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Dynamic Electrochemistry
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Lecture notes at:
www.chm.bris.ac.uk/pt/electrochemistry

Aim of the course:
This course will enable you to understand the kinetics of electron transfer reactions at the 

electrode|electrolyte interface. In level 2 Equilibrium Electrochemistry, the thermodynamics of 

electrochemical cells and the potential distribution across the electrode|electrolyte interface 

were discussed. Out of equilibrium, it will be shown how the faradaic current is directly 

related to the kinetics of the electrochemical process. The elementary steps controlling the 

rate of the reaction, namely the interfacial electron transfer and the mass transport to the 

electrode surface, will be discussed in details. Conventional electrochemical dynamic 

measurements such as cyclic voltammetry, chronoamperometry and rotating disc electrode 

will be introduced. 2
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Learning Objectives
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1.1 Transport of species in solution

Mass transport in electrolyte solution can be induced by 3 processes:

� Convection : mechanical or thermal agitation

� Migration : gradient of an electrical field (ions)

� Diffusion : gradient of chemical potential

i i iJ cv= eqn. 1.1

Dynamic electrochemical processes are associated with flux(es) of species in solution:

Fig. 1.1 Flux of species through a surface element

vi

Neglecting convection forces and recalling the concept of electrochemical potential of 

an ion i (    ):

i i
o

i ln iRT Fa zm m f= + +� eqn. 1.2

Diffusion Migration

m� i
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Ions in solution can be set in motion by applying a potential difference between two 

electrodes.

1
G

R
=

1.2 Conductivity of electrolyte solutions

A
G

L
k

=

eqn. 1.3

eqn. 1.4

+

-

s -s+

f

L

The conductance (G) of a solution is defined as 

the inverse of the resistance (R):

For parallel plate electrodes with area A, it 

follows:

where k is the conductivity

L  is the distance separating the plates

Units: G S (siemens)

R W

k S m-1
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The conductivity of a solution depends on the number of ions present. Consequently, the 

molar conductivity L m is used,

m c
k

L = eqn. 1.5

Units: L m S m2 mol-1

In real solutions, L m depends on the concentration of the electrolyte. This could be due 

to:

• Ion-ion interactions

• Incomplete dissociation of electrolyte

1g± ¹
strong electrolyte, 

weak dependence of L m on c

weak electrolyte, 

strong dependence of L m on c
8

1.3 Strong and weak electrolytes

Strong electrolytes are fully dissociated in solution. Friederich Kohlrausch examined the 

conductivity of a large quantity of strong electrolytes. These results led to the Kohlrausch

law:

1 2log Acg± = -

is the limiting molar conductivity

K is a constant which typically depends on the stoichiometry of the electrolyte

eqn. 1.6

Note:    c1/2 arises from ion-ion interactions as estimated by the Debye-Hückel theory.

For example, for 1:1 electrolyte

eqn. 1.7

is the conductivity in the limit of zero concentration. As ion-ion interactions are 

negligible at this limit, it can be postulated that: 

1 2o
m m KcL = L -

o
mL

o
mL
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l + and l – are the limiting molar conductivity of the cation and anion, respectively.

n+ and n– are the numbers of cations and anions per formula unit of electrolyte.

eqn. 1.8

Law of independent migration

o
m n l n l+ + - -L = +

Table 1.1 Limiting molar 
conductivity in water at 298 K.

16.00SO4
2-

7.81Br-

7.63Cl-
19.91OH-

10.56Zn2+

7.35K+

5.01Na+

34.96H+

l
(mS m2 mol-1) o 2 -1

m 2

o 2 -1
m 2

(ZnCl ) (10.56 2 7.63) mS m mol

(ZnCl ) 25.92 mS m mol

L = + ´

L =

o 2 -1
m 2 4

o 2 -1
m 2 4

(H SO ) (2 34.96 16.00) mS m mol

(H SO ) 85.92 mS m mol

L = ´ +

L =

10

For the weak electrolytes, let consider a weak acid HA,

Ignoring the activity coefficient, the dissociation constant is given by:

a degree of ionisation

eqn. 1.9

It follows: 

The molar conductivity can be expressed as:

+
2 3HA( ) H O( ) H O ( ) ( )aq l aq A aq-+ +��������

(1 )c c ca a a- +��������

[ ] ( ) ( )

+ - 2
3H O A

HA 1 1a

c c c
K

c
a a a

a a

� � � � ×� � � �= = =
- -

1 2
4

1 1
2

a

a

K c
c K

a
� �� �	 	

= + -
 �� 

� �	 	� �

eqn. 1.10

o
m maL = L eqn. 1.11
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Fig. 1.2 Concentration dependence of the molar conductivities of a typical 
strong electrolyte (aqueous potassium chloride) and a typical weak 
electrolyte (aqueous acetic acid) [Atkins 2001].

12

1
1

a

c
K
a

a
= +

Finally, it can also be proven that

eqn. 1.12

( )2

1 1 m
o o

m m ma

c

K

L
= +

L L L

and
eqn. 1.13

This is the Ostwald dilution law which allows estimating limiting molar conductance.

Fig. 1.3 Graph used to determine the limiting value of the molar 
conductivity of a solution by extrapolation to zero concentration 
[Atkins 2001].
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1.4 The mobility of ions

Ion movement in solution is random. However, a migrating flow can be onset upon 

applying an electric field     ,

Df is the potential difference between 2 electrodes separated by a distance L

eqn. 1.15

E
�

L
fD

E =
�

eqn. 1.14

accelerates cations to the negatively charged electrode and anions in the opposite 

direction. Through this motion, ions experience a frictional force in the opposite direction. 

Taking the expression derived by Stoke relating friction and the viscosity of the solvent 

(h), it follows:

An ion of charge ze- experiences a force    , 

ze
ze

L
fD

= E =
�

��

��

eqn. 1.166fric asph=��

�

a hydrodynamic radius of the ion

s drift speed 14

When the accelerating and retarding forces balance each other, s is defined by:

eqn. 1.17
6

ze
s u

aph
= E = E

� �

where u is the mobility of the ion:

eqn. 1.18
6

ze
u

aph
=

Table 1.2 Mobility in water at 298 K.

7.62K+

8.29SO4
2-

8.09Br-

7.91Cl-
20.64OH-

5.47Zn2+

4.01Li+

5.19Na+

36.23H+

u
(10-8 m2 s-1 V-1)

Table 1.3 Viscosity of liquids at 298 K.

0.224Pentane

0.891Water

1.55Mercury

0.601Benzene

h
(10-3 kg m-1 s-1)

15

Finally, it can be shown that:

and eqn 1.8 can be written as,

eqn. 1.19zuFl =

( )o
m z u z u Fn n+ + + - - -L = + eqn. 1.20

Example:

From the mobility of Cl- in aqueous solution, calculate the molar ionic conductivity.

8 2 -1 -1 -1 3 2 -17.91 10 m s V 96485 Cmol 7.63 10 sm moll - -= × ´ = ×

zuFl =

Taking a conductimeter cell with electrodes separated by 1 cm and an applied voltage of 

1 V, calculate the drift speed in water at 298 K.

+

2

Cs

3 -1 -1
H O

170 pm

0.891 10 kgm s

a

h -

=

= × 16

-11V
100 V m

0.01mL
fD

E = = =
�

19

3 -1 -1 12

1.602 10 C
6 6 3.1416 0.891 10 Kg m s 17010 m

ze
u

aph

-

- -

×
= =

´ ´ ´ ´

8 2 -1 -1 -1 6 -15 10 m V s 100 V m 5 10 mss u - -= E = × ´ = ×
�

It will take a Cs+ ion 2000 s to go from one electrode to another.

For H+ ion, uH+=36.23 10-8 m2 s-1 V-1, it will take 276 s.

8 2 -1 -15 10 m V su -» ´

www.metrohm.com
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1.5 Diffusion
Conventional electrochemical processes take place at the electrode surface, creating 

non homogeneous composition of the electrolyte solution. A key phenomenological 

relationship developed by Adolf Fick in 1855 establishes

i
i i

dc
j D

dx
= - eqn. 1.21

Where Di is the diffusion coefficient of the species “i” with units of m2 s-1. The 

equilibration of the diffusion and friction forces allows establishing: 

eqn. 1.22

Einstein equation

uRT
D

zF
=

In table 1.2, the values of u are between 0.5 and 1.0×10-7 m2 s-1 V-1. According to eqn. 

1.22, typical diffusion coefficients are of the order of 1.0×10-9 m2 s-1.

18

Another useful relation can be obtained by combining eqn. 1.20 and 1.22,

eqn. 1.23

Nernst-Einstein equation

( )
2

o 2 2
m

F
z D z D

RT
n n+ + + - - -L = +

The fact that mobility is related to the frictional force (eqn 1.19) and the diffusion 

coefficient (eqn. 1.22) allows establishing a further important expression,

eqn. 1.24

Stoke-Einstein equation

B

6
k T

D
aph

=

Note that the ionic charge does not figure in eqn. 1.24. This means that the diffusion 

coefficient is independent of the ionic charge. Eqn. 1.24 is also valid for neutral 

molecules.

19

Example: u(Zn2+)= 5.47×10-8 m2 s-1 V-1 (table1.2)

eqn. 1.22

2+

2+

8 2 -1 -1 -1 -1
Zn

-1Zn

5.47 10 m s V 8.312JK mol 298K
2 96485Cmol

u RT
D

zF

-´ ´ ´
= =

´

2+
10 2 -1

Zn
7.02 10 m sD -= ´

eqn. 1.24

2+

2+

23 -1
B

4 -1 -1 10 2 -1Zn
Zn

1.38 10 JK 298K
6 6 3.14 8.91 10 Kgm s 7.02 10 m s

k T
a

Dph

-

- -

´ ´
= =

´ ´ ´ ´ ´

eqn. 1.19

2+
-8 2 -1 -1 -1

Zn
2× 5.47 ×10 m s V × 96485CmolzuFl = =

2+
2 -1

Zn
0.0105Sm moll =

2+Zn
349pma =

Theoretical calculations of the ionic radius yield a value of 75 pm. The difference with 

the experimental value is associated with the size of the solvation shell. 20

Fig. 1.4 Solution conductivity as a function of the concentration of 
the surfactant dodecyltrimethylammonium bromide in water at 298 K.
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Summary
� Migration: Transport of ions induced by an electric field. The 
concentration dependence of the molar conductivity strongly differs 
for strong and weak electrolytes.  

� Diffusion: Mass transport generated by a gradient of 
concentration.

( )
2

2 2o
m

F
z D z D

RT
n n+ + + - - -L = +

B

6
k T

D
aph

=uRT
D

zF
=1 2o

m m KcL = L -
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Giants of the day

Adolf Fick
German Physiologist

1829 - 1901

George Gabriel Stokes
Irish Mathematician and Physicist

1819 - 1903

Friedrich Kohlrausch
German Physicist

1840 - 1910
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Albert Einstein
German Physicist

1879 - 1955

Giants of the day

Walter Nernst
German Chemist

1864 - 1941
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Previously on Electrochemistry

Which are the rules governing the rate of electron transfer ?

vi

( )
2

2 2o
m

F
z D z D

RT
n n+ + + - - -L = +

B

6
k T

D
aph

=

uRT
D

zF
=

1 2o
m m KcL = L - i

i i

dc
j D

dx
= -

Convection Diffusion
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Interfacial Electron Transfer

Heterogeneous Electron Transfer

The Butler-Volmer Relationship

The Solvent Reorganisation Energy

26

2.1 Heterogeneous electron transfer

Diffusion

Reorganisation

Electron Transfer

Reorganisation

Diffusion

Diffusion

Reorganisation

Electron Transfer

Reorganisation

Diffusion

E
ne

rg
y

Distance

red

ox
Ox( ) ( ) Red( )

k

k
aq ne M aq-+ ���������� eqn. 2.1

o red
ox/red

ox

ln
aRT

E E
nF a

� �
= - � 


� �
eqn. 2.2

Fig. 2.1 Elementary steps in an 
outer-sphere electron transfer 
reaction at a metal surface.

xreact
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A closer look into the region where electron transfer takes place unveils the 

electrochemical double layer,

IHP OHP
Solvated Anion

Metal
surface

-

-

-

0Ms > -

+

+

-

� The inner Helmholtz plane (IHP) – species 

adsorbed at the electrode surface.

� The outer Helmholtz plane (OHP) – plane of 

closest approach of the solvated ions. 

General electron transfer processes:

� Inner sphere: redox species adsorb at the 

electrode surface. Dependent on the nature of 

the metal. Electrocatalysis.

� Outer sphere: electrons “tunnel” from/to the 

metal to the OHP.

-

Fig. 2.2 Simplified scheme of 
the double layer
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2.2 The Butler-Volmer Relationship

Considering that the rate of diffusion of the redox species is significantly faster than the 

rate of electron transfer, the rate of the electrochemical process in eqn 2.1 can be 

written as,
eqn. 2.3

superscript “s” stands for concentration at the reaction plane. It follows that the faradaic

current density (j) is given by,

Note the units of the heterogeneous first order electron transfer rate constants (kox and

kred). To a first approximation, this parameter can be rationalised as the average electron 

velocity across the interfacial region.

s s
ox red red oxv k c k c= -

eqn. 2.4( )s s
ox red red oxj nF k c k c= -

A cm-2 mol cm-3cm s-1
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The electron transfer rate constants can be expressed in terms of the corresponding 

potential dependent activation energies DG*

( )ox
ox exp

G E
k A

RT

*� �D
= -� 
� 


� �

( )red
red exp

G E
k A

RT

*� �D
= -� 
� 


� �
eqn. 2.5 eqn. 2.6

Red Ox  + ne-Red Ox  + ne-

eqG*D

G
ib

bs
 e

ne
rg

y

Reaction coordinate

Transition state

Fig. 2.3 Gibbs energy as a 
function of a reaction coordinate 
at equilibrium.

oE E=

30

From transition state theory,

( ) ( ) ( )o

o o o
ox red pre n el

B

exp
G E

k E k E k K
k T

n k
*� �D

� 
= = = -
� 

� �

eqn. 2.7

Kpre = precursor equilibrium constant

nn = nuclear frequency factor (s-1). Frequency attempt on the energy barrier.

kel = electronic transmission coefficient. 

s bulk
preK c c=

As expected from fig. 2.3, the rate constants for oxidation and reduction at the standard 

potential are equal. Consequently, the net rate of the electrochemical reaction is zero at 

the standard potential. 

Changes on the potential of the electrode surface with respect to the standard potential 

will shift the equilibrium towards reactants or products. This will affect the activation 

energies in a different fashion and a net current is generated.

31

Fig. 2.4 Gibbs energy as a function of the 
reaction coordinate at electrode 
potentials more positive than the 
standard potential

oE E>

( ) ( ) ( )o o
ox oxG E G E nF E Ea* *D = D - -

( ) ( ) ( ) ( )1o o
red redG E G E nF E Ea* *D = D + - -

The activation energies are modified by 

a fraction (a) of the thermodynamic 

driving force

( )onF E E-

eqn. 2.8

eqn. 2.9

a is the so-called transfer coefficient (value between 0 and 1)

Red Ox  + ne-

( )onF E E-

G
ib

bs
 e

ne
rg

y

Reaction coordinate

( )oxG E*D

( )redG E*D

Red Ox  + ne-Red Ox  + ne-

( )onF E E-

G
ib

bs
 e

ne
rg

y

Reaction coordinate

( )oxG E*D

( )redG E*D
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Eqns. 2.2, 2.4 to 2.9 yields the star equation of the day

eqn. 2.10

eqn. 2.11

( ) ( )0 1exp exp
nF nF

j E j
RT RT

a h a h
� �� � � �= - - -� 
 � 
� �� � � �� �

The Butler-Volmer equation

( ) ( ) ( )1

0
o s s o s

red oxj nFk c c nFk c
a a-

= =

Exchange current density

Overpotential

( )oE Eh = - eqn. 2.12

Note: activity coefficients are taken as 1, i.e. ared = cred. The total current density j is zero 

at the standard potential. This means that the magnitude of the oxidation and reduction 

currents is equal (exchange current density).
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Fig. 2.5 Current - overpotential curves for an outer-sphere 
kinetically controlled electrochemical reaction.

Jo = 10-4 A cm-2

a = 0.5

-4

-2

0

2

4

x1
0-4

 

-0.2 -0.1 0.0 0.1 0.2

10
4

j/
 A

 c
m

-2

h / V

janod

jcath

j

eqn. 2.10( ) ( )0 1exp exp
nF nF

j E j
RT RT

a h a h
� �� � � �= - - -� 
 � 
� �� � � �� �

0j

0j
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1.0

x1
0-3
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-1.0

-0.5

0.0

0.5

1.0

x1
0-3

 

-0.4 -0.2 0.0 0.2 0.4

10
3

j/
 A

 c
m

-2

h / V

10
3

j/
 A

 c
m

-2

h / V

aaaa = 0.5
Jo = 10-4

10-5

10-6

10-7 A cm -2

Jo = 10-7 A cm -2

aaaa = 0.50
0.25
0.75

Fig. 2.6 Current – overpotential curves 
for various exchange current densities.

Fig. 2.7 Effect of the transfer coefficient 
on the current – overpotential curves. 

At a narrow potential range around the standard potential, the current can be described 

as linearly dependent on the overpotential. This is the so-called charge transfer 

resistance (Rct):

0
ct

RT
R

nFj
= eqn. 2.13
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At large overpotentials, the total current is dominated by either the cathodic (reduction) 

or the anodic (oxidation) process. In this case, the current is expressed as:

0Vh >( )( ) ( )0
-2 -2ln A cm ln A cm

nF
j E j

RT
a h= +

( )( ) ( ) ( )0 1-2 -2ln A cm ln A cm
nF

j E j
RT

a h= - - 0Vh <

eqn. 2.14

eqn. 2.15

-6

-4

-2

0

-0.4 -0.2 0.0 0.2 0.4

lo
g 

(j
/ A

 c
m

-2
)

h / V

aaaa = 0.5
Jo = 10-4

10-5

10-6

10-7 A cm -2

Fig. 2.8 Tafel representation of the current-
overpotential curves. The slope is proportional to 
a, while the intercept allows calculating j0.
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1.5 The Solvent Reorganisation Energy
Let assume that no significant changes in the structure of the redox species occur during 

the electron transfer (outer sphere) reaction. A classical example:

eqn. 2.16

In this case the most important contribution to the activation energy of electron transfer 

arises from changes in the solvation energy. Recalling Bohr’s solvation theory,

Typically, nuclear motion occurs within 10-11 s. However, electron motion takes place at 

a significantly shorter time scale, 10-15 s. Consequently, nuclei are effectively frozen and

electron transfer occurs isoenergetically. This is the familiar Franck-Condon principle..

( ) ( )3 2+Fe Feaq e aq+ -+ ��������

2 2
o A

solv
r

1
1

8
z e N

G
ape e

� �
D = - -� 


� �
eqn. 2.17

e0: Permittivity of free space

er: Relative Permittivity
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Fe3+

Fe3+ Fe2+

Fe2+

Fe3+

Fe3+ Fe2+

Solvation Energy

Reaction coordinate

o
solvGD

Transition state theory allows estimating the reorganisation energy of the solvent. This 

calculation depends on “geometrical” parameters of the reaction (collision)..

Fig. 2.9 Evolution of the solvation energy during the electron transfer process.
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For electron transfer at an electrode surface, it follows,

eqn. 2.18

Solvent reorganisation energy

( )2

opt r

1 1 1 1
8

ne

a R
l

pe e e

� �� �= - -� 
� 
 � 
� � � �

ne is the total charge transferred

R is the distance “between” the centre of the molecule and the electrode surface

eopt is the optical permittivity

Eqn. 2.18 indicates that l is proportional to the inverse of the molecular radius (a). 

Finally, the activation energy for the forward reaction (reduction) is given by:

( )
( )o

red 1
4

F E E
G E

l
l

*
� �-
� 
D = +
� 

� �

eqn. 2.19

39

3

2

1

0

x1
05  

-2 -1 0 1 2

10
5

D
G

* r
ed

/ k
J 

m
ol

-1

( )o VE E-

Fig. 2.10 Potential dependence of the 
activation energy of the reduction step for 
various values of l .

The activation energy decreases as E becomes negative, so the reduction process is 

accelerated. Going further negative, it is observed that the activation energy starts to 

increase again! This is the so-called inverted Marcus region. Finally, it can be 

demonstrated:

lll l = 96.48 
48.24
32.16 kJ mol -1

( ) ( )o
red1 1

1
2 2

G F E E

F E
a

l

*¶ D -
- = = +

¶
eqn. 2.20
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ferrocene
dimethylferrocene
butylferrocene
diferrocenylethane
decamethylferrocene

-DGet / eV

Eugster et al., J. Phys. Chem. B, 106 (2002) 3428.

0.
01

0.
1

1
10

1.20.80.40.0

0.
01

0.
1

1
10

10
6

J p
ho

to
/A
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m

-2

3

2

1

0

6420

10
6

J p
ho

to
/A

 c
m

-2

t /s

BuFc

DimFc

Fc
lll l s

w|DCE � 1.05 eV

These experiments illustrate the (photo)current responses originating from the electron 

transfer from ferrocene donors to a photoexcited porphyrin across a polarised molecular 

interface. The results show that as (E – Eo) is more positive, the activation for the 

reaction (photo-oxidation) decreases leading to higher photocurrents. 

Df = 0.0 V

The change in slope predicts the onset 

of the inverted Marcus region.
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R. Marcus

International Conference on Electrified Interfaces Nova  Scotia - 2001
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Summary
� Current-overpotential curves for outer sphere electron transfer 
processes can be expressed in terms of

� The exchange current density is a function of the standard 
electron transfer rate constant.

� The potential dependent activation energies are determined by 
the solvent reorganisation energy.

( ) ( )0 1a h a h
� �� � � �= - - -� 
 � 
� �� � � �� �
exp exp

nF nF
j E j

RT RT

( )0
o sj nFk c=

( )
( )o

red 1
4

F E E
G E

l
l

*
� �-
� 
D = +
� 

� �
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Max Volmer
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John Alfred Valentine Butler
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Rudolf Marcus
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1923 -

Heinz Gerischer
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Previously on Electrochemistry

vi

i i ij cv=

Diffusion

Reorganisation

Electron Transfer

Reorganisation

Diffusion

( )0 1exp exp
nF nF

j j
RT RT

a h a h
� �� � � �= - - -� 
 � 
� �� � � �� �

How can we correlate the diffusion rate to the faradaic current? 46

Stationary Amperometry

Current, potential and time

Diffusion layer

The diffusion layer thickness and the faradaic current

47

3.1 Current, potential and time

Table 3.1 Conventional modes of electrochemical experiments

Current pulseChronopotentiometry

Electrolysis

Chronoamperometry

Cyclic voltammetry

Techniques

Reaction extentKinetics of the processEnergy of the systemControlled property

Current / potentialPotentialCurrentMeasured parameter

ChargeCurrentPotentialControlled parameter

CoulostaticGalvanostaticPotentiostaticCondition

j nF dc dt=G nFED = - ( )fin initQ nF c c= -

This course will mainly concentrate on potentiostatic techniques. Consequently, the 

potential at the electrode of interest should be fixed with respect to the potential of a 

reference electrode at all time.
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� Working electrode (WE) – where the reaction 

of interest takes place

� Reference electrode (RE) – where the 

reference potential is established

� Counter electrode (CE) – where the 

counterbalancing reaction is driven

Key aspects in connection to potentiostatic systems:

� The current generated at the WE and CE is equal but of opposite sign.

� No reaction takes place at the RE. Constant potential requires constant composition.

� The potentiostat keeps a constant potential between WE and RE, while monitoring 

the current at the WE.

Fig. 3.1 Conventional electrochemical cell with
potentiostatic control of the working electrode
potential [Girault 2005].
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3.2 The diffusion layer

Let consider a general electrochemical reaction,

eqn. 3.1

in which the kinetic of electron transfer is infinitely faster than the transport of species 

from the electrolyte to the electrode surface. This is the opposite case to the electron 

transfer controlled process discussed in lecture 2 (Butler-Volmer case). In 

electrochemical jargon:

� Reversible reaction: the process is controlled by mass transport

� Irreversible reaction: the process is limited by electron transfer rate

� Quasi-reversible reaction: finite electron transfer rate and mass transport.

As in any kinetic approach, the rate determining step will depend on how fast the 

measurements are made. However, in conventional electrochemistry, the system 

behaves reversible if 

Red( ) Ox( ) ( )aq aq ne M-¾¾® +

o 10.01cmsk -> 50

For reversible systems, the Nernst equation is established “instantaneously” at the 

electrode surface, 

o' red
ox/red

ox

ln
cRT

E E
nF c

� �
= - � 


� �
eqn. 3.2

o' o red
ox/red ox/red

ox

ln
RT

E E
nF

g
g

� �
= - � 


� �
eqn. 3.3

where             is the formal electron transfer potentialo'
ox/redE

Eqn. 3.2 indicates that changes in the applied potential modifies the concentration ratio 

of the redox species at the electrode surface, creating concentration profiles. The region 

where the concentration of the redox species depends on distance is the diffusion layer 

or Nernst layer.

Local changes in the concentration give rise to an electrical current at the WE. The 

current is proportional to the rate of transformation of Ox to Red, or vice versa. For a 

reversible process, the current is proportional to the flux of the reactant to the electrode 

surface.
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Recalling Fick’s law (eqn. 1.21), the current for the oxidation step (ia) is simply,

0

R
a R

x

dc
i nFAD

dx =

� �= � 

� �

eqn. 3.4

A : geometrical area of the electrode – cm2

DR : diffusion coefficient of the reduced species – cm2 s-1.

Eqn. 3.5 establishes that the anodic current is proportional to the flux of reduced species 

to the electrode and the flux of oxidised species away from the electrode. In order to 

calculate the diffusion control current, the concentration gradient at the electrode surface 

(x = 0) should be established.

Conservation of mass establishes:

0 0

OR
a R O

x x

dcdc
i nFAD nFAD

dx dx= =

� �� �= = -� 
 � 

� � � �

eqn. 3.5
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Let consider the case in which the thickness of the diffusion layer (d) is fixed, eqn. 3.5 

can be simplified to:

( ) ( ) ( ) ( )0 0R R O O
a R O

c c c c
i nFAD nFAD

dxd
� � � �¥ - ¥ -

= = -� 
 � 

� � � �

eqn. 3.6

Fig. 3.2 Concentration profiles for a 
solution containing an equimolar mixture of 
oxidised and reduced species at the 
standard potential and at a positive 
electrode potential. The ratio cO/cR is then
10. d  = dO = dR and D = DO =DR [Girault 
2005].

( )
( )

0
10

0
O

R

c x

c x

=
=

=
R Od d d= =

R OD D=

o'
ox/red 0.06 VE E= +

o'
ox/redE E=
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In the limit

eqn. 3.7

The diffusion limiting current

( ) ( )0 0O Rc x c x= >> =o'
ox/redE E>>

( )R R
l,a

R

nFAD c
i

d
¥

=

The oxidation current reaches a maximum value,

Fig. 3.3 Concentration profile of a reacting species, corresponding to the limiting current
[Girault 2005].
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Similarly, the cathodic limiting current is given by:

eqn. 3.8
( )O O

l,c
O

nFAD c
i

d
¥

=

Combining eqns. 3.2 and 3.6 to 3.8, it follows:

o' l,cR O
ox/red

O R l,a

ln ln
i iDRT RT

E E
nF D nF i i

d
d

� �� � -
= - + � 
� 
 -� � � �

eqn. 3.9

Fig. 3.4 Current-potential
curve for a reaction limited
by the diffusion of species
in solution [Girault 2005].

n = 1
cO (� ) = 2 cR (� )
d = dO = dR
D = DO =DR.
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where the half-wave potential E1/2 corresponds to:

o' o'R O
1 2 ox/red ox/red

O R

ln
DRT

E E E
nF D

d
d

� �
= + »� 


� �
eqn. 3.10

In the case that only one of the redox species is initially present, e.g. the reduced one, 

eqn. 3.9 is further simplified to:

1 2
l,a

ln
RT i

E E
nF i i

� �
= + � 


-� �
eqn. 3.11

Fig. 3.5 Current-potential
curve for a reaction
limited by the diffusion of 
the reduced species
[Girault 2005].

n = 1
cO (� ) = 0
d = dO = dR
D = DO = DR.
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3.3 Rotating disc electrodes (RDE)

The hydrodynamic properties of this system allow controlling the thickness of the 

diffusion layer by tuning the angular velocity of the electrode (w). Typically, the rotation 

rate is given in frequency units such as revolutions min-1 (rpm). It is important to perform 

the appropriate conversion:

http://www.ecochemie.nl/www.ijournals.net

Fig. 3.6 Schematic
representation of the 
hydrodynamic flow 
generated by a RDE.

2 fw p= revolutions s-1
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The relationship between d and w can be obtained by solving the appropriate 

hydrodynamic equations, 

1 3 1 6 1 21.61 Dd n w-= ´ eqn. 3.12

d – cm

Dr – cm2 s-1

n – kinematic viscocity cm2 s-1

0.004536MeCN

0.01896DMSO

0.008844H2O (0.1 M KCl)†

0.009132H2O

n
(cm2 s-1)

Solution

Table 3.2 Kinematic viscosities of various solvents in the presence of 
0.1 mol dm-3 tetraethylammonium perchlorate (except †) [Bard 2001].

Introducing eqn. 3.12 into eqn 3.7, it follows 

eqn. 3.13

Levich Equation

( )1 2 1 60 62 2 3
l,a R R.i nFAD cw n -= ´ ¥
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Fig. 3.7 Oxidation of 0.25mM ferrocenemethanol on a rotating gold electrode
(diameter=3mm) [Girault 2005]. 

3000
2600
2000
1400
800
400
200 rpm

Fig. 3.8 Levich plot of the experimental data in figure 3.7. From the slope of the curve, 
the diffusion coefficient of ferrocenemethanol is estimated to be D=6.9 10–6 cm2 s–1.
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From eqn. 3.10 and 3.12, it can also be obtained the half-wave potential
2 3

o' R
1 2 2 3

O

ln
DRT

E E
nF D

� �
= + � 


� �
eqn. 3.14

The hydrodynamics at RDE can be 

compared to the so-called wall jet 

electrodes. The latter consists of a stream 

of electrolyte directed normally to the 

electrode surface.  

Fig. 3.9 In some cases, a ring electrode is 
constructed around the RDE. The potentials at 
the ring and disc electrodes are controlled 
independently. This arrangement is very rather 
useful for electrochemical detection of products 
generated at the disc electrode [Bard 2001]. 60

www.als-japan.com/

The products of the electrochemical reaction at rotating disc electrodes are driven 

radially away from the centre of the disc. Rings electrodes placed concentric to the disc 

are set to a potential in which the reverse electrochemical reaction takes place. This 

type of experiments are particularly useful in the case that the products of the reaction at 

the disc undergo coupled chemical reactions, e.g. polymerisation, decomposition, etc…

Fig. 3.10 The current at the ring will depend on the rotation rate as well as geometrical 
aspects as the thickness of the ring and the insulating gap between the disc and the 
ring. This geometrical parameters are part of the so-called collection efficiency (N) [Bard 
2001].
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3.4 Ultramicroelectrodes

This special class of electrodes are characterised by having at least one dimension 

smaller than the thickness of the diffusion layer around.

Fig. 3.11 Cross-section of a microdisc (a) and a microhemisphere (b) electrodes. These
electrodes generate diffusion layers with spherical shape rather than planar as in 
conventional size electrodes [Girault 2005].

equiconcentration lines

The thickness of the diffusion layer in this cases is simply given by:

hs hsrd = eqn. 3.15

d
d 4

rp
d = eqn. 3.16

Microhemisphere

Microdisc 62

Microhemisphere anodic limiting current

Microdisc anodic limiting current

Fig. 3. 12 Oxidation of 
ferrocenemethanol on a platinum
microdisc electrode (rd = 10 mm.
Concentration as in fig. 3.7. 
Potential scan rate =1mV·s–1

[Girault 2005].

o' R
1 2

O

ln
DRT

E E
nF D

� �
= + � 


� �
eqn. 3.19

It is found for both microelectrode geometries, 

( )l,hs R hs R2i nFD r cp= ¥

( )l,d R d R4i nFD r c= ¥

eqn. 3.17

eqn. 3.18
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70 nm radius Pt “nanoelectrode”
Sun and Mirkin, Anal. Chem 2006

Etched and coated Pt tip
Macpherson  and Unwin

Anal. Chem 2000

AFM-SECM applications

Plasma enhanced etching
Macpherson  and Unwin

Anal. Chem 2005

Carbon nanotube templated
Macpherson  Nanolett. 2005

Ultimate ultramicroelectrode designs:
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Summary
� The current in diffusion controlled process is proportional to the 
slope of the concentration gradient at the electrode surface

� The slope of the concentration gradient can be controlled by 
convection forces generated by rotating disc electrodes

� The thickness of the diffusion layer is proportional to the radius of 
ultramicroelectrodes (hemispheres or discs).

0

R
a R

x

dc
i nFAD

dx =

� �= � 

� �

( )2 3 1 2 1 6
l,a R R0.62i nFAD cw n -= ´ ¥

( )l,d R d R4i nFD r c= ¥
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Giants of the day

Veniamin Grigorievich (Benjamin) Levich
Russian Electrochemist

1917 - 1987

Martin Fleischman
British Chemist

1927 -
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Previously on Electrochemistry
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Chronoamperometry
and

Cyclic Voltammetry

Amperometry at constant potential – Cottrell equation

Cyclic voltammetry of reversible reactions

Voltammetry of quasi-reversible reactions

Couple electrochemical-chemical process
68

4.1 Amperometry at constant potential

As discussed in lecture 3, the current-voltage characteristics for a fixed diffusion layer 

thickness exhibits a sigmoidal shape:

Let consider a reversible reaction of the type,

eqn. 4.1Red( ) Ox( )aq aq ne-¾¾® +

Fig. 4.1 Current-potential curve for a reaction limited by the diffusion of the 
reduced species [Girault 2005].

n = 1
cO (� ) = 0
d = dO = dR
D = DO = DR.
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The limiting current corresponds to the maximum slope of the concentration profile at the 

electrode surface, i.e. ( )R 0 0c ¾¾®

We shall now consider the case in which the diffusion layer thickness is not fixed in time. 

This corresponds to the situation of conventional sized electrodes (in the range of few 

mm or larger) in the absence of convection forces. The thickness of the diffusion layer 

will evolve in time and so will the current.

In order to solve the current as a function of time, we shall consider a potential step 

experiment based on the parameters in Fig. 4.1.

Parameters:
n = 1
cO (� ) = 0
d = dO = dR
D = DO = DR.

E / V

t / s100

1.0
Fig. 4.2 Typical potential step
function in a chronoamperometric
experiment.

0.2
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At t = 0, and( )R R,0c x c= ( )O ,0 0c x »

At t > 0, and( )R Rlim ,
x

c x t c
®¥

= ( )Olim , 0
x

c x t
®¥

»

( )R 0, 0c t =

eqn. 4.2

As discussed in lecture 3, 

R
a R

0x

dc
i nFAD

dx =

� �= � 

� �

eqn. 4.3

The crucial point is that the slope of the concentration profile is time dependent. To solve 

this problem, the second Fick’s law is invoked:

eqn. 4.4
( ) ( )2

2
R R

R

, ,c x t c x t
D

t x

d
d

¶
=

¶

Second Fick’s law
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The solution of this problem is facilitated by the Laplace transform formalism (see 

Electrochemistry textbooks). The solution establishes a key relationship in 

chronoamperometry:

eqn. 4.5R
da R

D
i nFAc

tp
� �= � 

� �

Cottrell Equation

Fig. 4.3 Variation of the current density according to the Cottrell
equation. DR = 10–5 cm2 s–1, cR = 10-3 M [Girault 2005]. 72

The decrease of the current with time indicates that the slope of the concentration 

profiles also decreases. The derivation also provides the solution of the reduced 

species:

( )
R

R R, erf
2

x
c x t c

D t

� �
� �=
� �� �

eqn. 4.6

Fig. 4.4 Concentration profiles of the reduced species R after a potential
step at which R is completely oxidised at the electrode. The diffusion is
linear and semi-infinite [Girault 2005].

( )2

0

2
where erf( ) exp

x
x t dt

p
= -�
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It should be considered that the thickness of the diffusion layer will increase up to a point 

in which thermally induced convection becomes significant.

It is also interesting to consider the chronocoulometric condition, i.e. monitoring the 

charge instead of the current. Integrating eqn 4.5, it follows,

eqn. 4.7R
a R( ) 2

D t
Q t nFAc

p
� �= � 

� �

Fig. 4.5 Charge variation for a reaction controlled by linear diffusion after a potential 
step, according to eqn 4.7. DR = 10–5 cm2 s–1, cR = 10-3 mol dm-3 [Girault 2005]. 74

This approach has two advantages:

� Integration enhance signal-to-noise ratio

� The signal increases with time

Let consider the case where the potential is stepped to a region near the equilibrium 

potential. In this case,

eqn. 4.8

( )R 0, 0c t >

The solution of this problem requires tackling second Fick’s law for both species R 

and O,

( ) ( )2
R R

R 2

, ,c x t c x t
D

t x

d
d

¶
=

¶

eqn. 4.9

( ) ( )2
O O

O 2

, ,c x t c x t
D

t x

d
d

¶
=

¶

and,
( )
( )

Ro'
O/R

O

0,
ln

0,

c tRT
E E

nF c t

� �
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� �
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Eqn. 4.10 establishes an equality of fluxes of O and R. The solution of this problem is 

given by:

eqn. 4.10
( ) ( )O R

O R

0 0

, ,
0

x x

c x t c x t
D D

x x

d d
d d

= =

� � � �
+ =� 
 � 
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( ) daR R
a 1 1

inFAc D
i t

txq p xq
� �= =� 
+ +� �

eqn. 4.11

where,
R

O

D
D

x =

( )
( ) ( )R o'

O/R
O

0,
exp

0,

c t nF
E E

c t RT
q � �= = - -� 


� �

eqn. 4.12

eqn. 4.13
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Fig. 4.6 Chronoamperograms at different potentials around the formal redox potential,
according to equation (4.11), D = 10–5 cm2·s–1, cR = 10-3 mol dm-3 [Girault 2005].
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4.2 Cyclic Voltammery

This technique is characterised by a potential function of the form,

There are no simple ways, mathematically speaking, to tackle the current dependence 

on the applied potential. The function displayed in figure 4.7 can be written in terms of 

the scan rate n (units V s-1),

E

t

E1

E2 Fig. 4.7 Characteristic potential 
function in cyclic voltammetry.

n

( ) 1E t E tn= +

( ) 2E t E tn= -

E < E2

E > E1

eqn. 4.14

We start by considering the boundary conditions defined by eqn. 4.2, 4.8 and 4.10. The 

concentration ratio at the surface can be expressed as: 78

where

( )
( )

( ) ( )R
cv cv

O

0,
exp

0,

c t
t S t

c t
q s q= - = eqn. 4.15

( )
( ) ( )R o'

cv 1 O/R
O

0,
exp

0,

c t nF
E E

c t RT
q � �= = - -� 


� �
eqn. 4.16

nF
RT

s n= eqn. 4.17

The solution to this problem involves the numerical calculation of the dimensionless 

current c,

( )
R R

i t

nFAc D

s
c

p s
= eqn. 4.18

Fig. 4.8 Dimensionless cyclic voltammogram.
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-4

-2

0

2

4

10
4  j 

/ A
 c

m
-2

0.40.20.0
E / V (vs Ag/AgCl)

Fig. 4.8 Cyclic voltammograms of the 
ferricyanide/ferrocyanide couple at a Pt 
electrode. The scan rate was 5, 10, 20, 40, 
60, 80 and 100 mV s-1. The concentration of 
each species was 10-3 mol dm-3.

Cyclic voltammetry of reversible reactions

5 3 2 1 2 1 2
a,peak R R2.69 10i n AD c n= ´� Randles-Sevick Equation

� Peak-to-Peak separation is 0.059/n V

� Peak positions are independent of n

eqn. 4.19

( ) ( )4- 3-

6 6
Fe CN Fe CN 1e-¾¾® +¬¾¾
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The concentration profile of the reactant during the potential cycling,

E1/2 – 28 mV

E1/2 + 28 mV

E1/2 + 250 mV

E1/2 + 46 mV (return)

E1/2 – 28 mV (return)

Fig. 4.9 Concentration profiles at
different potentials. Sweep rate 
was 100 mV·s–1 and the diffusion 
coefficient was 10–9 m2·s–1

[Girault 2005].

The peak current in the voltammogram is obtained when
( )
( )

R peak

O peak

0,
0.26

0,

c t

c t
=
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4.3 Cyclic Voltammetry of quasi-reversible reactions

For electrochemical reactions in which the rate of electron transfer is comparable to the 

diffusion kinetics, the Butler-Volmer expression should be introduced.  

In the resolution of this problem, the dimensionless electron transfer rate constant y is 

defined,

eqn. 4.21

As in the case for reversible reactions, there is no exact solution to this problem and 

numerical approaches are required.

( ) ( ) ( )o
R O0 exp 0 exp 1

nF nF
i nFAk c c

RT RT
a h a h

� �� � � �= - - - =� 
 � 
� �
� � � �� �

eqn. 4.20

o

R

k

D
y

p s
=

( )( ) ( ) ( ) ( )o
cv R O cv0 0nFAk S t c c S t

a
q q

-
� �= -� �
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Fig. 4.10 Calculated cyclic
voltammograms for quasi-reversible
reactions.

(a) y = 1.0 
(b) y = 0.5
(c) y = 0.1

The fundamental difference in the voltammograms for reversible and quasi-reversible 

systems is in the peak-to-peak separation. As the electron transfer rate constant 

decreases ( yyyy decreases) the anodic and cathodic peaks separate fu rther . This 

effect can also be seen if the potential scan rate is increased (again y decreases).
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4.4 Complex electrochemical reactions

Cyclic voltammetry is a useful diagnostic and analytical tool for interrogating complex 

electrochemically induced reactions (e.g. radical polymerisation, isomerisation, etc.). Let 

consider the following reaction sequence,

The appropriate differential equations include:

eqn. 4.23

eqn. 4.22Red( ) Ox( )aq aq ne-¾¾® +¬¾¾
f

b

Ox( ) P( )
k

k
aq aq¾¾®¬¾¾

( ) ( )2
R R

R 2

, ,c x t c x t
D

t x

d
d

¶
=

¶

( ) ( ) ( ) ( )
2

O O
O f O b P2

, ,
, ,

c x t c x t
D k c x t k c x t

t x

d
d

¶
= - +

¶
eqn. 4.24

eqn. 4.25

( ) ( ) ( ) ( )
2

P P
P f O b P2

, ,
, ,

c x t c x t
D k c x t k c x t

t x

d
d

¶
= + -

¶
eqn. 4.26
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Fig. 4.11 Influence of the post-
equilibrium constant (K) on the 
cyclic voltammogram. 

(a) K = 100
(b) K = 10
(c) K = 1
(d) K = 0.

eqn. 4.27P

O

c
K

c
=

( )1 2 ln 1
RT

E K
nF

= + eqn. 4.28

The voltammetric behaviour is drastically changed if the coupled chemical reaction is 

irreversible, i.e.

eqn. 4.29fOx( ) P( )kaq aq¾¾®
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Fig. 4.12 Influence of the 
irreversible chemical reaction
rate constant on the cyclic
voltammogram.

(a) l =1000
(b) l =10
(c) l =0.1

eqn. 4.30f fk kRT
nF

l
s n

= =
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Summary
� In stagnant solutions, the thickness of the diffusion layer varies 
with time and potential

� The time evolution of the current in a potential step experiment is 
given by the Cottrell equation

� Linear potential sweep experiments of reversible systems are 
characterised by

� The shape of cyclic voltammograms can provide information on 
the mechanism of electrochemically initiated reactions

R
da R

D
i nFAc

tp
� �= � 

� �

5 3 2 1 2 1 2
a,peak R R2.69 10i n AD c n= ´ peak 59 mVE nD =
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Giants of the day

John Edward Brough Randles
English Electrochemist

1912 - 1998

Frederik Gardner Cottrell
American Chemist

1877 - 1948
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Electroactive Layers and 
Modified Electrodes

Self-assembled monolayers (SAM)

SAM as blocking layers

SAM as linkers

Redox active polymers and devices
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5.1 Self-assembled monolayers (SAM)

One of the most active areas in electrochemistry deals with the modification of electrode 

surfaces by self-organised 2D molecular layers. These layers can be used for:

� Protecting/blocking the electrode surface – corrosion inhibitors, selective sensors 

� Bridging higher order molecular architectures – Sensors

� Manipulating charge transport kinetics/reactivity – molecular electronics

Fig. 5.1 Schematic representation of a SAM (organosulfur type) at a metal surface  
[Love et al., Chemical Reviews 105 (2005) 1103].
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The molecular arrangement is dictated by a delicate balance of intermolecular forces. 

For instance, the orientation of alkanethiols at Au surfaces (cf. figure 1) is determined by 

the strong covalent bonding between sulphur and Au as well as van der Waals

interactions between neighbouring alkyl chains. 

Strongly dependent on the permittivity of the medium

Attractive potential between aromatic macrocycles

Not so directional, common to all uncharged molecules

Highly specific and directional

Highly directional, short range, cannot be described by 
simple interatomic potentials

Remark

Difficult to assessHydrophobic

0-50p - stacking

5van der Waals

10-65H-bonding

250Coulomb

100-400Covalent

eeee / kJ mol -1Interaction

Table 5.1 Intermolecular forcers conventionally operating in self-assembling systems
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Fig. 5.2 Parameters defining the 
orientation of SAMs [Love et al., Chemical

Reviews 105 (2005) 1103].

Table 5.2 Molecular organisation of SAMs at Au 
surfaces as a function of the structure of the 
spacer [Love et al., Chemical Reviews 105 (2005) 1103]. 
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5.2 SAM as blocking layers

barrierQ

In lecture 2, the kinetics of outer-sphere electron transfer was introduced as an electron 

tunnelling event. This phenomenon can be approached by solving the Schrödinger 

equation for a particle with energy Q impinging on a wall with ane energy barrier (Vbarrier),

Fig. 5.3 A particle with energy Q and mass m 
incident on the left side of a barrier of energy 
Vbarrier. Inside the barrier there are no 
oscillations. At the other side the barrier, the 
wavefunction is non-zero and oscillations are 
observed again. Only the real component of the 
wavefunction is shown [Atkins 2002].

The availability of the particle to cross the barrier is known as tunnelling. Classically, the 

particle does not have enough kinetic energy (Q < Vbarrier) to overcome the barrier. This 

effect can be seen with electrons and in some cases protons. Heavier elements and 

molecules have negligible tunnelling probability.
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eqn. 5.1

Fig. 5.4 Characteristic distance 
dependence of the transmission 
probability of an electron.

Solving the appropriate Schrödinger equation, it follows that the transmission probability 

Ttunnel is given by,

where,
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Based on this principle, it can be predicted that the kinetics of electron transfer will 

exhibit an exponential decay as the distance between the redox species and the 

electrode surface increases. To test this, let consider the following family of thiols,

SH
OH

O
6-Mercaptohexanoic acid x = 5

SH
OH

O
8-Mercaptooctanoic acid x = 7

SH OH

O
11-Mercaptoundecanoic acid x = 10

O

OHSH

3-Mercaptopropionic acid x = 2

SH

O

OH

Mercaptoacetic acid x = 1
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and the redox probe

eqn. 5.2
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Fig. 5.5 Cyclic voltammograms of the 
ferri/ferrocyanide couple on Au 
electrodes modified by carboxyl-
terminated alkane thiols (fig.5.4). The 
scan rate was 50 mV s-1. The 
concentration of each redox species is 
5.0´ 10-4 mol dm-3.
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In the absence of SAM, ferri/ferrocynide behave reversibly. Thiols with long alkyl chain 

generates a strong barrier for the electron transfer and a Taffel behaviour is observed 

(eqns. 2.14 and 2.15).

A B

0.5a »peak 59 mVED »
5 3 2 1 2 1 2

Au,peak R R2.69 10j n D c n-= ´

Fig. 5.6 Blocking effect of the SAM x = 10 on the redox process at Au electrodes (A). 
Taffel plot of the SAM modified electrode (B). Experimental conditions as in fig. 5.5 
(Zhao, J.Phys.Chem B 2005)
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Based on eqn. 5.1, the standard electron transfer rate constant for the thiol modified 

electrode can be expressed as:

( ) ( ) ( )o o 0 expk x k xb= - eqn. 5.3

where:  b is the tunnelling attenuation constant

( )o 0k phenomenological parameter determined by the standard rate constant 

at clean Au electrodes

Recalling the charge transfer resistance Rct concept (eqn. 2.13),

ct 2 2 o
0 redox

RT RT
R

nFj n F k c
= = eqn. 5.4

Eqn. 5.3 and 5.4 allows writing,

( ) ( ) ( )ct ct 0 expR x R xb= eqn. 5.5

99

16

14

12

10

8

6

4

ln
 (

R
ct
 / 

W
)

1086420
x 

bbbb = 1.1 per CH2

Fig. 5.7 Charge transfer resistance for the 
ferri/ferrocyanide couple as a function of the 
number of methylene groups in the SAM. 
Surface area of the electrode is 0.07 cm2. 
Other parameters as in figure 5.5.

The thickness of the thiol layer is linearly 

dependent on the number of methylene

units. In this case, b ~ 0.8 Å-1. 

Table 5.2 Commonly reported b values for different kind spacers [Adams et al., J. Phys. Chem B. 2003]. 
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5.3 SAM as molecular linkers

Redox species can be self-assembled in organised 2D layers at electrode surfaces. 

Naturally, mass transport is not relevant to the electrochemistry of these systems.

To rationalise the voltammetric responses for surface confined redox species, we shall 

express the concentration in terms of surface excess G (mol cm-2) of the oxidised and 

reduced species.

Fig. 5.8 Redox species confined to 
electrode surfaces via self-assembly 
[Albrecht et al. Faraday Disc.  2006].
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( ) ( )O Rt t i
t t nFA

¶G ¶G
- = =

¶ ¶
eqn. 5.6

( )
( ) ( )O o'

O/R
R

exp
t nF

E E
t RT

G � �= - -� 
G � �

From eqns. 5.6 to 5.8, the following expressions can be written:

( ) ( )O R Rt t *G + G = G eqn. 5.7

where        is the total concentration of the adsorbed species. Eqn. 5.7 establishes that 

no adsorption/desorption process occurs during the electrochemical experiment. For a 

reversible reaction (fast electron transfer rate constant), it follows:

eqn. 5.8

( ) ( )R Rt ti
nFA t E

n
� �¶G ¶G

= = � �¶ ¶� �
eqn. 5.9

where n is the potential scan rate (V s-1), and  

R
*G
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Cyclic voltammetry of reversible surface confined re dox species
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eqn. 5.10
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peak,a peak,cE E E= =

Fig. 5.9 Cyclic voltammograms of the 
complex 3 (figure 5.8) assembled at Au 
surfaces at various scan rate. The 
system shows a reversible response 
[Albrecht et al. Faraday Disc.  2006].
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Key characteristics of surface confined electrochemical reactions include:

� The peak current (ipeak) is directly proportional to the scan rate (n). This is in contrast 

with freely diffusing species in which ipeak is proportional to n1/2 (see eqn. 4.19).

� The area under the peak is given by

� DE1/2 = 90.6/n mV (25°C)

For quasi-reversible systems, the peaks appear asymmetric and the peak potentials 

separate from each other. The appropriate equations for this system can be found in 

electrochemistry textbooks [Bard 2000].

RnFA *G
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5.4 Redox active polymers

Redox active and electrically conducting polymers are materials of enormous 

technological interest, particularly in the areas of:

� Flexible and low-cost electronics

� Smart windows and electrochromic devices

� Biocompatible actuators

� Solar cells and light emitting devices

These polymers can be generated electrochemically via oxidation of the corresponding 

monomers. The polymerisation of pyrrole occurs via:

+Py( ) Py ( )aq aq e· -¾¾® +
+ +

22Py ( ) Py ( ) 2Haq aq· ¾¾® +

+ +
2Py ( ) Py( ) Py ( ) 2Haq aq aq e· -+ ¾¾® + +

+ +
n-1 nPy ( ) Py( ) Py ( ) 2Haq aq aq e· -+ ¾¾® + +

n nPy ( ) Py ( )aq s¾¾®

Inititation

Dimerisation

Oligomerisation

Precipitation
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Fig. 5.10 Cyclic voltammograms of the oxidation of pyrrole in aqueous solution at a 
rotating disc electrode at 0 (a), 100 (b), 500 (c), 1000 (d), 2000 (e) and 3000 rpm (f). The 
decrease of the current with increasing rotation rate is due to the expulsion of the 
oligomers away from the electrode surface [Scharifker, J. Electroanal. Chem. 1994]. 

106

Insoluble oligomers precipitate at the electrode surface forming a thin polymer film. The 

conductivity of these films changes by several orders of magnitude upon oxidation of the 

polymer backbone,
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Fig. 5.11 Oxidation of polythiophene segments generates radical cations and dications
which act as charge carriers in the polymer layer. These species are responsible for 
substantial changes in the conductivity and spectral properties of the film.
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The optical properties of conducting polymers can be exploited in electrochromic

devices of the type

EncapsulationOTE
Anodic coloured

polymer

Cathodic coloured
Polymer

Gel electrolyte

EncapsulationOTE
Anodic coloured

polymer

Cathodic coloured
Polymer

Gel electrolyte

Fig. 5.12 Schematic diagram of a 
polymer-based electrochromic
window. Typical conducting 
polymers and their characteristic 
colours in the reduced (-), neutral 
(0) and oxidised forms (+) [Argun, Adv. 
Matter. 2003].
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Another interesting property of conducting polymer is their change in volume upon 

oxidation. The generation of radical cations and dication is accompanied by the ingress 

of anions from solution as well as solvent molecules. This is the main principle behind 

polymer-based artificial muscles.

Micro-chamber 100 mm × 100 mm × 20 mm.

Videos downloaded from www.micromuscle.com
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Summary
� The redox activity of electrodes can be tuned by self-assembling 
molecules and redox active polymers

� Redox confined species exhibit bell-shaped linear sweep 
voltammograms. The peak current is linearly dependent on the 
scan rate

� Conducting polymers are characterised by extended 
delocalisation which can be oxidised to form radical cations and 
dications. These species generates large changes in the 
conductivity and spectral properties of the film.
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