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Heterogeneous redox reactions
Ox + ne = Red e.g. Fe3*+e=Fe2*
Reactions occurring
on electrode Rate (mol/s) _ d_N _ L [A/cm?] current density

surfaces dt nk’ [mol/cm?2s]

F =96485 C/mol = 96485 As/mol

-
Cathodic current: current in which electrons cross the
(\ interface from the electrode to a species in solution
O AN,
I. =nkF
dt

Anodic current: current in which electrons flow from a

e solution species into the electrode
AN Reg
I, =nF——°
dt

At equilibrium, the net current is zero
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Factors affecting electrode reaction rates and current?
kf

Ox + ne = Red e.g. Fe¥*+e f Fe?*
b

= Mass transfer of species from the bulk to the
o- electrode surface (k)

( 0 " Electron transfer at the electrode surface (k,)

’ = Chemical reactions preceding or following the
electron transfer.

= QOther surface reactions e.g. adsorption, desorption,
crystallization (electrodeposition).
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Polarization curves, current-potential curves

» Information about an electrode reaction is often gained by determining
current as a function of potential, /-E curves called polarization curves

n= E - Eeq
(a) Ideal non-polarizable electrode (b) Ideal polarizable electrode
I I
Eeq
E E
Potential of an electrode nearer to its equilibrium. Large change in potential upon the

Potential does not change upon passage of current  passage of of an infinitesimal current
Short circuit Capacitor
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Current-potential characteristics (Butler-Volmer equation)

/
—anF(E—-EY)

A Cox(O, t)e( RT ) — CRed(07 t)e<(1a)”g%EE0/))]

Anodic current

When the concentration in the bulk is \ n=Et-kE,

the same as at the electrode surface

(no mass transfer effects) o.«;‘
Q
~E
_ (b _ B £
Cox =C OX. Cred =C red -
F
2
When the overpotential 77 is very 8
small, and the electrochemical = N
system is at equilibrium, e* = 1+x, § sk io - exp |~ 1)
I = Rct_l n -8 ! / ] 1 !
-0.10 -0.05 0.00 0.05 0.10
R _ RT Potential [V]
ct — l,, exchange-current
nFIO

Cathodic current 5
Iy = FAK'C|



M universitat

Innsbruck
Electrode reactions at equilibrium
kf
Ox + ne = Red
kb
» At equilibrium, the net conversion rate is zero:
keC e
Rate of th d tion Vf = =
ate of the forward reaction Uy JAZer: A
I,
Rate of the backward reaction Uy — k‘bC Red =
nFA
> Constant concentration ratio at equilibrium: ﬂ _ CRed

kv  Coux



M universitat
innsbruck

System at equilibrium at standard conditions

kf
Ox + ne = Red
s Upet = 0 — v = vy

At 1 atm, 1M, 25°C

Vf = Uy — kaOx — kbCRed

> WhenC,, =C,,,

ki = ky = ko k, standard rate constant

k 2> cm/s
Activation ener
E/ gy
—ba
Rate constants follow an Arrhenius equation - k = Ae RT E, > AG
/ standard free
—AGE —ach Frequency factor enerey

kf = Afe RT kb — AbeT



M universitat

innsbruck
» EquilibriumatC,=C., [ &N _
formal potential = E” : - T
Gy
» Potential different than E,, § AG, J
AG = —nFAE =

AGE = AG + aF(E - EY)
AGE=AG) —(1—a)F(E—-EY)

—AGH —AG
kf — Afe RT ky, = Ape ET
0 —nFa(E—EO/)
kf p— k‘ (& RT
0 nF(1—a)(E—E9)

kb — e RT - , )
Butler-Volmer equation Reaction coordinase
—anF(E—EY) (l—a)nF(E—EO/)>

[ = FAK® COx(O,t)€< o ) — CRed(Oat)e< - 8

Standard free energy
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o — transfer coefficient

1
a>2

...."

Reaction coordinate

Figure 3.3.4 The transfer coefficient as an indicator of the symmetry of the barrier to reaction.
The dashed lines show the shift in the curve for O + e as the potential is made more positive.
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Reduoion e Oridalion
|
Potential corresponding to the
Na(Hg) Na'+e R,
equilibrium
|
T—_—bm
g At a more positive potential than
g Na(Hg) the equilibrium value
Na*+e o

At a more negative potential than
the equilibrium value

< Amalgam SOIHION i
10
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At equilibrium

Butler-Volmer equation:

Cor (07 t)e ( —anFl(E{]_;—EO,) ) ) CRed(()’ t)e ( (1—a)n£§FE—EO’) ) :|

I = FAK°

|=0>E=E,,

- - EY | — a)nF(Euqy — E”
FAkOCoa:(O,t)exp< OmF(}E{;:] b )> — FAkOCRed(O,t)exp<( a)n R(T el )>

Since equilibrium applies,
the bulk concentrations of O and R are found also at the surface

RT COa;
nkF CRed

e, =E" + —

Nernst equation

When o = 0.5,
1=0=1—1. 21 =1 =1, C.oy=C,,

Iy = FAkOC*(l a)CRed Exchange current Iy = FAK'C

11
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Current-potential characteristics (Butler-Volmer equation)

—anF(E—EO/) (1—a)nF(E—EO/)>

I =FAK° COx(O,t)e( o ) — C’Red((),t)e( RT

o _ Anodic current
When the concentration in the bulk is the

same as at the electrode surface (no
mass transfer effects)

Surface  — (Bulk
C Ox ~— C )

Surface — (Bulk
X. C I Red ~— C

red

When the overpotential 17 is very
small, and the electrochemical
system is at equilibrium, e* = 1+,
I=R:*n

~RT
¢ nFIO

Current density | [mAcm'2]

w1 ")

-6 i Ji b '
/ | 1 ]

-0.10 -0.05 0.00 0.05 0.10

'
[oe]
F

Potential [V]

R

l,, exchange-current
Cathodic current 12
Iy = FAK'C| a=05
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Microscopic theories of charge-transfer

» electron transfer reactions of coordination compounds (Marcus theory)

Outer-sphere

\\ Z

Electrode Solvent

Reactant and product do not interact
strongly with the electrode surface.

Reactant at the electrode surface is
essentially the same as in the bulk

Inner-sphere

The ligand adsorbs on the
electrode and bridges to the
metal, stronger interaction
with the electrode surface.
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Vanadium electrolytes — affected by oxides

Vanadium electrolyte — sensitive to carbon surface chemistry

pre-oxidized carbon — more reversible

Toni’s work: VO2Z*(IV) / VO,* (V)

iy » e st

B |
?‘Ee. ‘J j‘y

o J

5 9

(b) [VO(H:0)s] () [VOs(H:0)] (d) [VO(H:0);]
-0.009
Potential (V)
Discharge o4
+ + _ g N 24
VO.+2H +¢ ————=VO0* +H,0

[ BP-unmodified Charge
’-‘E 28
o
<
E of
- O-H O\

2 e i +VO* w | V=0 +

v3+ N y2+ + + + 3MH,SO,
54
BP(O)-modified O-H o

—_ VSt . yé+
VE 27
(&}
s

27k —— 1M VOSO, in 3M H,$0, '.O.H + VO = ',o.v.(y + H

-+ + 3MH,SO,
-54

https://doi.org/10.1016/j.jpowsour.2019.02.083. https://doi.org/10.1016/0013-4686(92)85064-R.
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Ferro/ferricyanide complex - not affected by oxides

p— N _4- |N” 73_
< - - Il
[Fe(CN)g]* = [Fe(CN)g]*~ + e I N
N =N §C |+||| Cé
SCo o€ = /Fe + e
?C/ Cs N >
N | N NéC (l; C§N
C
[ Il
| N _ N
—5mv/s — 10 mV/s — 50 mv/s —100 mv/s

0.0004

Current (A)

Potential (V) e
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Mass-transfer effects

Ox + ne = Red e _— Convection/
diffusion migration :
advection

j I |
f | . | | i

Surface Bulk
C I Ox;t C OX.

J, =—D.;VC ~_D.C.V Cv
CSurfaceRed + CBU/kred J J J —I_ RT 1% ¢ _I_ ]
Excess of supporting electrolyte — no
migration
V =0 =2 no convection, no advection
CBqu
(0).¢ .
v (CBulk aCJ _ ﬁj’
g oV
o Linear diffusion, planar electrode:
ICox, 1) 3°Cox, 1) ICrXD _ 9*Cg(x, 1)
ot - DO axz ot R axz
Flux of Ox and Red species Colx,0)=Cg Crx,00=0
J oy Jo, (Mol / cm?s) lim Co(x, 0= C3 Jim Crx,n=0
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Mass-transfer controlled reactions

Cbulk

Extrapolation of initi
concentration

Actual concentration

Al
-surfacg

S Distance from electrode

distance from electrode . .
Nernst diffusion layer

CSUF ace = O
J — nFAD(Cbulk — Csurface) fﬁ IL _ nFADCbulk

5 o)
k.: mass transfer
coefficient (cm/s)
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Mass-transfer controlled reactions

Ox + ne = Red | — E curves
Cproy (t=0) = C,, (t=0)
CR d(tzO) = O 120 + - .
Cathodic €
: . £
i £
. | 9
l E1/2 E 8
(=) —>
Anodic Potential (mV vs E°)
_ Bulk Surface  — k_mass transfer
= niA km'ox o O =0 cgefficient oc yb
- Bulk Surface —
ll,a = nFA km/Red C Red. C 7 Red =0

In RDE oc %>

18



Rotating disc electrode (RDE)
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Rotating disk electrode (RDE) to determine the diffusion coefficient, D, for
reversible, quasireversible, and irreversible redox systems

D) Cathodic Limiting
Current, i,

Current

_,/_/V
\\A

al

Potential

Levich-equation: Cathodic limiting current,

the kinematic viscosity of the fluid (measured in cm?/s).

(@)JO+e—R (b)

Limiting Current

Slope =
0.62nFAD?3 y -1I6C*

(Angular Velocity, w)'2

i .= 0.62nFAD?3y -7 "2C* where v is

~ 1.61 D°VV°

0 -
0
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Electrochemical impedance spectroscopy (EIS)

/10 mV

Ecs +0E sin(2nft)

/ V\ { +Input LTI system outeut
R AV

eq

lss "‘5’ Sin(2l7ft"'¢)

» When the overpotential nis very small (small perturbation), electrochemical
system is at equilibrium, and relevant mathematical equations are transformed
in linear forms:

eX = 1+,

It)=R*n )

» Capable of characterizing processes with different time constants.



M universitat
innsbruck

Electrochemical impedance spectroscopy (EIS)

Eec +0E sin(2nft)
Output

Input
|f E ; T LTI system

lss+61 Sinnft+d)

log|Z]

[Rr_]

log f

-ImZ

5.,

0
0

0
Re Z

» Very fast process: > kHz: ohmic drop Ry,
» Fast process: From kHz to Hz frequencies: charge-transfer controlled reactions

By = nkF'ly - ’TLQFQCA]{O I—> ch

log f

RT RT

arge-transfer rate constant k

» Low process: At low frequencies < mHz : mass-transfer controlled reactions

Ry,

_ RT RT
- nFI, n2F2CAk,, —

mass-transfer coefficient k,,

21
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Electrochemical impedance spectroscopy (EIS)

» Rotating disc electrode

5t Qirpm=0
g / - 400}
£ N
o 0 E
E - 0
- . y
-5k 7 7
0 0.2 0.4 %
(E-EOW Re ZIQ

https://www.biologic.net/topics/the-easy-way-to-d-the-diffusion-coefficient/
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Thank you for your attention!
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