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Kinetics of Electrode Reactions:
® How to build a model for charge transfer at electrode surfaces?
® \What are the key assumptions for Butler-Volmer equations?

® \What does the n-/ curve look like at small/large overpotentials?

Goal of this lecture: you should be able to answer the questions above by the end of this lecture : )
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In either case, electro-catalytic reaction determines
the performance of cells

Stamenkovic, Markovic et al., Nat. Mater., 16, 57-69 (2017)
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101 SrCoO, OER electrocatalyst in 0.2 M KOH V@ S
Equilibrium potential with fixed [0] =g and [R] =g
g 15 / 0 (concentrations are only evaluated at interfaces):
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The difference between catalysis (chemical) and electro-

W) 2522 catalysis (electrochemical)

Chemical Reaction (rxn) Electrochemical Reaction
(Catalysis) (Electro-catalysis)
A=B O+e =R
A B 0, I R
W
| | e
Reaction rate is determined by Reaction rate is determined by
» Concentration of reactant and product ([A] and [B]) * Concentration of reactant and product ([O] and [R])
* Temperature * Temperature
* Electrode potential (which affects energy of
electrons)

* Concentration of electrons (?) = quantum effect
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Transition State Theory k¢
A<=1B
A kb
A > ke = Afexp(—AGf* /RT)
2 A k, = Abexp(—AGj: /RT)
k v B
‘é Prefactor (or Frequency factor)
B O kT
Erying Equation | 4 = K_Z_
!

Transmission Planck’s constant
coefficient (h = 4.135 x 10~ 5eV /Hz)

O0<k<l1

v

Reaction coordinate®

*

“an abstract one-dimensional coordinate which represents
progress along a reaction pathway” -Wikipedia At equilibrium: | k¢[A] = k;,[B]
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Reaction coordinate
Note: applied electric potential (AE) only changes the

Question: How does applied electric potential (AE)
energy of O + e~ due to the charge of electrons

change the free energy of activation (AGF)?
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ke
O+e ]‘{_ R Note that AE = E — E% is the electrochemical driving force for the reaction
0 a
E% is so-called formal potential ~ [O]x=0= [R]x=0
e
R At equilibrium (E = EY, which means AE is 0) llco = A exp (—AG; /RT) = Aqexp (—AGCqE /RT)
Standard rate constant k°
o "X I S 0 aFAE
Non-equilibrium Forward rxn R =k [O]x=0=k'exp| — BT [0]x=0

(cathodic)

Note: Electrocatalytic reaction only Backward rxn _

happens at the interface (x = 0); (anodic) R = k,[R]y=0= koexp<
We assume mass transport (diffusion)

is fast ([O]x=0=~ [0]x=c)

(1 —a)FAE
- ) [Rl=0
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k.
O+e =R
kq

- Non-equilibrium | — F,f(ﬁ — §) = FAk° [exp (— “ZTA,E) [O]x=0—exp (%) [R]x=o]

Electrode surface area

R
F(E-EY 1-a)F(E-EY ,
I =FAK® lexp (—%) [O]x=0—exp (( o) R(T )) [R]x=0] Butler-Volmer Equation
> X
° "Sanity check”: at which potential E, i = 0?
aF(E — E%) (1—a)F(E —E%) o BT [O]x=0
exp ( RT ) [0]x=0= exp ( RT [R]x=0 eq F ([R]x:O)

Nernst Equation!
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O+e =R
0 a
- We define overpotential as extra driving force compared with E,, Overpotentialn = E — E,,
Io = FAK°([0]520)Y " %([R]=0)® I, : Exchange current
R
aF (E—E®") (1-a)F(E—E®")
P’ lexp (— T) [0]x=0—exp( a — ) [R]x=0]
0
P _ex _aF(E = IS Cox (1—a)F(E — Egq)
= fo [€XP RT p RT Butler-Volmer Equation
I aFn (1= a)Fn (the most common form)
= lo[exp (_ RT ) - exP( RT )]




&# <4 The Butler-Volmer (B-V) equation

WESTLAKE UNIVERSITY

aF(E — E.q) (1—a)F(E — E¢q) Butler-Volmer Equation
I =1Iylexp|— — exp h f
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aF(E — E 1 —a)F(E —E
I =1, [exp (— ( eq)) — exp <( il eq))] Butler-Volmer Equation

RT RT
If E — Eqissmall (e*~1 + x) If E — E.q > 0 (compared with RT /F)
loF 1—a)F(E—E
I = _R_T(E — Eeq) [ = —Iyexp <( )R(T eq))
l _ I F Only anodic current matters
Charge transfer resistance R, = RT
) [ — If E — E,q < 0 (compared with RT /F)
0.5]
S 00 aF(E — Egy)
[=1 —
05 Oexp( RT
%02 —o01 0.00 0.01 0.02 Only cathodic current matters

E—Eeq (V)
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The Butler-Volmer (B-V) equation can be used to describe the kinetics of
charge transfer at interfaces, not limited to electrocatalysts.

. Electrolyte

® FElectrochemical lonic Synapses use redox rxn to tune the conductivity
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® Faradaic current density at interface x (electrolyte/channel interfaces)

is modeled using B-V.

Huang, del Alamo, Li, Yildiz et al., Adv. Mater., (2022)
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Kinetics of Electrode Reactions:
® How to build a model for charge transfer at electrode surfaces?
® \What are the key assumptions for Butler-Volmer equations?

® \What does the n-/ curve look like at small/large overpotentials?

Goal of this lecture: you should be able to answer the questions above now (hopefully) :)
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