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A
im

 of the course:

T
his course provides the therm

odynam
ic tools

for understanding electrochem
ical reactions 

and devices. S
tarting from

 the concept of the electrochem
ical potential of charged species, 

this course w
ill cover the therm

odynam
ic relationships associated w

ith electrochem
ical cells 

and various devices such as batteries and sensors. T
he potentialdistribution across 

electrified m
etal|electrolyte

interfaces w
ill also be discussed.
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odynam
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ation
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ical cells
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)
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T
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interface
T
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T
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T
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1.1 C
hem

ical potential in gas phase

T
he F

undam
ental E

quation of C
hem

ical T
herm

odynam
ics

for a m
ulticom

ponent

system
s establishes (see C

hem
ical E

nergy lecture 4):

T
he energy of a system

 is determ
ined by its 

therm
odynam

ic state functions

Internal E
nergy

U
E

nthalpy
H

=
 U

+
pV

E
ntropy

S
H

elm
holtz E

nergy
A

=
 U

-
T

S
G

ibbs E
nergy

G
=

 H
-

T
S

m
¹

�
�

¶
=

�
�

¶
�

�
j

i

i
i

,
,

T
P

n

Gn

m
=

-
+

�
i

i
i

dG
V

dp
S

dT
dn

eqn. 1.1

w
here the chem

ical potential of the species i (m
i ) is defined as the change in m

olar G
ibbs 

energy w
ith the num

ber of m
oles of i at constant pressure (p) and tem

perature (T
)

eqn. 1.2

6

m
i can be regarded as the reversible w

ork for transferring one m
ole of i from

 vacuum
 to a 

given phase at constant p
and T

. F
or a perfect gas (pV

=
nR

T
) at constant T

, it follow
s:

(
)

(
)

(
)

m
m

=
-

=
=

�
�

o
o

o
p

p

p
p

R
T

dG
T

T
T

V
dp

dp
p

eqn. 1.3
(

)
(

)
m

m
�

�
=

+
�

�
�

�
o

o
ln

p
T

T
R

T
p

o
p

=
 1 bar (100kP

a)

F
ood for thoughts: A

s p
goes to zero, m

goes to -¥
! W

hat does it m
ean?

Ideal G
as
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F
ig. 1.1

V
ariation of chem

ical potential w
ith pressure [1].

R
eal gasses

can deviate from
 the behaviour established by eqn. 1.3. T

hese deviations 

originate from
 repulsive and attractive interactions betw

een m
olecules at high and low

 p, 

respectively. T
o account for these interactions, the fugacity

coefficient
jjj j

is 

incorporated into eqn. 1.3.

8

(
)

(
)

(
)

m
m

j
m

�
�

�
�

=
+

+
=

+
�

�
�

�
�

�
�

�
o

o
o

o
ln

ln
ln

p
f

T
T

R
T

R
T

T
R

T
p

p
eqn. 1.4

j
ln

R
T

the reversible w
ork associated w

ith interaction betw
een m

olecules

is defined as the fugacity. A
s p

®
0, j®

1 and f=
 p

j
=

f
p

F
or a m

ixture of ideal gasses, it follow
s: R

eal G
as

(
)

(
)

(
)

(
)

m
m

m
�

�
�

�
=

+
=

+
+

�
�

�
�

�
�

�
�

o
o

i
i

i
i

i
o

o
ln

ln
ln

p
p

T
T

R
T

T
R

T
R

T
y

p
p

eqn. 1.5

y
i is the m

ol fraction
of the perfect gas i.

=i
i

p
py
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1.2 C
hem

ical potential in liquid phase

In a m
ixture of liquids in equilibrium

 w
ith their respective vapour pressure, R

aoult’s
law

 

can be invoked,(
)

(
)

(
)

m
m

m
*

�
�

=
+

=
+

�
�

�
�

o
o,ideal

i
i

i
i

i
i

o
ln

ln
p

x
l

g
R

T
R

T
x

p

(
)

m
m

�
�

=
+

�
�

�
� *

o,ideal
o

i
i

i
o

ln
p

g
R

T
p

*
=i

i
i

p
p

x
p

i
partial pressure      

x
i m

ol fraction in the liquid m
ixture

p
i *vapour pressure of the pure liquid

eqn. 1.6

C
onsidering 

(
)

(
)

m
m

=
i

i
g

l

eqn. 1.7

eqn. 1.8

T
he term

 “ideal”
arises from

 R
aoult’s

assum
ption that a com

ponent behaves ideally in its 

pure state. R
elations 1.7 and 1.8 are generally applicable to m

ixtures of solvents.

10

In the case that the m
ol fraction of one com

ponent (solute) is insignificantw
ith respect to 

the other com
ponent (solvent), another relationship com

es into play:

=i
i

i
p

x
K

(
)

(
)

m
m

=
+

o
,ideal-dil

i
i

i
ln

l
R

T
x

(
)

m
m

�
�

=
+

�
�

�
�

o
,ideal-dil

o
i

i
i

o
ln

K
g

R
T

p

H
enry’s constant

eqn. 1.9

F
ollow

ing the sam
e argum

ents as in slide 8, it follow
s:eqn. 1.10

eqn. 1.11

H
enry’s idealstate corresponds to infinite dilution, i.e. the solute species

only interact 

w
ith solvent m

olecules. T
his brings a conceptual “problem

”, the standard state is 

associated w
ith the pure

solute behaving as ideally diluted.



11

F
ig. 1.2

V
ariation of the chem

ical potential and the definition of the standard 
chem

ical potential at 298 K
 in the scale of m

ole fractions for an ideally diluted 
solution [G

irault2001].

eqn. 1.11

eqn. 1.8

ideal dilute solution

ideal solution

12

j
ln

R
T

the reversible w
ork associated w

ith interaction betw
een solutes

is defined as the activity of the solute i.
g

=i
i

i
a

x

R
eal solute

A
s discussed for real gasses, the chem

ical potential of real solutes
m

ay exhibit 

deviations from
 eqn. 1.10. In this case, the activity coefficient ( g

i ) is introduced,

()
(

)
(

)
(

)
m

m
g

m
=

+
+

=
+

o
,ideal-dil

o
,ideal-dil

i
i

i
i

i
i

ln
ln

ln
l

R
T

x
R

T
R

T
a

eqn. 1.12

1.3 M
olality

and M
olarity

scales

B
oth concentration scales are used in diluted solutions and can be found in different 

textbooks. In several sections of A
tkins’P

hysical C
hem

istry, m
olality

(m
i )

is used,

=
i

i
s

s

n
m

n
M

n
i

num
ber of m

oles of the solute

n
s

num
ber of m

oles of the solvent      

M
s

m
olar m

ass of the solvent

eqn. 1.13

m
ol ´

kg
-1



13

S
im

ple algebraic m
anipulations allow

 expressing x
i in term

s of m
i . F

inally, it can be 

obtained from
 eqn. 1.12,

m
m

g
�

�
=

+
�

�
�

�
o

,
i

i
i

i
o

ln
m

m
m

R
T

m(
)

m
m

=
+

o
,

o
,ideal-dil

o
i

i
s

s
ln

m
R

T
m

M
X

o
m

standard m
olality

1 m
ol kg

-1
eqn. 1.14

eqn. 1.15

In the m
ore fam

iliar m
olar scale (c

i =
 n

i / V
), it can be derived from

 eqn. 1.12

m
m

g
�

�
=

+
�

�
�

�
o

,
i

i
i

i
o

ln
c

c
c

R
T

c

(
)

m
m

=
+

o
,

o
,ideal-dil

o
i

i
M

,s
ln

c
R

T
c

V

o
c

standard m
olarity

1 m
ol dm

-3
eqn. 1.16

eqn. 1.17

M
,s

V
m

olar volum
e of the solvent

It can also be obtained: 
g

g
=

s
i

i
i

i

c
m

d
mc

d
s

density of the pure solvent
eqn. 1.18

F
or diluted solutions, both scales converge to the sam

e values. F
or the rest of the 

course, the m
olarity

scale w
ill only be considered

.
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T
able 1.1 R

elative perm
ittivity

1.4 E
lectrostatic potential of condensed phases

T
he electrostatic inner potential f

determ
ines the reversible w

ork for transferring a 

positive charge unit from
 vacuum

 to the interior of the condensed phase. T
his term

 is 

also know
n as the G

alvani potential
. A

ssum
ing a spherical geom

etry,

(
)

(
)

0
4

y
pee

=
+

q
x

x
r

r

q
+

x

c

q  the charge of the condensed phase

y
outer potential (volta

potential)

c
surface potential

e
r relative perm

ittivity

e
perm

ittivity of free space (8.854´10
-12

J
-1

C
2 m

-1)

eqn. 1.19

2.0
C

yclohexane

2.3
B

enzene

25.3
E

thanol

35.6
N

itrobenzene

80.1
W

ater

e
r at 

293 K
solvent
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T
he V

olta potential (y
) is determ

ined by the distance (x) separating the unit charge from
 

the plane of closest approach to the phase. T
he surface potential ( c) is related to the 

differential w
ork for bringing the charge from

 x =
 0 to the interior of the phase.

+
f

y
c

=
+

y

c

If the phase is neutral, y
=

0 and f
=

 c
c

= 0.13 V
 for w

ater (T
rasatti1980)

eqn. 1.20

1.5 E
lectrochem

ical potential of charged species
A

rguably the m
ost im

portant therm
odynam

ic param
eter in equilibrium

 electrochem
istry is 

the electrochem
ical potential

m
m

f
=

+
�

i
i

i
z

F

m �
i

eqn. 1.21

C
hem

ical
E

lectrical

16

G

V
acuum

O
uter potential

y
i

z
F

c
i

z
F

m �
i

T
he star equation of the day:

(
)

m
m

f
=

+
+

�
o

i
i

i
i

ln
R

T
a

z
F

eqn. 1.22

bulk
m

i

E
lectrochem

ical potential
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S
um

m
ary

�
C

hem
ical potential (m

i ) –
reversible w

ork for transferring one m
ol 

of a com
ponent from

 vacuum
 to a given phase at constant T

and p

�
S

tandard states (  
) are defined for the solvent and solute

�
A

ctivity (a
i ) accounts for “non-ideal”

behaviour of solute

�
T

he G
alvani potential (f) is determ

ined by the “charge”
of the 

solvent and surface dipoles

(
)

m
m

f
=

+
+

�
o

i
i

i
i

ln
R

T
a

z
F

m
oi

18

G
iants of the day

Josiah W
illard G

ibbs
A

m
erican E

ngineer
1839 -

1903

F
rançois-M

arie R
aoult

F
rench C

hem
ist

1830 -
1901

W
illiam

 H
enry

E
nglish C

hem
ist

1775 -
1836



19

P
reviously

on E
lectrochem

istry

(
)

(
)

o
i

i
i

i
i

i
ln

z
F

R
T

a
z

F
m

m
y

c
m

f
=

+
+

=
+

+
�

G

V
acuum

O
uter potential

y
i

z
F

c
i

z
F

m �
i

bulk
m

i

W
hich factors affect the standard chem

ical potential and activity of ions?

20

T
herm

odynam
ics of Ions in 

S
olution

S
tandard functions of form

ation of ions

S
tandard E

ntropy of ions in solution

C
ontributions to the G

ibbs energy of form
ation

Ion activities and the D
ebye-H

ückelT
heory



21

2.1 S
tandard functions of form

ation of ions

T
he standard enthalpy (D

r H
i q) and G

ibbs energy (D
r G

i q) of a reaction involving ions are 

expressed in term
s of their standard enthalpy

(D
f H

i q) and G
ibbs energy

(D
f G

i q) of 

form
ation.

eqn. 2.1

-261.9
-240.1

N
a

+

-78.9
-89.1

F
e

2+

-48.5

-252.4 0

+
64.8

-167.2

D
f H

q

(kJ m
ol -1)

-4.7
F

e
3+

-283.3
K

+

0
H

+

+
65.5

C
u

2+

-131.2
C

l -

D
f G

q

(kJ m
ol -1)

Ion

T
able 2.1 S

tandard T
herm

odynam
ic 

functions of form
ation of ions in 

w
ater at 298 K

F
or the reaction,

(
)

(
)

(
)

+
®

+
2+

-
2

F
e

C
l

F
e

2C
l

s
aq

aq

It can be accurately m
easured,

(
)

(
)

D
D

+
D

o
o

2+
o

-
r

f
f

=
F

e
,

2
C

l,
H

H
aq

H
aq

=
-

-1
423.4

kJm
ol

eqn. 2.2

H
ow

 can the contribution of each ion to the change in enthalpy be extracted? T
he 

answ
er is by defining som

e standard values!

22

A
t all tem

peratures:

(
)

D
=

o
+

f
H

,
0

H
aq

(
)

D
=

o
+

f
H

,
0

G
aq

F
or exam

ple:

D
=

+
o

-1
r

85.8
kJm

ol
G (

)
(

)
(

)
(

)
+

®
+

+
2-

2
H

S
2H

S
g

s
aq

aq

C
alculate

(
)

D
o

2-
f

S
,

G
aq

(
)

D
=

+
o

2-
-1

f
S

,
85.8

kJm
ol

G
aq

A
nsw

er:

eqn. 2.3

(
)

(
)

(
)

D
D

+
D

=
D

o
o

+
o

2-
o

2-
r

f
f

f
=

2
H

,
S

,
S

,
G

G
aq

G
aq

G
aq

eqn. 2.4
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P
artial m

olar entropies
(S

m
q) of solutes in an electrolyte solution can be m

easured 

accurately, but there is no sim
ple w

ay of splitting the contributions from
 cations

and 

anions. C
onsequently, another convention is established:

2.2 S
tandard entropy of ions in solution

A
t all tem

peratures:

(
) =

o
+

m
H

,
0

S
aq

-59.0
N

a
+

-137.7
F

e
2+

-315.9

-102.5 0

-99.6

+
56.5

S
m

q

(J K
-1

m
ol -1)

F
e

3+

K
+

H
+

C
u

2+

C
l - Ion

T
able 2.2 S

tandard entropies of 
ions in w

ater at 298 K

N
egative S

m
q

can be interpreted as inducing local 

order of the w
ater m

olecules –
close range 

interactions.
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2.3 C
ontribution to the G

ibbs energy of form
ation

H
+(g) +

 ½
C

l2(g) +
 e

½
H

2(g) +
 ½

C
l2(g)

H
(g) +

 ½
C

l2(g)

H
+(g) +

 C
l(g) +

 e

H
+(g) +

 C
l -(g)

H
+(aq) +

 C
l -(aq)

H
+(g) +

 C
l -(aq)

(
)

D
o

-

solv
C

l
G(

)
D

o
+

solv
H

G

(
)

(
)

{
}

-
D

D
+

o
+

o
-

f
f

H
C

l
G

G

+
218

+
1312

+
106

-349
F

ig. 2.1
T

herm
odynam

ic cycle 
illustrating the various contribution to 
the G

ibbs energy of form
ation of C

l. 
G

ibbs energies associated w
ith som

e of 
the steps are indicated in kJ m

ol -1.

T
he sum

 of the standard G
ibbs energies of all the steps in the cycle is equal to zero.

(
)

(
)

(
)

{
}

D
+

D
D

=
+

o
-

o
+

o
-

f
solv

solv

-1
C

l
H

C
l

1272
kJ

m
ol

G
G

G
It follow

s,
eqn. 2.5

F
rom

 table 2.1
(

)
D

=
-

o
-

-1
f

C
l,

131.2
kJm

ol
G

aq
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0
e

f
pee

=
r

i
4

q
r

f
pee

pee
=

=
=

�
�

i
i

2
2

A
i

A
s

0
0

r
i

r
i

4
8

z
e

z
e

N
z

e
N

w
dq

qdq
r

r

e
e

r

R
elative

perm
ittivity

(see table 1.1)

P
erm

ittivity of 

free space

0
e

e
and in vacuum

,

T
he G

ibbs energy of solvation
can be estim

ated from
 the B

orn
solvation

theory (M
ax 

B
orn 1920). T

his approach calculates the difference in the reversible w
ork for charging 

an ion in solution and in vacuum
. T

he electrical potential of a sphere of radius “ri ”
and 

charge “q”
is:

pe
=

2
2

i
Ai

8 z
e

N
w

r eqn. 2.6

T
he differential w

ork to bring up a charge dq
is fdq. T

he total 

w
ork (w

s ) for charging one m
ole of the sphere (ion) by z

i e
in 

solution is,

eqn. 2.7

eqn. 2.8

26

T
he m

olar G
ibbs energy of solvation

pe
e

�
�

D
=

-
=

-
-

�
�

�
�

2
2

o
i

A
solv

i
s

i
r 1

1
8 z
e

N
G

w
w

r
eqn. 2.9

F
or C

l -(1.81 Å
) in w

ater:
D

=
-

-
o

-1
solv

C
l

379
kJm

ol
G

5
4

3
2

1
0

x10
2 

-5 -4 -3 -2 -1 0

x10
4
 

ri / Å

10-4 DsolvGi
q / kJ mol-1

80
60

40
20

0
-800

-600

-400

-200 0

DsolvGi
q / kJ mol-1

e
r

z
i =

 123e
r =

 78
z

i =
 1

ri =
 1 Å

ri =
 2 Å

ri =
 3 Å

F
ig. 2.2

D
ependence of the G

ibbs solvation
energy on the ionic radius for various ion 

charges (left). G
ibbs energy of solvation

as a function of the relative perm
ittivity for 

various ionic radii (right).



27

2.4 Ion activities and D
ebye-H

ückeltheory

Let recall,

Ion-ion interactions in solution can be so strong that neglecting g
i m

ay introduce 

significant error in high precision m
easurem

ents. A
s discussed later on, electrochem

ical 

m
easurem

ents allow
 estim

ating the activity coefficient of a saltg
M

X . H
ow

 does this 

param
eter relates to g

for each individual ion?

m
m

g
�

�
=

+
�

�
�

�
o

i
i

i
i

o
ln

c
R

T
c

eqn. 1.16

(
)

m
m

m
m

g
g

g
g

=
+

=
+

+
+

=
+

ideal
ideal

ideal
m

+
-

+
-

+
-

m
+

-
ln

ln
ln

G
R

T
R

T
G

R
T

F
or a 1:1 electrolyte (e.g. N

aC
l),

eqn. 2.11

N
on-ideal contributions are grouped here

It is convenient to introduce the m
ean activity coefficient

(
) 1

2
g

g
g

±
=

+
-

eqn. 2.12

28

T
his concept allow

s the assum
ption:

g
g

g
=

=
+

-
N

aC
l

N
a

C
l

m
m

g±
=

+
ideal

+
+

ln
R

T
m

m
g±

=
+

ideal
-

-
ln

R
T

eqn. 2.13

(
)

(
)

1

g
g

g
+

±
+

-
	



=

�
�

p
q

p
q

F
or all salt stoichiom

etries
S

alt  M
p X

q

eqn. 2.14

P
eter D

ebye and E
rich H

ückelproposed a m
odel in 1923 for calculating the activity 

coefficient arguing that the energy of an ion is low
ered by electrostatic interactions w

ith 

its ionic atm
osphere. T

heir m
ain assum

ptions w
ere:

�
Interactions are prim

arily colum
bic

�
E

lectrolyte is fully dissociated at all concentrations

�
P

erm
ittivity of the electrolyte is equal to the one of the pure solvent

�
Ions are rigid charged spheres (non-polarisable).

�
E

lectrostatic interaction is sm
aller than k

B T
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F
ig. 2.3

S
chem

atic illustration of the ionic atm
osphere around a charged

core. T
he dark 

ring corresponds to the distance w
ith the highest probability offinding a counterion

(1/ k) 
[G

irault 2001].

1/kkk k

k
ee

=
2

2
c

r

2000F
I

R
T

1/k
-

D
ebye length

=
�

2
c

i
i

i

12
I

c
z

Ic
–

Ionic strength (m
olar scale)

eqn. 2.15

eqn. 2.16

T
he ionic atm

osphere

30

F
ig. 2.4 V

ariation of the D
ebye distance w

ith
the concentration of a 1:1 salt[G

irault 
2001].

F
ig. 2.5 V

ariation of the ionic
atm

osphere
potentialas a function

of the distance relative 
to

the central ion [G
irault 2001].
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T
he final result yields the so-called extended D

ebye-H
ückelequation:

a
±

is and adjusting param
eter com

m
only associated 

w
ith the distance of closest approach betw

een 

cations
and anions. U

nfortunately, the extended 

D
ebye-H

ückelequation contains this rather 

em
pirical param

eter.

(
)

g
±

+
-

±

=
c

c

log
1

+

A
I

z
z

a
B

I
eqn. 2.17

w
here:

ee
=

=
´

9
1

2
-3

2
-1

r

2000
3.3

10
m

ol
dm

m
B

F
R

T
F

or w
ater at 298 K

(
)

pee
-

=
=

2
1

2
3

2

r
B

0.509
m

ol
dm

8
ln

10
e

B
A

k
T

360
K

C
l

400

430

520

450

a
± / pm

N
aC

l

LiC
l

H
B

r

H
C

l

S
alt

T
able 2.3 V

alues of the param
eter a

±
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F
or diluted solutions, equation 2.18 can be reduced to the star equation of the day,

(
)

g
±

+
-

=
c

log
z

z
A

I
eqn. 2.18

D
ebye-H

ückellim
iting law

F
ig

2.6 E
xperim

entalverification
of the lim

iting
(2.18) and extended

D
ebye-

H
ückellaw

(2.17)[G
irault 2001].
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S
um

m
ary

�
T

o determ
ine the standard functions of form

ation of ions

�
E

lectrostatic considerations allow
 estim

ating the G
ibbs energy of 

solvation

�
N

on-ideal behaviour of ions in solution can be approxim
ated by 

estim
ating their colum

bic interactions

(
)

D
=

o
+

f
H

,
0

H
aq

(
)

D
=

o
+

f
H

,
0

G
aq

pe
e

�
�

D
=

-
-

�
�

�
�

2
2

o
i

A
solv

i
i

r 1
1

8 z
e

N
G

r

(
)

g
±

+
-

=
c

log
z

z
A

I
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G
iants of the day

M
ax B

orn
G

erm
an P

hysicist
1882 -

1970

P
eter D

ebye
D

utch C
hem

ist
1884 -

1966

E
rich H

ückel
G

erm
an P

hysicist
1896 -

1980
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P
reviously

on E
lectrochem

istry

o
i

i
i

i
o

ln
c

R
T

z
F

c
m

m
g

f
±

�
�

=
+

+
�

�
�

�
�

H
ow

 can energy be generated from
 this?

pe
e

�
�

D
=

-
-

�
�

�
�

2
2

o
i

A
solv

i
i

r 1
1

8 z
e

N
G

r
(

)
g

±
+

-
=

c
log

z
z

A
I
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E
lectrochem

ical C
ells

E
quilibrium

 and the G
alvani potential difference

E
lectrodes and electrochem

ical cells

Liquid P
otentials

C
ell reaction

T
he electrom

otive force (em
f)
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3.1 E
quilibrium

 and the G
alvani potential difference

F
or a general chem

ical process in equilibrium

eqn. 3.1
(

)
(

)
(

)
aA

bB
cC

aq
aq

aq
+

��������

S
im

ilarly, for an electrochem
ical process

(
)

(
)

(
)

(
)

C
A

B
=

c
a

b
0

G
aq

aq
aq

m
m

m
D

-
+

=

eqn. 3.3

T
he G

ibbs energy is a linear com
bination of the chem

ical potentials,

eqn. 3.2

(
)

(
)

(
)

O
x

R
ed

aq
ne

M
aq

-
+

��������

(
)

(
)

(
)

(
)

red
ox

=
0

e
G

aq
n

M
aq

m
m

m
D

-
+

=
�

�
�

�
eqn. 3.4

(
)

O
x

aq

(
)

R
ed

aq

(
)

ne
M

-

T
aking eqs. 1.22 and 3.2, it follow

s

38

w
here

C
onsidering

eqn. 3.5

(
)

(
)

(
)

(
)

m
f

m
f

	



	



+
+

-
-

-
�

�
�

�
ored

red
red

ln
aq

M
e

aq
R

T
a

z
F

n
M

F

(
)

(
)

m
f

	



-
+

+
=

�
�

oox
ox

ox
ln

0
aq

aq
R

T
a

z
F

ox
red

n
z

z
=

-

(
)

(
)

(
)

o
o

o
ox

red
e

G
aq

aq
n

M
m

m
m

	



D
=

-
+

�
�

f
�

�
D

=
-D

-
=

-D
�

�
�

�

o
red

ox

ln
Maq

a
nF

G
R

T
G

a

(
)

f
f

f
D

=
-

M
M

aq
aq

G
alvani potential difference

E
qn. 3.6 describes a unique relationship betw

een the G
alvani potential difference and 

the activity (concentration) ratio of the redox species.

f
f

�
�

D
=

D
-

�
�

�
�

o
red

ox

ln
M

M
aq

aq

a
R

T
nF

a
eqn. 3.6

f
D

=
-D

o
o

Maq
G

nF
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E
lectrochem

ical cells are com
posed of tw

o electrodes in contact w
ith an electrolyte 

solution. K
ey concepts:

E
lectrodes: electron conducting m

aterials

E
lectrolyte: ion conducting system

s

G
alvani cells: generate electricity from

 spontaneous
reactions at the electrodes

E
lectrolytic cells: non-spontaneous

reactions are driven at the electrodes

C
athode: electrode involved in the reduction

reaction

A
node: electrode involved in the oxidation

reaction

2.2 E
lectrodes and E

lectrochem
ical cells

G
alvanic C

ell
E

lectrolytic C
ell

40

T
here are several types of electrodes:

(
)

3+
F

e
aq

(
)

2+
F

e
aq

e
-

P
t

f
f

�
�

D
=

D
-

�
�

�
�

�
�

2+

3
+

o
F

e

F
e

ln
M

M
aq

aq

a
R

TF
a

R
edox E

lectrodes
M

etal/M
etal Ion(

)
2+

C
u

aq

C
u

f
f

�
�

D
=

D
-

�
�

�
�

�
�

2+

o

C
u 1

ln
2

M
M

aq
aq

R
TF

a

(
)

-
C

l
aq

A
g

AgCl

M
etal/Insoluble-S

alt

(
)

f
f

D
=

D
-

-
o

C
l

ln
M

M
aq

aq

R
T

a
F

(
)

2
H

g

P
t

G
as E

lectrodes(
)

+
H

aq

f
f

�
�

D
=

D
-

�
�

�
�

�
� +

o

H 1
ln

M
M

aq
aq

R
TF

a
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A
 liquid

potential is generated w
hen tw

o electrolyte solutions w
ith different com

positions 

are in contact. In the case that a single com
m

on ion to both electrolytes is present,

2.3 Liquid P
otentials

w
ater

C
H

2 C
l2 T
M

A
+C

l -

T
M

A
+P

F
6 -

T
M

A
+

tetram
ethylam

m
oniun

(
)

(
)

+
+

T
M

A
T

M
A

aq
org

m
m

=
�

�

(
)

(
)

+
+

oT
M

A
T

M
A

ln
aq

aq
aq

R
T

a
F

m
f

+
+

=

(
)

(
)

+
+

oT
M

A
T

M
A

ln
org

org
org

R
T

a
F

m
f

+
+

++

o
T

M
A

T
M

A

ln
org

aq
aq

org
org

aq

a
R

TF
a

f
f

�
�

D
=

D
+

�
�

�
�

�
�

eqn. 3.7

T
his sim

ple relationship is rather useful as it allow
s describing a variety of 

electrochem
ical equilibria

ranging from
 ion sensitive electrodes to life-sustaining 

m
em

brane potentials.

42

In the case that the electrolytes in contact w
ith the cathode and anode m

ust be 

physically separated from
 each other, salt bridges

can be used for m
inim

ising liquid 

potentials.

E
cell

bridge
aq

f
D

aqbridge f
D

C
ancel each other out

R
epresentation of boundaries in cells:

P
hase boundary

Liquid junction

B
oundary excluding liquid potentials
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T
w

o versions of the D
aniellC

ell (John F
rederic D

aniell1836)

(
)

(
)

(
)

(
)

4
4

Z
n

Z
nS

O
C

uS
O

C
u

s
aq

aq
s

�

(
)

(
)

(
)

(
)

4
4

Z
n

Z
nS

O
C

uS
O

C
u

s
aq

aq
s

Liquid potential established betw
een both com

partm
ents

N
egligible liquid potential betw

een both com
partm

ents
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T
his is the net chem

ical reaction operating in an electrochem
ical cell. In order to 

establish the cell reaction, the convention defines that the cathode is located at the right 

hand side
of the electrochem

ical cell,

2.4 T
he cell reaction(

)
(

)
(

)
(

)
4

4
Z

n
Z

nS
O

C
uS

O
C

u
s

aq
aq

s

cathode
anode

R
eactions at both electrodes are w

ritten in their reduction form
:

(
)

(
)

2+
Z

n
2

Z
n

aq
e

s
-

+
®

eqn. 3.8
(

)
(

)
2+

C
u

2
C

u
aq

e
s

-
+

®

eqn. 3.9
H

alf cell reactions

T
he cell reaction

corresponds to cathode –
anode (right hand –

left hand),

(
)

(
)

(
)

(
)

2+
2+

C
u

Z
n

C
u

Z
n

aq
s

s
aq

+
®

+
eqn. 3.10
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(
)

(
)

(
)

(
)

4+
2+

2+
3+

S
n

2F
e

S
n

2F
e

aq
aq

aq
aq

+
®

+

(
)

(
)

(
)

(
)

(
)

(
)

3
2

4
2

P
t

F
eC

l
,F

eC
l

S
nC

l
,S

nC
l

P
t

s
aq

aq
aq

aq
s

(
)

(
)

(
)

(
)

4
3

Z
n

Z
nS

O
A

gN
O

A
g

s
aq

aq
s

(
)

(
)

3+
2+

F
e

F
e

aq
e

aq
-

+
®

(
)

(
)

4+
2+

S
n

2
S

n
aq

e
aq

-
+

®

(
)

(
)

2+
Z

n
2

Z
n

aq
e

s
-

+
®

(
)

(
)

+
A

g
A

g
aq

e
s

-
+

®

(
)

(
)

(
)

(
)

+
2+

2A
g

Z
n

2A
g

Z
n

aq
s

s
aq

+
®

+
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B
y definition, the cell potential corresponds:

2.4 T
he cell potential and the electrom

otive force

R
earrangem

ents of eqn. 3.13 yields the star equation of the day

w
here Q

is the quotient of the electrochem
ical cell reaction. T

his extrem
ely im

portant 

equation, nam
ed after the G

erm
an chem

ist W
alter N

ernst, allow
s predicting the cell 

potential from
 the com

position of the electrolyte solutions.

f
f

	



�
�

�
�

=
D

-
-

D
-



�

�
�

�
�

�
�

�
�

�
�

c
a

o,c
o,a

red
red

cell
c

a
ox

ox

ln
ln

M
M

aq
aq

a
a

R
T

R
T

E
nF

a
nF

a

(
)

(
)

f
f

=
D

-D
cell

M
M

aq
aq

E
cathode

anode
eqn. 3.11

eqn. 3.12

(
)

c
a

o
o

red
ox

cell
cell

cell
c

a
ox

red

ln
ln

a
a

R
T

R
T

E
E

E
Q

nF
a

a
nF

�
�

=
-

=
-

�
�

�
�

eqn. 3.13

T
he N

ernst equation
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F
rom

 the D
aniellC

ell reaction (eqn
3.10)

(
)

(
)

(
)

(
)

2+
2+

C
u

Z
n

C
u

Z
n

aq
s

s
aq

+
®

+
eqn. 3.10

2+2+

o
Z

n
cell

cell

C
u

ln
2

a
R

T
E

E
F

a �
�

=
-

�
�

�
�

�
�

eqn. 3.11

A
 cell in w

hich the overall cell reaction is N
O

T
 at equilibrium

 can generate electrical 

w
ork. T

he cell potential is directly related to the m
agnitude of this w

ork. In this respect, 

the E
cell is also know

n as the electrom
otive force. It follow

s,

r
cell

G
nF

E
D

=
-

eqn. 3.12

F
ig 3.1 G

ibbs energy as a function of the 
extent of the reaction. F

or the electrochem
ical 

cell reaction occurs spontaneously, the cell 
potential should be positive

48

S
um

m
ary

�
E

quilibrium
 betw

een charged species in different phases 
generates a G

alvani potential difference, e.g.

�
E

lectrochem
ical cells involve tw

o electrodes, cathode and anode,
in addition to a variety of phase boundaries 

�
T

he cell reaction and cell potential are obtained by subtracting
the 

half cell reactions and galvanipotential differences of the cathode 
and anode

�
T

he cell potential is given by the N
ernst equation,

f
f

�
�

D
=

D
-

�
�

�
�

o
red

ox

ln
M

M
aq

aq

a
R

T
nF

a(
)

o
cell

cell
ln

R
T

E
E

Q
nF

=
-
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G
iants of the day

John F
. D

aniell
E

nglish C
hem

ist
1790 -

1845

W
alter N

ernst
G

erm
an C

hem
ist

1864 -
1941
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P
reviously

on E
lectrochem

istry
oi

solv
i

,
G

m
D

S
alt B

ridge

(
)

g
±

+
-

=
c

log
z

z
A

I

(
)

o
cell

cell
ln

R
T

E
E

Q
nF

=
-E
cell

Anode

O
c

R
c

O
a

R
a

Cathode

O
c

+
R

a
R

c
+

O
a

®

r
cell

G
nF

E
D

=
-
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C
ells at equilibrium

S
tandard P

otentials

M
easuring S

tandard P
otentials

M
easuring activity coefficients

M
easuring solubility constants

and useful constants
ocell

E

52

4.1 C
ells at equilibrium

F
ig 3.1 G

ibbs energy as 
a function of the extent of 
the reaction. F

or the 
electrochem

ical cell 
reaction occurs 
spontaneously, the cell 
potential should be 
positive

Let recall F
igure 3.1 and the N

ernst equation,

(
)

o
cell

cell
ln

R
T

E
E

Q
nF

=
-

eqn. 3.13

T
he m

inim
um

 in the curve corresponds to the equilibrium
 state. A

s the G
ibbs energy of 

the cell reaction is zero, the cell cannot perform
 any external w

ork . C
onsequently,

A
t equilibrium

Q
K

=
E

quilibrium
 constant of the cell reaction

(
)

ocell
ln

nF
E

K
R

T
=

eqn. 4.1
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E
qn. 4.1 is rather useful as it allow

s calculating equilibrium
 constants from

 the standard 

potential of the cell. F
rom

 eqn. 3.12 can also be established,

o
o

r
cell

G
E

nF
D

=
-

eqn. 4.2

4.2 S
tandard potentials

A
s discussed in section 2.4, the cell potential is determ

ined by
the potentials at the 

cathode and anode. E
cell can be m

easured accurately, how
ever, the potential at each 

individual electrode cannot be m
easured. A

 convention is needed,

eqn. 4.3
(

)
(

)
(

)
+

2
H

1
2

H
aq

e
M

g
-

+
®

+

o

H 1
ln

M
M

aq
aq

R
TF

a
f

f
�

�
D

=
D

-
�

�
�

�
�

�

eqn. 4.4

(
)

+
H

1
a

aq
=

o
0

M
M

aq
aq

f
f

D
=

D
=

eqn. 4.5
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T
his m

eans that the half cell

(
)

(
)

(
)

+
2

P
t

H
H

1,
H

s
g

a
aq

+
=

has a G
alvani potential equal to zero at all tem

peratures. O
n the basis of this 

assum
ption, the standard potential for a half cell reaction can be estim

ated as in the 

follow
ing exam

ple,

(
)

(
)

(
)

(
)

(
)

+
+

=
=

+
+

2
H

A
g

P
t

H
H

1,
A

g
1,

A
g

s
g

a
aq

a
aq

s

(
)

(
)

(
)

(
)

+
+

2
A

g
1

2
H

A
g

+
H

aq
g

s
aq

+
®

R
eaction

(
)

(
)

+
2

H
1

2
H

aq
e

g
-

+
®

(
)

(
)

+
A

g
A

g
aq

e
s

-
+

®

N
ernst

++

o
H

cell
cell

A
g

ln
a

R
T

E
E

F
a �

�
�

�
=

-
�

�
�

�

+
+

H
A

g
1

a
a

=
=

(
)

+

o
o

cell
cell

A
g

A
g

0.80
V

E
E

E
=

=
=

cell 4.1

cell 4.2

eqn. 4.6

eqn. 4.7

F
rom

 experim
ents:
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T
able 4.1 S

tandard potentials at 298 K

56

A
lthough the standard potentials are tabulated as for a half cell reaction, e.g.

T
he standard cell potential of any given cell can be directly extracted from

 the standard 

potential of their half cell reaction (table 4.1). F
orm

ally cells 4.3 and 4.4 are equivalent,

(
)

(
)

-
-

3 I
2

3I
aq

e
aq

-
+

®
(

)
-

-
3 oI

I
0.53

V
E

=

they should be understood as an abbreviation of the full reaction,

(
)

(
)

(
)

(
)

-
-

+
3

2
I

H
3I

+
2H

aq
g

aq
aq

+
®

4.2 S
tandard cell potentials as a function of half-cell standard 

potentials

(
)

(
)

(
)

(
)

(
)

+
-

A
g

A
g

C
l

A
gC

l
A

g
s

aq
aq

s
s

(
)

(
)

(
)

(
)

(
)

(
)

(
)

(
)

(
)

(
)

+
+

+
-

2
A

g
A

g
H

1,
P

t
P

t
H

H
1,

C
l

A
gC

l
A

g
H

H
s

aq
a

aq
s

s
g

a
aq

aq
s

s
+

+
=

-
=

cell 4.4

eqn. 4.8

cell 4.3

eqn. 4.9
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C
onsequently, the standard potential of cell 4.3 is sim

ply

(
)

(
)

-
+

o
o

o
cell

A
gC

l
A

g,C
l

A
g

A
g

0.22
V

-0.80
V

=
-0.58

V
E

E
E

=
-

=
eqn. 4.10

C
alculate the standard potential and standard reaction G

ibbs energy of:

(
)

(
)

(
)

(
)

(
)

(
)

+
®

3
3

2
2

P
b

Z
n

N
O

P
b

N
O

+
Z

n
s

aq
aq

s
eqn. 4.11

(
)

(
)

2+
P

b
2

P
b

aq
e

s
-

+
®

(
)

(
)

2+
Z

n
2

Z
n

aq
e

s
-

+
®

R
.H

.S
L.H

.S

(
)

(
)

(
)

(
)

2+
2+

P
b

P
b

Z
n

Z
n

s
aq

aq
s

cell 4.5

(
)

(
)

(
)

2
+

2+

o
o

o
cell

Z
n

Z
n

P
b

P
b

0.76
V

-
-0.13

V
0.63

V
E

E
E

=
-

=
-

=
-

eqn. 4.12

R
ecalling

D
=

-
o

o
r

cell
G

nF
E

(see eqn. 4.2)

(
)

o
-1

3
-1

r
2

96485
C

m
ol

0.63
V

121.6
10

Jm
ol

G
D

=
-

´
´

-
=

´
eqn. 4.13
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(
)

(
)

(
)

(
)

2
2

2K
2H

O
2K

O
H

+
H

s
l

aq
g

+
®

eqn. 4.14
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2
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+
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-
+

®
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)
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)

(
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)

(
)

+
-

2
K

K
O

H
H

P
t

s
aq

aq
g

s
cell 4.6

(
)

(
)

(
)

-
+

2

o
o

o
cell

H
O

O
H

K
K

0.83
V

-
-2.93

V
2.10

V
E

E
E

=
-

=
-

=
eqn. 4.15

(
)

o
-1

3
-1

r
2

96485
C

m
ol

2.10
V

405.2
10

Jm
ol

G
D

=
-

´
´

=
-

´
eqn. 4.16

A
nd this one:

A
nd this one:

(
)

(
)

(
)

(
)

4
3

Z
n

Z
nS

O
A

gN
O

A
g

s
aq

aq
s

Im
portant: the standard potential rem

ains unchanged even if the half cell reaction is 

m
ultiplied by a factor for balancing the num

ber of electrons. T
his becom

es clear from
 the 

relationship:

cell 4.7

o
o

r
cell

G
E

nF
D

=
-

eqn. 4.2
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4.3 M
easurem

ent of standard potentials
H2 (g)

P
t

A
g

AgCl

H
C

l(aq)

E
cell

(
)

(
)

(
)

(
)

(
)

2
P

t
H

H
C

L
A

gC
l

A
g

s
g

aq
s

s
cell 4.4
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)

(
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+
2

H
1

2
H
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e

g
-

+
®

(
)

(
)

-
A

gC
l

A
g

C
l(

)
s

e
s

aq
-

+
®

+
R

.H
.S

L.H
.S

(
)

(
)

(
)

(
)

+
®

+
+

-
2

A
gC

l
1

2
H

A
g

H
+

C
l(

)
s

g
s

aq
aq

eqn. 4.17

T
he N

ernst equation is given by:

(
)

+
-

-

2

o
H

C
l

cell
1

2
A

gC
l

A
g,C

l
o

H

ln
a

a
R

T
E

E
F

f
p

�
�

�
�

=
-

�
�

�
�

eqn. 4.18

A
djusting

2

o
H

1bar
f

p
=

=
it follow

s:

(
)

-
+

-
o

cell
A

gC
l

A
g,C

l
H

C
l

ln
R

T
E

E
a

a
F

=
-

eqn. 4.19
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R
ecalling the relationship betw

een activity and concentration,

i
i

i
o

c
a

b
c

g
g

=
=

eqn. 4.20

T
aking eqn. 4.19 and 4.20, it can be established,

(
)

(
)

-
o

2
2

cell
A

gC
l

A
g,C

l
ln

ln
R

T
R

T
E

E
b

F
F

g
±

=
-

-
eqn. 4.21

F
inally, expressing the m

ean activity coefficient in term
s of the D

ebye-H
ückellim

iting 

law
, eqn. 4.21 yields

(
)

-
o

1
2

cell
A

gC
l

A
g,C

l

2
ln

R
T

E
b

E
C

b
F

+
=

+
eqn. 4.22

w
here C

is a constant.

F
ig 3.2 T

ypical representation of E
cell vs

b
used for 

estim
ating the standard potential of an electrode. In 

this exam
ple, b is expressed in m

olalscale. T
he 

intercept indicates:

-
oA
gC

l
A

g,C
l

0.2232
V

E
=
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4.4 M
easuring m

ean activity coefficients

U
sing the sam

e cell arrangem
ent as in fig. 4.2 and cell 4.4, the

m
ean activity coefficient 

at a given b
can be calculated once the cell potential is accurately m

easured.

In typical experim
ents, A

g/A
gC

lelectrodes are rather 

m
ore convenient to use that hydrogen electrodes. 

(
)

(
)

-
o

cell
A

gC
l

A
g,C

l
ln

ln
2

E
E

b
R

T
F

g
±

-
=

-
eqn. 4.22

w
w

w
.m

etrohm
.com

T
he hydrogen electrode can be substituted by another reference electrode to sim

plify 

the experim
ental arrangem

ent. In this case, the standard potential of the reference 

electrode should be introduced in eqn. 4.22
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(
)

(
)

(
)

+
-

A
gI

A
g

I
s

aq
aq

®
+

eqn. 4.23

eqn. 4.24
T

he solubility constant K
sp

is defined as,

4.4 M
easuring solubility constants

+
-

sp
A

g
I

K
a

a
=

F
orm

ally, there are no changes in oxidation states. H
ow

 can electrochem
istry be used? 

T
he strategy is to consider eqn. 4.23 as an electrochem

ical cellreaction and identify 

appropriate half cell reactions, 

(
)

(
)

(
)

-
A

gI
A

g
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s
e

s
aq

-
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®
+
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g
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g
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e
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-
+

®

R
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L.H
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)
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)

A
g

A
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A
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A
g

s
aq

s
s

cell 4.4

(
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+
-

o
cell

cell
A

g
I

ln
R

T
E

E
a

a
F

=
-

eqn. 4.25
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cell
0

E
=

(
)

-
+

o
o

o
cell

sp
A

gI
A

g,I
A

g
A

g
ln

R
T

E
K

E
E

F
=

=
-

eqn. 4.26

A
t equilibrium

,

(
)

-
	



´

-
=

=
´



�

´
�

�

-1
17

sp
-1

96485
c

m
ol

0.95
V

exp
8.56

10
8.314

JK
298

K
K
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S
um

m
ary

�
T

he potential of a cell at equilibrium
 is zero.

�
B

y convention, the standard potential of the half cell reaction:

�
T

he standard potential of a cell is given by 

�
S

tandard cell potential allow
s calculating equilibrium

 constants
and activity coefficients

(
)

ocell
ln

nF
E

K
R

T
=

o
o

o
cell

cathode
anode

E
E

E
=

-

(
)

(
)

+
2

H
1

2
H

aq
e

g
-

+
®

=
+

2

oH
H

0
E
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P
reviously

on E
lectrochem

istry

(
)

o
cell

cell
ln

R
T

E
E

Q
nF

=
-

Anode

E
cell

O
c

R
c

O
a

R
a

Cathode

g
±

oO
R

E
sp

K
R

eference electrodes
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E
lectroanalysis

and devices

P
otentiom

etric
titrations

Ion selective electrodes

pH
 electrodes

B
attery and energy storage

F
uel cells
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5.1 P
otentiom

etric
titrations

P
otentiom

etric
titrations are based on the N

ernst equation and conventional acid-base 

titration relationships. F
or exam

ple, the concentration of F
e

2+(aq) can be determ
ined by 

adding controlled am
ounts of C

e
4+(aq) w

hile m
onitoring the electrode potential.

(
)

(
)

3+
2+

F
e

F
e

aq
e

aq
-

+
®

(
)

(
)

4+
3+

C
e

C
e

aq
e

aq
-

+
®

H2 (g)

P
t

H
C

l(aq)

S
alt B

ridge

E
cell

F
e

3+

F
e

2+

C
e

4+

C
e

3+

P
t

C
e

4+

=
3

+
2

+
oF
e

/F
e

0.771V
E

=
4

+
3

+
oC
e

/C
e

1.44
V

E
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1.0

0.9

0.8

0.7

0.6

0.5
1.0

0.8
0.6

0.4
0.2

0.0

A
ddition of C

e
4+

w
ill change the ratio of F

e
2+/F

e
3+

and the potential at the electrode.

F
irst, consider the changes in the potential upon m

odifying the concentration ratio,

N
ernst

3
+

2+
o

cell
F

e
/F

e
ln

1
R

T
x

E
E

F
x

�
�

=
-

�
�

-
�

�
eqn. 5.1

F
ig 5.1 P

otential as a function of the relative F
e

2+
/F

e
3+. 

x

Ecell / V
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C
onsidering each redox equilibria,

(
)

3
+

3
+

2+

2+

o
F

e
cell

F
e

/F
e

F
e

exp
c

F
E

E
c

R
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=
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�
�

eqn. 5.2
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4
+

4
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3
+

3
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o
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e
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C
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C
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F
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E
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=
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�
�

eqn. 5.3

A
nd m

ass conservation,

3
+

2+
2+

F
e

F
e

F
e

a
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c
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V
V

V
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=
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�
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eqn. 5.4

eqn. 5.5
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+
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+
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e
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e
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e
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a
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c
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=
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�
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F

e
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Initial concentration of F
e

2+
V

Initial volum
e of the F

e
2+

solution
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the relationship betw
een the cell potential and the added volum

e
of the titrant(V

a ) is 

given by,

(
)

(
)

(
)

4
+

3
+

2
+

3
+

2+

4
+

3
+
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o
cell

C
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o
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e
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F
e

/
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o
C

e
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F
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1
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E
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eqn. 5.6
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8
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V
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Ecell / V

2+
4

+
F

e
C

e
c

c
=

-3
10

cm
V

=

F
ig 5.2 T

ypical potentiom
etric

titration 
curve of a F

e
2+

solution w
ith a standard 

C
e

4+. 
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IS
E

 are com
posed of an inner 

com
partm

ent w
ith a reference 

electrode separated from
 the 

analyte
solution by an ion 

perm
eable m

em
brane

5.2 Ion selective electrodes (IS
E

)

P
otentiom

etric
titration are extensively used in 

industry as it can be set up fully autom
ated.

F
ig. 5.3

D
iagram

of an ion selective
electrode

[G
irault 2005].
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T
he G

alvani potential difference 
can be obtained based on the equilibration

RA f
D

of the electrochem
ical potential of the ion across the junction

A
M

R
i

i
i

m
m

m
=

=
�

�
�

eqn. 5.7
A

: A
nalyte

M
: M

em
brane 

R
: R

eference

T
he G

alvani potential difference, 

(
)

(
)

R
A

R
M

M
A

f
f

f
f

f
f

-
=

-
+

-
eqn. 5.8

R
ecalling eqn. 3.7, it follow

s: 

M
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R
A

R
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o
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o
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M
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A
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i
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�
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=
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R
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z
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a
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�
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D
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�
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�

eqn. 5.9
R

o
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o
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i
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i
f

f
D

»
D
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A
 variety of m

aterials can be used as ion 

selective m
em

brane for ionic species as 

show
n in the table 5.1.

T
able 5.1. Ion selective electrodes 

com
m

ercially available from
 M

etrohm
.

www.metrohm.com
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5.3 pH
 electrodes

(
)

(
)

(
)

(
)

(
)

(
)

+
o

o
+

2
2

H
P

t
H

,
1

H
,H

P
t

s
p

H
a

p
aq

s
+

=
cell 5.1

eqn. 5.10

(
)+

S
H

E
H

ln
10

ln
pH

R
T

R
T

E
a

F
F

=
=

(
)+H

pH
=

-log
a

It follow
s,

eqn. 5.11

D
espite the sim

plicity of eqn. 5.11, 

hydrogen electrodes are not 

convenient for routine experim
ents. 

T
hese are typically perform

ed w
ith 

the so-called glass pH
 electrodes

F
ig 5.4 S

chem
e of a G

lass pH
 electrode 

[G
irault2005]
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T
he general cell arrangem

ent can be represented as:

(
)

(
)

(
) -3

A
g

A
gC

l
K

C
l

3.5
m

oldm
s

s

cell 5.2

(
)

(
)

(
)

(
)

(
)

+
+

buffer
-3

H
H

analyte
glass

buffer
N

aC
l

0.1m
oldm

A
gC

l
A

g
a

a
s

s

F
ig. 5.5

Ionic
equilibria

in a 
glass electrode

[G
irault 2005].

T
he ionic equilibria

can be expressed in sim
ilar term

s to those for ion selective 

electrodes. H
ow

ever, transport dynam
ics and non-uniform

 properties of the hydrated 

glass can affect the expected N
ernstian

response of the electrode. T
his approach 

requires calibration w
ith standard buffer solutions. 
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5.4 B
atteries and electrochem

ical energy storage

O
ne of the m

ost w
idely used battery w

as initially developed by G
eorge Leclanché

in 

1866. 

F
ig. 5.6

D
iagram

of a Leclanché
battery.

(
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)

(
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(
)

(
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2
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n
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H
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n
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C
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s
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cell 5.3

(
)

(
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(
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(
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-

2
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2
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Z
n

+
2M

nO
+

H
O

Z
n

2O
H

+
M

n
O

s
s

aq
s

®
+

eqn. 5.12

cell
1.55

V
E

=

T
he process at the anode are not fully 

reversible, so these batteries cannot be 

recharged

http://w
w

w
.baj.or.jp
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R
eplacing the electrolyte in Leclanché’s

battery by an electrolyte containing K
O

H
 led to 

the developm
ent of the alkaline batteries. T

he cell reaction can be w
ritten in tw

o form
s:

(
)

(
)

(
)

(
)

(
)

2
2

2
3

2
Z

n
+

2M
nO

+
H

O
Z

n
O

H
+

M
n

O
s

s
aq

s
®

eqn. 5.13

(
)

(
)

(
)

(
)(

)
2

2
Z

n
+

M
nO

+
H

O
Z

nO
+

M
nO

O
H

s
s

aq
s

®
eqn. 5.14

S
om

e of these batteries have been designed to be rechargeable. T
he essential redox 

chem
istry is the sam

e, but m
aterials and com

position have been optim
ised for control 

recharging.

http://w
w

w
.baj.or.jp

F
ig. 5.7

S
chem

atic
design of an 

alkaline
battery
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In 1859, G
aston P

lanté
pioneered another technology of trem

endous im
pact, the so-

called lead accum
ulator (lead-acid battery).

(
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4
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4
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2
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b
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H
S

O
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P
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s
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s
s

s
cell 5.4
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s
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l
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-
+

®
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eqn. 5.15

R
.H
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L.H
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(
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+
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3
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4
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P
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+
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O
+

H
S

O
2

P
bS

O
5H

O
s

aq
aq

e
s

l
-

-
+

®
+

eqn. 5.16

T
he concentration of H

2 S
O

4
is typically 2 m

ol dm
-3. T

hese batteries are generally 

com
posed of six stacked cells generating 100 A

 h and current of 400 to 450 A
 during 

few
 seconds.
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F
ig. 5.8

S
chem

atic representation of the 
w

orking principle of a lead acid accum
ulator 

[G
irault2005].

w
w

w
.offroaders.com

/tech/B
attery-T

ech.htm

F
ig. 5.9

S
chem

atic design of a 
com

m
ercial lead-acid battery.
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F
or m

ore portable applications, batteries com
m

only know
n as N

i-C
d

are frequently 

used,

(
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(
)(

)
(

)
(
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(

)
(

)
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2
2

C
d

+
2N

iO
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H
+

H
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O
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+
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d
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H
s

s
s

s
®

eqn. 5.17

R
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L.H
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H
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2
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d
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s
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s
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)
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2
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N
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O
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+
H

O
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N
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O
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+
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H
s

e
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-
®

F
ig. 5.10

S
chem

atic diagram
 of a 

N
i-C

d
battery.

eqn. 5.18

eqn. 5.19

http://w
w

w
.baj.or.jp

cell
1.3

V
E

=
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T
he m

ost popular battery in the consum
er electronics industry is

the Li ion (or Li 

insertion) battery. T
hese cells are not pow

ered by conventional redox process but by 

ion-transfer type reactions. T
ypically, the anode is m

ade of carbon and the cathode of a 

m
etal oxide.

1-
2

6
6

2
2

Li
C

oO
Li

C
C

LiC
oO

x
x

+
®

+
eqn. 5.17

T
able 5.2 C

athodes and voltages in 
Li ion batteries

3.6
LiF

eP
O

4

4.0
LiM

nO
2

3.7
LiC

oO
2

E
cell / V

C
athode

F
ig. 5.11

C
harging/discharging 

process in Li-ion batteries.

http://www.electronics-lab.com

F
ig. 5.12

T
ypical design of a Li +

battery

http://w
w

w
.baj.or.jp
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5.5 F
uel C

ells
T

hese devices represent the best alternative to fossil fuel for the transport industry. T
he 

H
ydrogen fuel cell 

(
)

+
2

2
O

+
4H

4
2H

O
g

e
-

+
®

C
athode

A
node

(
)

+
2

H
1

2
H

e
g

-
+

®

cell
1.223

V
E

=

http://p2library.nfesc.navy.m
il/index.htm

l

http://videos.how
stuffw

orks.com
/how

stuffw
orks/182-how

-fuel-cells-w
orks-video.htm
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S
um

m
ary

�
P

otentiom
etric

titrations provides a sim
ple and versatile approach to 

quantifying redox species in solution

�
Incorporating ion selective com

ponents to m
em

branes, highly specific 
potentiom

etric
sensor can be built

�
T

he beating heart of any type of batteries involves electrochem
ical 

reactions. S
tandard representation of cells can be used to describe 

batteries.

�
F

uel cells are based on the oxidation of H
2

and the reduction of 
oxygen at the anode and cathode, respectively. T

he product of this 
reaction is H

2 O
.
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G
iants of the day

G
eorge Leclanché

F
rench E

ngineer
1839 –

1882
(Z

inc-C
arbon B

attery)

C
hristian F

. S
chönbein

S
w

iss E
ngineer

1799 –
1868

(F
uel C

ells)

G
aston P

lante
F

rench P
hysicist

1834 –
1889

(Lead acid battery)
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P
reviously

on E
lectrochem

istry

o
red

ox

ln
M

M
aq

aq

a
R

T
nF

a
f

f
�

�
D

=
D

-
�

�
�

�

(
)

O
x

a
q(

)
R

e
d

a
q

(
)

n
e

M
-

M
f

aq
f

(
)

x
f

f
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T
he E

lectrochem
ical D

ouble 
Layer

T
he m

etal|electrolyte junction 

T
he H

elm
holtz layer m

odel

T
he G

ouy-C
hapm

an m
odel

T
he S

tern M
odel
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6.1 T
he m

etal|electrolyte junction

IH
P

 
O

H
P

S
olvated A

nion

M
etal

surface

---D
L

diffuse layer

0
M

s
>

-

+

+

+

-

-

-

T
he m

etal|electrolyte interface exhibits a com
plex structure in w

hich several regions can 

be identified,

T
he inner H

elm
holtz plane

(IH
P

) –
solvent 

m
olecules and specifically adsorbed ions in 

direct contact w
ith the m

etal surface.

T
he outer H

elm
holtz plane

(O
H

P
) –

plane of 

closest approach of solvated ions. T
he region 

betw
een the O

H
P

 and the m
etal surface 

corresponds to the H
elm

holtz layer.

T
he diffuse layer –

region containing ions in 

therm
al m

otion counterbalancing the charges at 

the m
etal surface.

88

F
ig. 6.1 M

olecular dynam
ics illustration of the double layer in the presence of 3 M

 N
aC

l
solution.T

he charge on the electrode is –1m
C

cm
–2

[G
irault2005].

T
his oversim

plistic
view

 allow
s obtaining useful relationships involving the potential 

distribution across the interface, the charge at the m
etal surface and the concentration of 

ionic species. M
ore realistic m

odels based on M
olecular D

ynam
ics

can provide m
ore 

“accurate pictures”
of the interface.
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T
his m

odel establishes that the charge at the m
etal surface is com

pensated by a “fixed”

sheet of ions located at the outer H
elm

holtz plane.

5.2 T
he H

elm
holtz layer m

odel

F
ig. 6.2

S
chem

atic representation 
of the H

elm
holtz layer m

odel [A
tkins 

2002].

T
he H

elm
holtz layer can be represented as a 

parallel plate capacitor.

++
--

T
he potential drop across this layer (D

f
H ) and 

the capacitance C
H

are given by,

H
H

r

d
s

f
ee

D
=

eqn. 6.1

r
H

H

C
d ee

=
eqn. 6.2

H
d

r
ee

90

E
xperim

ental results revealed that C
H

 =
 29.5´10

-6
F

 cm
-2

for the H
g|K

F
(aq) interface. 

T
aking the thickness of the H

elm
holtz (w

ater) layer d
H

=
 300 pm

, it follow
s from

 eqn. 6.2 

that e
r ~

 10. T
he value of bulk w

ater at 298 K
 is e

r =
 78. T

his results suggests that the 

w
ater m

olecules have a different structure in the H
elm

holtz layer!

F
ig. 6.3

F
luctuating density profiles of w

ater in contact w
ith a P

t 
surface from

 M
olecular D

ynam
ic sim

ulations [B
enjam

in 1996].



91

5.3 T
he G

ouy-C
hapm

an M
odel

In this m
odel, the electrostatic charge is counterbalanced by a dynam

ic
ionic 

atm
osphere extending over a certain distance from

 the electrode.T
he G

ouy-C
hapm

an 

m
odel resem

bles the D
ebye-H

ückeltheory described in lecture 2 for estim
ating activity 

coefficients. T
he m

ain assum
ptions underpinning this m

odel include:

�
Interactions are purely electrostatic

�
Ions are punctual charges

�
T

he electrode surface is an infinite flat plane w
ith a hom

ogeneous charge density s
M

�
Ion distribution can be described by the B

oltzm
ann equation:

(
)

(
)

(
)

(
)

i
i

i
exp

aq
z

F
c

x
c

aq
x

R
T

f
f

	



=
-

-



�
�

�
eqn. 6.3

F
ig. 6.4

S
chem

atic representation 
of the G

ouy-C
hapm

an m
odel 

[A
tkins 2002].

B
ulk concentration
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T
he solution to this problem

 for m
onovalent electrolytes (e.g. N

aC
l) yields:

(
)

M
i

r
8000

sinh
2

Maq

F
c

aq
R

T
R

T
s

ee
f

	



=
D



�

�
�

eqn. 6.4

E
qn. 6.4 establishes the link betw

een the charge at the m
etal surface, the potential 

across the interface and the concentration of ions in solution.

F
ig. 6.5 P

otential drop in the diffuse layer as a function of the charge at the electrode for
different concentrations of an 1:1 electrolyte [G

irault2005].

(f M – f aq) / V

s
M

/ C
 cm

-2
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It can also be obtained,

(
)

(
)

(
)

(
)

tanh
4

exp
tanh

4

aq

M
aq

F
x

R
T

x
FR

T

f
f

k
f

f

	



-



�
�

�
-

=
	



-



�

�
�

eqn. 6.5

w
here k

is the inverse of the D
ebye length fam

iliar from
 the D

ebye-H
uckeltheory (eqn. 

2.15),
2

2
2

c
i

r
r

2000
2000

(
)

F
F

I
c

aq
R

T
R

T
k

ee
ee

=
=

eqn. 2.15

F
or fully dissociated 1:1 electrolytes, the ionic strength Ic

=
 c

i . E
qn. 6.5 can be further 

sim
plified to the star equation of the day,

(
)

(
)

exp
Maq

x
x

f
f

k
=

D
-

eqn. 6.6

P
otential drop across the diffuse layer

94

F
ig. 6.6 P

otential distribution for different concentrations of a 1:1 
electrolyte solution. C

ontinuous lines are estim
ated from

 eqn. 6.5 w
hile 

the dashed line corresponds to eqn
6.6 [G

irault2005]. 

100
m

V
Maq f

D
=

f (x) / mV

x
/ nm
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T
aking the potential distribution and eqn. 6.3, the concentration profile of ions across the 

interface can be estim
ated

F
ig. 6.7 Ionic concentration profile 

as derived from
 the B

oltzm
ann 

distribution [G
irault2005].

100
m

V
Maq f

D
=

-3
i (

)
0.1m

oldm
c

aq
=

F
inally, the capacitance of the G

ouy-C
hapm

an layer (C
G

C ) corresponds to:

(
)

(
)

f
ee

s
f

	



D
=

=



�
D

�
�

2
i

r
G

C
M

B

2000
cosh

2

M
M

aq

aq

F
c

aq
F

d
C

k
T

R
T

d
eqn. 6.7
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E
qn. 6.7 describes a parabola w

hich m
inim

um
 is the potential of zero charge

(pzc). A
t 

this potential, the charge of the m
etal (and in the electrolyte side) is zero.

F
ig. 6.8 D

ifferential capacitance of 
a m

ercury electrode in a K
F

 
solution (pzc

=
 –0.433V

) and the 
corresponding G

ouy-C
hapm

an 
capacitance (eqn. 6.7)  [G

irault
2005].
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6.4 T
he S

tern m
odel

T
he experim

ental results in figure 6.8 clearly show
 that the G

C
 m

odel is not a good 

approxim
ation at potentials aw

ay from
 the pzc. A

 m
ore accurate description can be 

obtained by com
bining the G

C
 and H

elm
holtz m

odel. T
his is the so-called S

tern m
odel.

F
ig. 6.9 S

chem
atic representation of the S

tern m
odel of 

the double layer
[A

tkins 2002].

In this m
odel, the double layer capacitance is given by the 

series com
bination

of the H
elm

holtz and G
C

 capacitances

G
C

C
H

C

tot
H

G
C

1
1

1
C

C
C

=
+

E
qn. 6.8 indicates that the sm

allestcapacitance provides 

the largest contribution to the total capacitance (C
tot ).

eqn. 6.8

98

T
he S

tern m
odel predicts that as the concentration of the electrolyte increases:

�
T

he thickness of the diffuse layer decreases

�
T

he G
ouy-C

hapm
an capacitance increases

�
T

he total capacitance is determ
ined by C

H

150

100

500

f  / mV

12
8

4
0

x / nm
O

H
P

1:1 electrolyte
0.010
0.025
0.100 m

ol dm
-3

D
iffuse layer

H
elm

holtz 
layer

F
ig. 6.10 P

otential distribution across 
the double layer as predicted by the 
the

S
tern m

odel.
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F
ig. 6.11 C

om
parison of the experim

ental and calculated capacitance using eqn. 6.8 
for a m

ercury electrode in a 0.001M
 K

F
 solution. C

H
is obtained from

 the experim
ental 

curves in 1M
 solution ofK

F
 (F

ig. 6.8) [G
irault2005].

A
ccording to this m

odel, the values of C
H

can be obtained at high electrolyte 

concentrations w
here C

tot �
C

H . F
or low

 electrolyte concentrations, the total capacitance 

is estim
ated from

 eqns. 6.7 and 6.8.

100

S
um

m
ary

�
T

he H
elm

holtz m
odel considers that the w

hole charge com
pensation

is 

done by the ions located at the outer H
elm

holtz plane (sheet of charges). 

Linear potential drop.

�
T

he G
C

 m
odel describes a diffuse layer of ions generating an exponential 

drop
of the interfacial potential. A

s the concentration of the ions increases, 

the potential drop becom
es sharper.

�
T

he S
tern m

odel establishes a series com
bination of the H

elm
holtz and 

diffuse layer. A
t low

 ionic concentrations the C
G

C
dom

inates near the pzc. 

A
t higher concentrations the C

H
dom

inates the total capacitance. 
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G
iants of the day

H
erm

ann Ludw
ig F

erdinand von H
elm

holtz 
G

erm
an P

hysicist/C
hem

ist/P
hilosopher

1821 -
1894

Ludw
ig E

duard B
oltzm

ann 
A

ustrian P
hysicist

1844 -
1906
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G
iants of the day

D
avid Leonard C

hapm
an

E
nglish P

hysicist
1869 -

1958

Louis G
eorges G

ouy 
F

rench P
hysicist

1854 -
1926

O
tto S

tern
G

erm
an P

hysicist
1888 -

1969


