-334



The origin of the overpotential
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Transition state theory
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Electrode kinetics: The effect of potential

* Analogous description of the energetic pathway on an electrode reaction through a reaction
coordinate
* The energetics of electrode processes are dependent on the applied potential

4 Na(Hg) —= Na* + e~
Equilibrium
AG°
E=E,,
Asz: Aqu;ed
>
Amalgam — Solution

Reaction coordinate



Electrode kinetics: The effect of potential

* Analogous description of the energetic pathway on an electrode reaction through a reaction
coordinate
* The energetics of electrode processes are dependent on the applied potential

A Na(Hg) ~— Na* + e

Oxidation
AG°
E>E,
* +
] AGp,,< AGpeq
Na* + e
>
Amalgam — > Solution

Reaction coordinate



Electrode kinetics: The effect of potential

* Analogous description of the energetic pathway on an electrode reaction through a reaction
coordinate
* The energetics of electrode processes are dependent on the applied potential

A Na(Hg) «—— Na* + e~

Reduction

E < E,,

AG},> AGh oy

, , > Solution
Reaction coordinate



Kinetics of electrode reactions
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Kinetics of electrode reactions

Reaction coordinate

At Equilibrium:
E = EY

AG(f,c: AGfia

Upon oxidation:
E > EY”

AG*> AG?



Electrode kinetics: The effect of potential

AGE= AG}, — (1 — a)nF(E — E*)

1 - a)nF(E — E”
_______ (1= ajnk ‘ AG?= AG} . + anF(E — E®)

anF(E — E?’)

AG°| S AN

=+ nF(E-E”) |Red a = transfer coefficient

Reaction coordinate



Electrode kinetics: The effect of potential

AGE= AGE, + anF(E — E®) AGE= AGS, — (1 — a)nF(E — E®)

Ath AG(TC nkF o'
Keea = Aea €0 |~ | = Area exp | — % | expl—a e (E — E)]

AG; AGgfa nF N
kox = Aox €xp | — = Apx exp| — RT exp[(l — a) ﬁ (E —E )]

Potential-independent Potential-dependent

At equilibrium ‘ k redCOx* =k OxCRed* (C* = bulk concentration)
with C,,* = Cr.y*
(E = E”’) k..,= ko, =k° standard rate constant

(heterogeneous)



Electrode kinetics: The Butler-Volmer equation
Kpog = k(’exp[—ozﬂ (E — E%)]
Red RT

ko, = k° exp[(1 — a)ﬂ(E — E%)]
Ox — p RT
Recalling ...
i =i —ig =nFA[kgeq Cox(0,t) — kox * Crea(0,t)]
we obtain ...

nF , g ’
i = nFAK[Cox (0, )e “RTEE™) _ cp (0, £)e ™~ VRTEE))

Butler-Volmer equation (current-potential)



Electrode kinetics: The Butler-Volmer equation

J. A. V. Butler (1899 — 1977)

M. Volmer (1885-1965)

Max Volmer’s paper published in 1930

Zur Theorie der Wasserstoffiiberspannung.
Yon
T. Erdey-Gruz und M. Volmer.
(Mit 3 Figuren im Text.)
(Eingegangen am 31. 7. 30.)

Betrachtungen iiber die Ursache der Uberspannung. — Kinetische Theorie
der elektrolytischen Wasserstoffentwicklung und Erklarung der TareLschen Glei-
chung. — Das Abklingen der Uberspannung.

Um Wasserstoff an einer Metallelektrode zu entwickeln, benotigt
man bekanntlich ein unter Umstéanden viel negativeres Elektroden-



The Standard Rate Constant (k°)

Measures the intrinsic kinetics of heterogeneous electron transfer of a redox couple
(intrinsic ability of a redox couple to exchange electrons with the electrode)

Large k? indicate fast heterogeneous electron transfer (short timescale, k = 1-10 cm/s),
usually observed for redox processes that do not involve significant molecular
reorganization (only e” transfer + resolvation, e.g. aromatic hydrocarbons)

Small k9 indicate sluggish heterogeneous electron transfer (k° < 10°-101! cm/s), typically
being accompanied by significant molecular rearrangement and/or involving complicated
mechanisms (multistep, e.g. ORR, HER)

Extreme variability in the k% range

Even for systems with small k?, the electrode reaction kinetics (k,,, kz.,) can be increased
by applying E >> EY or E << E¥ !!!

what’s the extent of the potential effect on electrode reaction kinetics??



The transfer coefficient (a)

 Measures the symmetry of the energetic barrier for a redox process (0 < a<1)
* It can be obtained experimentally and is generally considered equal to 0.5

o =0.5for a symmetrical barrier, a # 0.5 for asymmetrical barriers (angles ¢ and o)

* Dissects the effect of change in potential on the barriers to the cathodic (AG_*) and anodic
reaction (AG?)

AG° AGY

Reaction coordinate Reaction coordinate Reaction coordinate

=@ a=0.5 U< a<0.5 d>¢p a>0.5



Verification of the Butler-Volmer model: the equilibrium
Equilibrium: i =0 . =g E=E,

nF / nF /
0 = nFAK°[Cy, (0, t)e “RTEea™E°) _ . (0, t)e "R FeaE" )

nk ' nr !
WOCO?C(O’ t)e_aﬁ(Eeq_EO ) =nE ¥Crea (0, t)e(l_“)ﬁ(Eeq_Eo )
\ 1

\ )

' Y
- COX* = CRed*
nk / * / RT C*
eﬁ(Eeq_Eo ) — Cox ‘ Eeq = E° +—l7’l( *Ox)
Red nk Red

Nernst Equation



The exchange current (i)

Equilibrium: i=0 . =10, =i E=E,

nkr o’
i() — TlFAkO nge_aﬁ(Eeq_E ) 4.-\\ substitution
\

levate to —a * —a
nF ' * € _ nr _ o’ C
oRT(Eeq—E") _ Cox ‘ e ORTEea™E") — [ 29X
k
Red Red
. 1—a a ; 0
Exchange current lg = TLFAkOCSx( )C;ed g X k

(bidirectional) o
It reflects the intrinsic rate of the electron transfer

io for a redox couple (k°)

j 0 — —— Exchange current density
Exercise: derive the i, equation from i instead of i_



The current — overpotential relationship

nk ' nF /
i = nFAK[Cox (0, )e “RTEE®) _ (0, )¢ VRTEE))

/

Butler-Volmer

. 1-«x a
Exchange current lO — TlFAkOCSx( )C}ﬂéed

By dividing i/i, and recalling the Nernst equation and the definition of overpotential (n) ...

nF ! *

_ *
CRed

17=E—Eeq

we obtain ...



The current — overpotential relationship

Current-overpotential equation
COX(O t) TLF CRed(O t) (1 a)RTn

; T
L = l()[ C “RT ]
Ox Red
\ ) \ )
Y Y
Cathodic component Anodic component
current (i) current (i)

Current is a function of the potential and the amount of reagent available at the
electrode surface with respect to its bulk concentration

Exercise: derive the i (n) equation



The current — overpotential relationship

- | |
COx (O, t): aﬂn i CRed (O; t): (1_a)£77 :
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The current — overpotential relationship

a=0.5

Bard & Faulkner, 2" Ed., Wiley, 2001
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Mass transfer-

limited current (i)

large n (negative)

400

large n (positive)

i=i,
i.=0

-
-
.‘

I =1,
I,=0
~300 —400
|
""" n, mv

Large n reqgion
the exponential terms are moderated
by the concentration factors

i is limited by mass transport of the reagent at
the electrode surface (limiting i, plateau)



Approximate i-n equation: negligible mass transfer effects

—

No mass transfer
(stirred solution and/or
very low current )

X
COx/Red ~ COx/Red

Simplified Butler-Volmer equation

Exponential curves

No limiting current

Charge-transfer control (kinetics of the
heterogeneous electron transfer is the only
contribution to the overpotential at a given
current)



The effect of the exchange current

j, uA/em?®

(1 a)RTﬂ]
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Bard & Faulkner, 2" Ed., Wiley, 2001



The effect of the symmetry factor

nFr

i =i, [e—“_ﬂ (1 a)RT"]

j, pA/em?®

For a = 0.5, the anodic and cathodic
curves are symmetrical

For o # 0.5, the anodic and cathodic
curves do not have the same steepness

200 150 -100 -150 =200
n, mV
PR
f.-"
s =106 2
e jo=10°A/cm

Bard & Faulkner, 2" Ed., Wiley, 2001




Limiting case: The low overpotential region

[ = io[e RT

For low n values

* Linear relationship between i and n in a small potential range near E., (<100 mV)
* According to the Ohm’s law, the —n/i ratio has units of resistance (i.e. the negative slope
of the i-n curve) and is called as charge-transfer resistance:

n RT
Ree = _? — nFi, R,=20 foriy(k?) => o0




Limiting case: The high overpotential regions

nF nF
For n << 0: P — io[e_“ﬁ" _ J-apg]| o io[e_“ﬁ"]
(cathodic)
. . n¥r RT ~  RT .
lnl=lnlo—aﬁn - nzan—FlnlO_cm_Flnl
_23RT . 23RT
= ankF 29 Lo ankF °9¢
m=a+blogi 23RT | 2.3RT
. a= log i b=-—
J. Tafel (1862-1918) Tafel equation anF anF

(empirical)



The Tafel plots

Log [i[ vs. n plots

(1-a)F
2.3RT

Slope =

jo=10%A/cm?
a=0.5

n=1
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Bard & Faulkner, 2" Ed., Wiley, 2001

* o (from the slope) and i, (from
the intercept) can be
experimentally obtained

 Symmetrical branches for a =0.5

* Linear region of the Tafel plots
takes place at large n

Deviation from linearity
(in low n region, contribution

from backward reaction is not

negligible)



The Tafel plots: some considerations

Linear Tafel relations require a negligible i contribution (less than 1%) of the backward
reaction (i.e. anodic) (large n):

nr
e (1O g7 nF
—— = eRTT < 0.01 [n] >118 mV (n=1, T=298 K)
e “RT"

Linear Tafel plots require the absence of mass-transfer effects on current

Negative deviations from linearity are experimentally observed for very large n, due to
mass transfer limitations

Good Tafel plots are usually obtained for totally irreversible electrode kinetics (sluggish
ET kinetics, large activation n)



Fast electron transfer kinetics (reversible systems)

] F
.L _ [COx(O t) RT" CRed*(OI t) e(l—a)zTﬂ]
Lo Ox Red
very large i, (k°) » L 50 C()x(O, t) :i COx | an—gn (1 a)%n
Lo CRed (O» t) i }ﬂ“\;ed=
¢ UTnF T e £
COX(O' t) — e %(E_EO ) ‘_'/’ : e%(Eeq—EO ) C*Ox i
CRed(O’ t) substitution L___________________R_B_C_l_'
Electrode potential Surface Ox/Red concentration Nernst equation
\ /
RT COx(O' t) * Does not depend on kinetic parameters (ET kinetics
E = EO + —In too fast)

Reversible or nernstian electrochemical systems

Nernst-type Equation (charge-transfer interface always at equilibrium)
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