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Kinetics of Electrode Reactions

   v = i/nFA

 v – net rate of an electrode reaction.

 However,

 Reaction rate is a function of potential, need 

potential-dependent rate constants to 

describe interfacial charge-transfer 

dynamics.
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Kinetics of Electrode Reactions
Homogeneous Kinetics
    

    A→B

  vf  = kfCA   vb = kbCB

   vnet = kfCA - kbCB

At equilibrium:kf/kb = K = CB/CA, there is a 
constant concentration ratio.

At equilibrium, the rates are equal, and 
defined as exchange velocity, vo:

   vo = kf(CA)eq = kb(CB)eq
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Kinetics of Electrode Reactions

Arrhenius Equation

Rate constants vary with temperature, where 

ln k is linear with 1/T.

  k = Ae-EA/RT (Arrhenius eq)
EA – activation energy A – frequency factor (attempts to surmount 

     barrier)

Use reaction coordinates vs potential energy 

to show barriers.

Height of maximum defined as activation 

energy, EA,f or EA,b
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Kinetics of Electrode Reactions

  k = A'e-G‡/RT 

G‡ – standard free energy of activation
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Kinetics of Electrode Reactions

 k =  kT/h e-G‡/RT

  – transmission coefficient

 k – Boltzman constant

 h – Planck constant

(equation used for calculating rate constants by the transition 

state theory or activated complex theory)
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Kinetics of Electrode Reactions

For an electrode reaction, equilibrium is characterized by the 

Nernst equation

   O + ne → R

 E = Eo' + RT/nF ln [CO*]/[CR*]
 

 (links electrode potential to bulk concentration)
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Kinetics of Electrode Reactions

Tafel Equation

   i = a'e/b'

 – overpotential   = a + b logi  (Tafel)

 vf = kf CO(0,t) = ic/nFA

 vb = kb CR(0,t) = ia/nFA

vnet = vf – vb = kf CO(0,t) – kbCR(0,t) = i/nFA

i = ic – ia = nFA[kfCO(0,t) – kbCR(0,t)]

(note – here are surface concentrations, i.e. heterogeneous)
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Kinetics of Electrode Reactions

Butler-Volmer Equation

Need to predict how kf and kb depend on potential.
Potential of electrode strongly affects the kinetics of the reactions 

occurring on the surface.

Effect of Potential

For electrode reaction

  Na+ + e- → Na(Hg)

At equilibrium, the graph is symmetrical

If potential is more positive, the energy of the reactant electron is lowered 
and barrier for oxidation is lowered.

If potential is more negative, barrier of reduction is lowered.
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Kinetics of Electrode Reactions

For O + e → R, the standard free energy 

profile at Eo' and new potential E from 

Eo' show an energy change in G‡

This energy change = 1 - 

 – transfer coefficient (can be 0 to unity)
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Kinetics of Electrode Reactions

Ga
‡ = Goa

‡ – (1 - ) F (E – Eo')

 Gc
‡ = Goc

‡ +  F (E - Eo')

 At Eo' – the forward and reverse rate 

constants are equal and can be defined as 

the standard rate constant, ko.

CHEM 5390



Kinetics of Electrode Reactions

 kf = ko exp[- f (E – Eo’)]

 kb = ko exp [(1 – ) f (E – Eo’)]

   where f = F/RT

The current-potential equation is then:

i = FAko [CO(0,t) e –f(E – Eo) – CR(0,t) e (1 – )f (E -Eo')]

Butler-Volmer equation for electrode kinetics.
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Kinetics of Electrode Reactions

Standard Rate Constant

ko is a measure of the kinetic facility of a 

redox couple. 

A large ko - (1-10 cm/s) - system achieves 

equilibrium on short time scale.

A small ko – (10-9 cm/s) - system is sluggish.

Even if ko is small, kf and kb can be large if a 

potential extreme of Eo' is applied. (drive the 

rxn by supplying the activation energy electrically)
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Kinetics of Electrode Reactions

Transfer coefficient

 – measure of the symmetry of the energy 

barrier.
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Kinetics of Electrode Reactions

Transfer coefficient

If the intersection is symmetrical:

  =  and  = ½

If not symmetrical: 0 <  < ½ or ½ <  < 1

Usually between 0.3 to 0.7

 is potential-dependent, but usually 

experiments are in the range where it is 

constant.
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Kinetics of Electrode Reactions
Exchange current

Assume one step, one-electron process.

At equilibrium, net current is zero.

 (e0=1)

 Eeq = Eo' + RT/F ln CO*/CR*

 io = FAkoCO*(1-) CR*

 io proportional to ko

 io = FAkoC where CO* = CR* = C

Exchange current density, jo = io/A
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Kinetics of Electrode Reactions

Exchange current

io is easier to work with than ko since it can be 

used with potential.

  = E – Eeq    – overpotential
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Kinetics of Electrode Reactions

Exchange current

Current-overpotential equation modeled by figure 
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Kinetics of Electrode Reactions

Exchange current

Where i levels off is at extreme of  and 

limited by mass transfer. 

In between dominated by heterogeneous 

kinetics.
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Kinetics of Electrode Reactions

i –  equation

No mass transfer conditions:

Solution is stirred, or currents are very low, 

keep surface concentration close to bulk 

values.

 i = io[e
-f – e (1-)f]
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Kinetics of Electrode Reactions

i –  equation
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Kinetics of Electrode Reactions

i –  equation
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Kinetics of Electrode Reactions

i –  equation

Tafel Behavior at Large 

At large overpotentials either term becomes 

small and  drops out of the equation.

Ex: At large negative overpotential

 exp(-f)>> exp[(1 –)f]

  i = ioe
-f

CHEM 5390



Kinetics of Electrode Reactions

Tafel conditions hold when the back reaction 

contributes less than 1% of the current.

When electrode kinetics are sluggish and  is 

needed, good Tafel relationship can be 

seen (irreversible kinetics).
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Kinetics of Electrode Reactions

Tafel Plots

Plot of i vs  – evaluates kinetic parameters

Has an anodic branch with slope = (1-) F/2.3RT

And cathodic branch with slope = -F/2.3RT

The y-intercept = log io

Tafel plots used to obtain io and 
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Tafel Plots
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Kinetics of Electrode Reactions
Tafel Plots

Example: Tafel Plot for Mn(IV)/Mn(III)
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Kinetics of Electrode Reactions

Tafel Plots

Deviations at large  is from mass transfer 

limitations.

Deviations at low  occur because back 

reactions are no longer negligible.

CHEM 5390



Kinetics of Electrode Reactions

Exchange Current Plots

Another option to obtain .

logio = log FAko + logCo* + (f/2.3RT) Eo’ – 

(F/2.3RT) Eeq

Plot log io versus Eeq at constant Co*

Slope = -F/2.3RT
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Kinetics of Electrode Reactions

Reversible Behavior

 In a case where electrode kinetics require a 

negligible driving force, having a large 

exchange current, and large standard rate 

constant, ko:

 E = Eo' + RT/F ln CO(0,t)/CR(0,t)

 No kinetic terms, since kinetics are fast. 

The system is always at equilibrium and a 

reversible system (nernstian).
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Kinetics of Electrode Reactions

Multistep Mechanisms

Rate-Determining Electron Transfer

 In chemical kinetics with several steps in 

a reaction there is one step that is the 

rate-determining step (RDS).
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Kinetics of Electrode Reactions

Multistep Mechanisms

 Ex: O + ne → R

 O + n'e → O'

 O' + e → R' (RDS)

 R' + n"e → R

 n' + n" + 1 = n

i = nFAko
rds[CO'(0,t) e-f(E-Eo'rds) – CR'(0,t) e(1-)f(E-Eo'rds)]
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Kinetics of Electrode Reactions

Multistep Mechanisms

 If for a multistep process, the overall 

process is at equilibrium, then all the steps 

in the  mechanism are at equilibrium and 

the Nernst equation still holds.

  Eeq = Eo' + RT/nF ln CO*/CR*
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Kinetics of Electrode Reactions

Quasireversible/Irreversible Multistep Processes

 If a process is neither nernstian or at equilibrium, 

must derive kinetic equations from results of 

electrochemical experiments.

 Some examples of these multistep processes are:

 -one electron process coupled only to chemical 

equilibria

 -totally irreversible initial step

 -rate-controlling homogenous chemistry
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Kinetics of Electrode Reactions

Microscopic Theories of Charge Transfer

Basic Concepts

 Inner-sphere electron-transfer reactions – 
strong interaction of the reactant, intermediate, 
or products with the electrode (adsorption).

 Electrode material, specific chemistry, and 
interactions are more important in inner-sphere 
reactions.

 Outer-sphere electron transfer reactions – the 
reactant and product do not interact strongly 
with the electrode surface.
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Kinetics of Electrode Reactions

Microscopic Theories of Charge Transfer

Basic Concepts
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Kinetics of Electrode Reactions

Marcus Microscopic Model

Theory Assumptions

 -With an outer-sphere electron transfer, the 
electron must move from an initial state (on the 
electrode, or species R) to a receiving state (in 
species O or on the electrode) of the same 
energy. 

 This is called an isoenergetic electron transfer.

 -Reactions and products do not change their 
configurations during electron transfer. Based on 
the Franck-Condon principle (nuclear momenta 
and positions do not change on the time scale of 
electronic transitions). 
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Kinetics of Electrode Reactions

Marcus Microscopic Model

Theory Assumptions

 For Fig 3.3.2, goal to derive equation for 

G‡, standard free energy of activation as 

a function of structural parameters of the 

reactant to obtain a rate constant. 
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Kinetics of Electrode Reactions

Marcus Microscopic Model

  kf = KP,O n el exp (-Gf
‡/RT)

Gf
‡ – activation energy for reduction of O

KP,O – precursor equilibrium constant (ratio of 
reactant concentration in reactive position at the 
electrode to the concentration in bulk solution), 
called the precursor state.

n – nuclear frequency factor (s-1) – frequency of 
attempts on the energy barrier (associated with 
bond vibrations and solvent motion)

el – electronic transmission coefficient (related to 
probability of electron tunneling) is at unity 
when reactant is close to electrode.
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Kinetics of Electrode Reactions

Marcus Microscopic Model

The standard free energy of the system can be plotted versus 

the reaction coordinate, q.

Reaction coordinate – relative position of atoms (i.e. 

reactant, product, solvent).

Assume:

 -the reactant, O, is constant at some fixed position with 

respect to the electrode or some other reactant.

 - the standard free energies of O and R, GO
o and GR

o, 

depend quadratically on the reaction coordinate, q.
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Kinetics of Electrode Reactions

Marcus Microscopic Model

 GO
o(q) = (k/2)(q-qO)2

 GR
o(q) = (k/2)(q-qR)2 + Go

qO and qR – are values of the coordinate for the 

equilibrium atomic configurations in O and R

k – proportionality constant (force constant for 

change in bond length)
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Kinetics of Electrode Reactions

Transition state q‡ – 

where O and R 

have same 

configuration 

(Franck-Condon 

– electron 

transfer occurs 

here).
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Kinetics of Electrode Reactions

Marcus Microscopic Model

Free energies at the transition state are:

 GO
o(q‡) = (k/2)(q‡-qO)2

 GR
o(q‡) = (k/2)(q‡-qR)2 + Go

Since GO
o(q‡) = GR

o(q‡) 

 q‡ = (qR + qO)/2 + Go/k(qR –qO)

Free energy of activation for reduction of O is:

 Gf
‡ = GO

o(q‡) -GO
o(qO) = Go

o(q‡), 

where Go
o(qO) = 0 
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Kinetics of Electrode Reactions
Marcus Microscopic Model 
Substitution for q‡ gives:
Gf

‡ = k(qR - qO)2/8 [1 + 2Go/k(qR –qO)2]2

Define (k/2)(qR - qO)2 =  to give:
Gf

‡ = /4(1 + Go/)2 (for homogeneous)
Gf

‡ = /4 (1 + F(E-Eo)/)2 (for electron reaction, 
     heterogeneous)

Other considerations, such as energy of ion pairing 
and electrostatic work can be included in the 
equation.

Gf
‡ = /4[1 + (Go – wO + wR)/]2

Gf
‡ = /4 [1+ (F(E-Eo) – wO + wR)/]2
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Kinetics of Electrode Reactions

Marcus Microscopic Model 

 – reorganization energy – represents energy 

necessary to transform nuclear configurations 

in reactant and solvent to the product.

    = i + o

i - contribution from reorganization of species O

o – contribution from reorganization of the 

solvent
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Kinetics of Electrode Reactions
Predictions of Marcus Theory
 -rate constant of electrode reaction computed 

from  and preexponitial term but in practice is 
difficult.

 -predicts   value and that it is potential 
dependent.

 -predicts rate constant for homogeneous and 
heterogeneous reactions.

 -gives qualitative predictions of reaction 
kinetics.

 -predicts existence of an “inverted region” for 
homogeneous electron-transfer reactions (Ch.18)

 -predicts probability density of states.
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Kinetics of Electrode Reactions
Model from Distribution of Energy States
Alternative theoretical approach to 

heterogeneous kinetics is based on the 
overlap between electronic states of the 
electrode and reactants in solution. (useful 
for semiconductor electrodes) (Ch. 18)

Electron transfer can take place from any 
occupied energy state that is matched in 
energy, E, with an unoccupied receiving 
state.
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Kinetics of Electrode Reactions

Model from Distribution of Energy States
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Kinetics of Electrode Reactions

Model from Distribution of Energy States

At absolute zero, the highest filled state is the 

Fermi level, EF.

As potential changes, Fermi level moves 

toward higher energies at more negative 

potentials and lower energies at more 

positive  potentials.
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Kinetics of Electrode Reactions

Model from Distribution of Energy States 

Reorganization energy,  – (energy 

necessary to transform the nuclear 

configuration in the reactant and the 

solvent to those of the product) has a large 

energy effect on the predicted current-

potential response.
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Kinetics of Electrode Reactions

Model from Distribution of Energy States 
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Kinetics of Electrode Reactions
Tunneling Theory

Describes if a solution species can undergo electron 

transfer at different distances from the electrode.

Tunneling – act of electron transfer between states.

Probability of tunneling is proportional to exp(-)

 – distance over which tunneling occurs

 – factor dependent on energy barrier height and 

nature of medium
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Kinetics of Electrode Reactions

Tunneling Theory

 ~ 4(2m)1/2/h ~ 1.02 Å-1 eV-1/2 x 1/2

m – mass of electron, 9.1 x 10-28 g

 – work function of the metal (eV)

Example: Pt,  = 5.7 eV, then  ~ 2.4 Å-1
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Class Assignment

• Read Chapter 3 – Bard and Faulkner
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