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[Gj &M <4 Things we will discuss in this lecture

Frumkin Effect:
® What is the Frumkin Effect? How does the space charge layer affect the kinetics at electrode
surfaces/interfaces?

Marcus Theory:
® \What does the picture of Marcus Theory for charge transfer look like?

® What is reorganization energy and why is it important in the Marcus Thoery?

Goal of this lecture: you should be able to answer the questions above by the end of this lecture :)
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W) &8RS Electrochemical reaction: Nernst equation

Electrolyte O+e =R
diffusion (ion transport)
0 — ; > 0 =
[ ]x—O [ ]x \ Equilibrium potential with fixed [0],=¢ and [R].=¢
e
(concentrations are only evaluated at
electrode/electrolyte interfaces)
R .0 - > [R],=
[R]x=0 - [R]x=co Nernst Equation
diffusion (ion transport)
g p Fog = EY + 2 ln([O]x_O) =E% + 1n([0]x=°°)
! F [R]x=0 [R]x=co
O llm" x l

Fast diffusion



##M <4 The effect of space charge layer on electrode kinetics
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_ Recall the concentration profile in the space charge layer:
C; 4 Space charge region

zep(x)
€+ () = Cieoexp(=— 1)
ze(x)
N c_(x) = ¢; wexp(+ T )
0 A
Recall exchange current I,
; O [lo = FAKY(10]:29) " ([R]x=0)"
> X
O "OO" e

N I, is dependent on the concentrations

___________________________________ o tx =20
. i e 1

U+ Space charge effect (so-called
Frumkin effect)
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Ejj &#M<4 Gouy-chapman case: potential profile

Let’s consider the Gouy-Chapman case with +ze/[-ze defects: 500
zep(x
C; 4 Space charge region p(x) = 2zec; i sinh(— T )
B
i 1 Poisson’s equation
RO d’¢  p() 2zeci . zedp(x)
: e i—IE = —sin )
: SR dx? Eo&r Eo&r kgT
i d¢o 2kpT . zed(x) EoerkgT
| — = — sinh( ) Ap = > >
i dx zel, 2kgT 225 Ci o0 €
: > X
(‘)‘ i "on" 1
b0 tanh(ze¢ (x)/4kgT) X b (x)~x
| = exp(—— _
\ | tanh(ze¢,/4kpT) p( Ap (universal form)

Details in Homework 2, Problem 2
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tanh(zep(x)/4kpT)
tanh(ze¢p,/4kgT) o

X

Ap

Electric field <=t E

€oér
At position x = 0:
do 2kgT zed,
E0) = —— = — inh
() dx zelp > (ZkBT

xX=

Qcore = E0ér zel, ZkBT

ZkBT ] <Z€¢0
sinh

)

d(x)~x

(universal form)

_ Qenc +=> “enclosed charge”

& #M <4 Gouy-chapman case: apply Gauss’s Law to get

core

If ze¢py K kgT, we can

—>| p(x) = ¢poexp(—x/Ap)

linearize the equation by
using tanh x ~ x:

C; 4 Space charge region
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Ejj #&#M <4 Gouy-chapman case: differential capacitance

h blished the correlati 2kpT (29 Problem:
We have established the corre.atlon Qcore = E0&r ®_ sinh : Capacitance goes to infinite
between charge Q.. and potential ¢ zelp 2kgT at high potentials
We can define differential capacitance: | ¢, = dCcore — W zedo Origin:
dog Ap 2kgT Defects are treated as point
charges that can be
C; 4 Space charge region ; infinitely close to the core.
> A d
corew— ' 1
’ Need to consider
! geometry effect
Qcore  * (size of defects)
+ Ci,00
+
+
> > o
X
O "OO"

(point of zero charge)



['Gj &#M<4 Gouy-chapman case: Stern layer
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One must consider the size of defects to solve the capacitance issue:
Stern layer diffuse layer

Ci 4 d Space chargeregion o o 1 1 . 1
corev— ! B C; Cy4

+

+
Qcore -

+

+

+

0 x;
bo linear potential drop

(point of zero charge)




Ejj @# <4 Frumkin effect: the contribution of Stern and diffuse layer
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C; 4d Space charge region k.
: 0-CD 4 e~ & R
corew— —. k
N — Stern layer ' a
+ -ze A (1 —a)FAE
Qcore + Io = FAR = FAky[R]y=x, = FAkOex'p< RT R]x=x,
, TN B
+ : 1"“‘5-3?d{_'ffuse layer
® Concentration effect: | [R]x=x, = [Rlx=c0€Xp(— zF ¢y /RT)
0 E xl "OO"
bo linear potential drop ® Potential effect:
w/o Stern layer: — AE = FE — EY
w/Stern layer:  ——— AF = F — (0" — ¢,
boo
X1 X The Frumkin effect is the combination of both effects from the

change of concentration and potential!



[Gj @# <4 Frumkin effect: the contribution of Stern and diffuse layer
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C; 4d S h ' D
i pace charge region I, = FAR = FAky[R] =y, = FAkOeXP(

(1 — a)FAE
RT Rl

core~—
+ — Stern layer
; [Rlxex, = [Rli=oexp(@F b1 /RT) | |8E = E—E* — ¢,
Q + ‘
core N
Ci o ,
- ' (1-)F(E - B —¢y) 2F
: diffuse layér\ Iy = FAkOexp( — [R]v—esexp(—)
0 i xl "m" .
t . (1 —a)F(E-E?)
bo » linear potential drop = FAk"exp RT [R]x=co
P,y (z—(1—a))F¢,
| exp( BT )
s Poo
2 - * !

Modification from Frumkin effect



An example: hydrogen oxidation rxn (HOR) at Pt/BZY

W) Z25T interfaces

A A BZY = BaZro_gYo_103_X H,0 + V, + 05 = 20H,
Positively charged core |
- i He
& & Inner interface ) ,’::.,{
& Electrochemical rxn: H,;. = OH, + e’
= | s ads (0)
= - I TS
£ o) | =
o o E
e H* b =
= - - Formation of oxide ion vacancies Introduction of protons
g 2 Undoped BaZrO, by substituting Zr(1V) with Y(111) through hydration reaction
=
8 i
— -~ Water vapor
E E Substitute Y. -0
2 2 Zr(IV) with Y(II1) L 4
S Bulk = -
= Space charge layer
. u f— X A ¥ :
1 X= Xz = X1+)~. - Oxide ion vacancies Protons (H")

Courtesy of Prof. Donglin Han (Soochow University)

Chen et al., J. Mater. Chem. A, 2020, 8, 1256612575



An example: hydrogen oxidation rxn (HOR) at Pt/BZY

W) Z25T interfaces

% i BZY = BaZr,,Y,.0,., H,0 +V; + 0% = 20H,
Positively charged core |
BZY .
P H
&_ & Inner interface £y
AR & ~ . . Homo = OHy 1 ¢
g - [ [
o Y o
z 2 ® Due to the positive space charge core, the proton (OH)
E = concentration at x = x; becomes depleted;
s £
2 E ® This will lead to a modified exchange current density due
< ~ Spacechargelayer  Bulk to the Frumkin effect.
B PeEn "
m— - A
X =X X = X, = X, +h _ 0 : 1-ag @
> X Exchange current Ip=FAk ([OHO]x=x1) H.H

l 1

modified proton conc.  H surf. coverage

Chen et al., J. Mater. Chem. A, 2020, 8, 1256612575
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Microscopic picture of charge transfer

W

Outer Sphere Reaction

Fe(CN)3t+e™ — Fe(CN):*

Qﬂf\/%%

A K l"i'

The reactant (and the product) does not interact .
with the electrocatalyst surfaces;

The original coordinate sphere maintained
during the electrochemical reaction. g

Inner Sphere Reaction

O,+4e+2H,0 2 4OH-

1 ~

‘OH

. l

The reactant, product and the intermediates
interact strongly with the electrocatalyst
surfaces;

The original coordinate sphere greatly changed
during the electrochemical reaction




[Gj & <4 Marcus theory: basic assumptions
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- £ Assumption: the free energy curves have quadratic form as a
O+e =R . .
function of rxn coordinates.

t % 1

® § AGo(q) = Ek(q —qp )* Quadratic (harmonic oscillators)
5 o

Q Ly

B Q. 1 »p W .

= AGn () Ek(q — qr )2+AGO q: vibrational coordinate

A 1
R Define reorganization energy | 1 = Ek(QR —qp )?
\ N4 170

0+ e‘\ AG®

Gibbs free energy

Rudolph A. Marcus

The Nobel Prize in Chemistry 1992

v

“for his contributions to the theory of electron
transfer reactions in chemical systems”
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W) 5% Marcus theory: cross-over point
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ke
_ e 1
O+e b R AGp(q) = Ek(q — qo )* Quadratic (harmonic oscillators)
a
R AG — k(g — 241 AGO q: vibrational coordinate
o ;&n r(Q) =5k(q—qr)
o))
S
% o Electron jumping from Reactants (O + e ™) to Products (R) must occur
Eﬁ % < at cross-over point because of:
()]
c
by y) ® Frank-Condon principle. Electron transfer occurs so rapidly (in a
£ R vibrational frequency) that no change in nuclear configuration
a4 + can occur during the transfer. This requires that the transferis a
A
3 \ AN § Al vertical line in the diagram.
0 + e‘\ AG®
| * ® Conservation of energy requires that the transition is a
R horizontal|line on the diagram

dGo 9 ar l l

Cross-over point




[Gj ## <4 Marcus theory: the expression for the barrier
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O+e r-‘ R
A 'Iiln
3 S
3 S
& Q
5 \ b
()]
3
v A
Y
= R
- {aG;
G)
0O+e” AG®
4% qF ar
Define reorganization energy | 1 = Ek(CIR — qo )?

1
AGo(q) =5 k(a —qo )?

Quadratic (harmonic oscillators)

1 . _
AGgr(q) = Ek(q — gg )2+AG° q: vibrational coordinate

Atg = cflE (where the two parabolas intersect)

1 1
Sk(@¥ — 40)?= 5 k(g¥ — g )*+A6°

+ AG°/k
t_9rtd0  AGC/

2 qdr

1 1 g¢
AGE=—k(q* - qp)?= S ("

11

=Z[Ek(QR

pci=t 4250

— do

_q0+ AGo/k 2

2 dr — 9o
2AGO

—q0)?](1 + )?

k(qr — qo )*

AG°
act =2 A=)




@ &M <4 Marcus theory: symmetric coefficient
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+ A AG°, A F(E-E%,
AGep=7At—)'=70xt——F)

A _L’} 1
é’ Reorganization energy | A = > k(qr — qo )2
S
§ + The energy required to transform the nuclear configurations
% in the reactant to that in the product
$ —
&= R 0O+e
3 £ aGH \/ , 10A6F 1 YE-£%
) i 0 = = = =
AG® /| (1-a)FAE F OE 2 24
v /
N FAE Il\ | T Symmetric coefficient a is
qo qu qr ’/ \ R poter,tial-dependent predicted
; by using Marcus Theory
Reaction coordinate




['Gj &M <4 Marcus theory: inverted region
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5 | Rxn barrier height
/ / ®

More negative AG? (or E)

AG
AG*

, o
More negative AG° (or E) ' ,
Rxn Coordinate AG°

® InB-V egn., rxn rate change monotonically with E (AG® = F(E — EY));
® Marcus theory predicts the existence of an inverted region, i.e., although AG® becomes more negative, the

barrier (AG*) does not change monotonically.
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x X X
‘ P | Pz [ P ‘ A
S
/ AN S AN AN AN N
N, | Nz N, ‘ N N, l N~ N, | N A
“Ru “OsL 08 o8l
Z N/| Sy 7 N/‘ Wz 7 N/| A cdh'e
w1 N o, K SN S
® ® ® -
\ ) | = 1I = 111 = 1A%
® >
\ N R 7 ” x L. > \
\ N = N = W [
\N,,,l|_\\N/ N | N AN N AN 7S
/03\ S "'v-,,_o B Z SN, | N N, ‘ Nz
/=N NF e 5\ s ;Os"
NS |L | NH/\j | wF I N/\:)N | | =
(/J N = (/N & NA (,N_/7 L NH, (/N J
v oM Vi vl > vin

-10—'16 4

I &@#x4% Marcus theory: inverted region
W )4 8

\N

AG

AN

N

10-‘18 4

ke, (cm"l 3'1)

More negative AG°

)
o
3

)

Rxn Coordinate

Marcus theory predicts the existence of an inverted region, i.e., A=0.67¢eV
1020

although AGY becomes more negative, the barrier (AG*) does

] 0.2 0.4 0.6 0.8 1.0 1.2 1.4
not change monotonically.

-AG” (eV)

Hamann JACS, 2005, 127, 7815-7824



Ejj &#M<4+ Go quantum...
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Chemical Reaction (rxn) Electrochemical Reaction
(Catalysis) (Electro-catalysis)
A=B O+e =R
A B 0] I R

Reaction rate is determined by Reaction rate is determined by
* Concentration of reactant and product ([4] and [B]) * Concentration of reactant and product ([O] and [R])
* Temperature * Temperature
* Electrode potential (which affects energy of
electrons)

* | Concentration of electrons (?) = quantum effect




Marcus-Hush-Chidsey Theory: the effect of charge carrier

W) Z723 distribution

Density of states (DOS) Marcus theory
0 I R fle) +» +00 ? 2
— (e—2te(E—-E®)
S o fea = f ST 42kpT
unoccupied “oo
states 1 e
: E—&p
1+ exp T
® Up to now, we have largely ignored  rormilevel |
the details of electrons in kinetics; £n Fermi-Dirac
® The availability of electrons (or
electron holes) should have a large
impact on electrode kinetics AGO 1 e(E — E%)
—(1 t—)= (1t ——)?
® Fermi-Dirac distribution is used for occupied

description of electron/hole density. states




Marcus-Hush-Chidsey Theory: the effect of charge carrier

W) Z723 distribution

_ Marcus theory
Density of states (DOS) ?
+0od
f& 1 o f (e—A+e(E—E%)
%0 = =4 4AkyT
unoccupied o 1
states ; c—¢; de
\ S + exp( %ol )
E,+A |
Fermi level
k Fermi-Dirac

®
€F Y o S E,

occupied
states

Chidsey, Science, 251, 919 (1991)



Marcus-Hush-Chidsey Theory: the effect of charge carrier

W) Z723 distribution

® Marcus-Hush-Chidsey (MHC) theory predicts a flattened In / ~  curve Marcus theory
(no inverted region for metals) ros T
® |nverted region only exists when there is a bandgap (semiconductors) " (e —A+e(E - EO))Z
o | G = j 2T 40k, T
k S wn BV S} T
| — MHC = de
gl I L I ] —
T Marcus ,E 1 + exp( = )
6 N ] |
Fermi-Dirac

In/{]

Chidsey, Science, 251, 919 (1991)

Zeng, Bazant et al., Journal of Electroanalytical Chemistry 735 (2014) 77-83



['Gj & # 44 Marcus-Hush-Chidsey Theory: application in solid state

WESTLAKE UNIVERSITY

® MHC theory was used to describe the electrode kinetics of Li* intercalation into LiFePO,;
® The electrode kinetics obviously deviates from B-V kinetics at higher overpotential. ‘ d \

/\‘
€s

—'45 I I I a I I I I I I T I R 1 1 1
. "' -

-~ . "
£ 14 Best fit by Marcus < Lithium ion
-5 A . R S . N al— 4 /
s
S
=
55 ~ ~ 12 fag o

. 10 gop
4 Best fit by MHC
T -85 o5 i
= d/nm
= 7 |
-7.5 - BV 2=0.5 .
- — - MHC /=135
-8 —— MHC /=83
A - — - Marcus A=13.5
-8.5 —— Marcus /=83 1 LiFePO, crystal | Carbon | LiPFg electrolyte €s
<]
| 1 1 1 1 1 = 1 1 1 1 1 | 1 1
16 -14 -12 -10 -8 -6 -4 -2 0 2 4 6 8 10 12 14 16
n
. e? 1 1 1 1 _
A = Ay + A;y — reorganization of A=Ay = Sme kT (a — Zd)(e — e_) Born Energy of Solvation
1 reactant (short-range) 0 B/ 0 1 op s
reorganization of solvent radii of reactant “Jump distance”

Bai, Bazant, Nature Communications (2014)
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[Gj &M <4 Things we have discussed in this lecture

Frumkin Effect:
® \What is the Frumkin Effect? How does the space charge layer affect the kinetics at electrode
surfaces/interfaces?

Marcus Theory:
® \What does the picture of Marcus Theory for charge transfer look like?

® What is reorganization energy and why is it important in the Marcus Thoery?

Goal of this lecture: you should be able to answer the questions above now (hopefully) :)
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End of Lecture | |-12
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