
Electrochemistry for materials 
technology

Chapter 3
Electrode potential
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Origin of the electrode potential E 
(difference in electric potential 𝝋 between electrode and electrolyte)
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(Erev = - ∆ G  /  n  F)

Initial situation
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Electrical double layer (capacitance) at 
metal-electrolyte interface
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Galvani
(=total) 
potential f

Total = Galvani potential (f) : potential difference between the bulks of 2 (different) phases, which can be 2 solids or a solid and liquid.
Cannot be measured with a voltmeter since always a second reaction is needed !
Inner potential = c Outer potential (or Volta potential) = y
The double layer represents an electrical capacitance.



Principle of hydrogen/oxygen fuel cell
U

O22H
e

+

H  PO   , H  O3 24

PtPt

Electrode reactions (half cell)

2 H2 = 4H+ +  4e

O2 + 4H+ + 4 e = 2 H2O

Global reaction (closed circuit)

2 H2 + O2 = 2 H2O Membrane
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Water electrolysis
is simply the exact 
opposite, with the 
reactions
reversed.

Here the medium 
is acidic (low pH). 
It can also be
alcaline (high pH). 
This radically
changes the 
electrochemistry!



Electrolyte

Potential levels in electrochemical cells

Fm"

Fm

Fsolution

measurable 
potential 
difference

V
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Voltage can always only be
measured between 2 electrodes, 
not for a single electrode.



Copper/hydrogen cell
U

2H

e

+

Pt Cu

24CuSO  , H  SO  ,  H  O24

Electrode reactions

2H+ +  2e = H2

Cu2+ + 2e = Cu
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Membrane



Standard electrode potentials E0 of 
electrode reactions

Standard conditions
25°C
activities=1
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determines the 
relative scale

water electrolysis
1.23V (25°C, 1 atm)



Nernst equation for the reversible 
potential Erev of electrode reactions
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∑ nox,i  Box,i   +  ne = ∑ nred,i  Bred,i

Erev =   E0 +  (RT/ n F) ln ∏
n ox,iaox, i

ared, i
n red,i

Box : species at « oxidized » state (left side of reduction reaction)
Bred : species at « reduced » state (right side of reduction reaction)
n : stoichiometry coefficient a: activity f(concentration)

Follows directly from ∆𝐺 = ∆𝐺! + 𝑅𝑇𝑙𝑛𝐾 ∆𝐺 = −𝑛𝐹𝐸and
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Link between (equilibrium cell) voltage E0 and
thermodynamics (Gibbs free enthalpy)

• in a fuel cell or battery at equilibrium (start-up, no net current), e.g. fed with H2/O2 
(air), one observes the creation of a voltage, characteristic for the reaction H2/O2
: 1.229 V (at 298K and 1 atm)

• likewise, in an electrolyser, no reaction occurs before exceeding this voltage
• the theoretical work (here: electricity) retrieved from (fuel cell or battery) or 

invested in (electrolysis or reverse battery reaction) the reaction is given by the 
Gibbs free enthalpy of the corresponding chemical reaction DGr = DHr - T DSr :
for H2 + 0.5 O2 -> H2O
DG0

r(298K, 1 atm) = -237’150 J/mole

• the link between DGr (J/mole) and the created (applied) voltage, E (or V, or U) is 
given by the amount of charge (C) that can be exchanged across this voltage :
DGr= - nF.E
(with n = 2 exchanged electrons for H2, F = Faraday const = 96484 C / mole e-)
whence the value E0= 1.229 V (for H2/O2 at 1 atm, 298 K)



Electrochemical potential series

• Only a voltage difference between any 2 electrodes can be 
experimentally measured, not a single potential

• The scale value of ‘0’ is attributed to one electrode (H2/H+) which then 
defines all the others 

• A value negative to H+/H2 means the material is oxidized by H+

(=corroded (dissolved) by acid); a value positive to H+/H2 means the 
material oxidizes (combusts) H2

• Historically, this attribution of H+/H2 as ‘0’ value comes from the 
observation that it separates noble metals (positive) from non-noble 
metals (negative, and thus corroded by acid)
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H+/H2 O2/H2O Pb4+/Pb2+Pb2+/PbZn2+/ZnLi+/Li

0 1.23 1.68 V-0.36-0.76-3.05 V

2.04V for lead-acid battery

water electrolysis or H2/O2 fuel cell
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Cp (T ) = a + b .T + c / T 2
thdynam.
tables

thdynam. 
tables

of formationProducts of the reaction (H2O, CO2,…) Educts of the reaction (H2, CO, CH4, O2,…)

n = stoechiometric factors of the reaction

DGr = fraction of DHr (total heat) that can theoretically be converted to work.
Entropy S : unavoidable heat fraction (T. DSr) 

ΔHr (T ) = ΔGr (T ) + T .ΔSr (T )

ΔHr (T ) = ν prodΔHf (T )
prod
∑ − νreacΔHf

reac
∑ (T ) ΔSr (T ) = ν prodS f (T )

prod
∑ − νreacS f (T )

reac
∑

ΔHf (T ) = ΔHf
0 (298K) + Cp(T )dT

298

T

∫ Sf (T ) = Sf
0 (298K) +

Cp (T )
T

dT
298

T

∫

àMessage: the Nernst voltage E0(T) can be computed for any reaction, 
from the thermodynamic data tables of the reactants and product species of the reaction

How to compute the 
Gibbs free reaction enthalpy 

for any reaction / battery



Nernst equation for electrode reactions
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Example 1:  reaction  Cu 2+ +  2e  =  Cu

Erev,Cu = E0
Cu  + RT/ 2F ln (aCu2+ / aCu)

In case of pure metal, and at T=25°C, the expression can be further simplified as:

Erev,Cu = 0.34 V + (0.059 / 2)  log10 (aCu2+)

Example 2:  reaction 2H+ +  2 e  =  H2

Erev,H2 = E0
H2 + (RT/ 2F) ln (aH+

2 / aH2) 

= (RT/F) ln aH+ - (RT/2F) ln pH2 (aH2 = pH2)
At T=25°C, the expression can be further simplified as:

= 0.059 log aH+ - 0.0295 log pH2  

= -0.059 pH - 0.0295 log pH2  (pH = -log10aH+)



Nernst equation for the oxygen half cell
(oxygen as dissolved species in water)
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Erev,O2 =  E0
O2 + (RT/ 4F) ln ( aH+

4 aO2  /  aH2O
2)

Erev,O2 = 1.23 V + (RT/F) ln aH+ + (RT/ 4F) ln pO2

E0
O2 = 1.23 V aO2 = pO2  aH2O = 1

Erev,O2 = 1.23 V + 0.059 log10 a H+ + 0.01475 log10 pO2 (T = 25°C) 
Erev,O2 = 1.23 V - 0.059 pH + 0.01475 log10 pO2 (pH = -log10aH+)

O2 + 4H+ + 4e = 2 H2O



Pourbaix diagram (Erev vs pH plot) for
hydrogen and oxygen half cells 
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O2 + 4H+ + 4e = 2 H2O

2H+ +  2 e  =  H2

T = 25°C

aO2 = 1

aH2 = 1

Erev,O2 = 1.23 V - 0.059 pH 

Erev,H2 = - 0.059 pH 

E depends on the pH

H2

H+



Pourbaix diagram for Nickel
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T = 25°C

aNi2+ = 1

Ni2+ +  2 e  =  Ni

Ni / Ni

Ni2+

NiO +  2H+ + 2 e = Ni + H2O 

Erev= 0.110 V – 0.059 pH

NiO (no pH dependence, since no H+ in the reaction)

-0.257V

0.110V



Pourbaix diagram for Nickel
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T = 25°C

aNi2+ = 1

NiO +  2H+ =  Ni2+ + H2O

K = aNi2+ / (aH+)2 = 1012

pHeq = - log10 (aNi2+ / K)0.5
Ni

Ni2+ NiO
pH = 6

For a_Ni2+ = 1, pH = 6
For a_Ni2+ = 0.01, pH = 7
For lower Ni2+ , eq. is shifted from left to right, hence H+ is consumed, therefore to less H+ and thus higher pH.



Pourbaix diagram for Nickel
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T = 25°C

aNi2+ = 1

Ni

Ni2+ NiO

2H+ +  2 e  =  H2

Adding the H2 reaction from slide 14.
Acidic solution below pH4 will dissolve (corrode) the Ni electrode into Ni2+ , generating H2 from H+

However, Ni is stable in alkaline solution down to -0.8 V, allowing its use as electrode catalyst in alkaline electrolysis. 

H2

H+



Pourbaix diagram of Iron
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Reference electrodes: 
the standard hydrogen electrode

19

all activities = 1
pH2 = 1 atm
aH+ = 1 mol/kg

U
2H

e

+

Pt Cu

24CuSO  , H  SO  ,  H  O24

Membrane



Reference electrodes: 
the standard calomel electrode
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Hg2Cl2 + 2e  = 2 Hg + 2 Cl-

E0 = 0.268 V

Erev(25°) = 0.268 V - 0.059 log a Cl-

FRIT

CONTACT Pt wire

FRIT
Hg

GLASS

COVER

Hg2Cl2 sat. KCl

sat. KCl



Reference electrodes: 
the silver chloride electrode
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AgCl

saturated KCl

Ag wire

AgCl + e    =   Ag  + Cl- Eo = 0.222 V

Erev= E0 - (RT/F) ln aCl-



Reference electrodes: 
the copper sulphate electrode
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Cu

CuSO4

Porous membrane (cork)

Electrolyte
(Copper 
sulfate in 
acid)

Cu2+ + 2e = Cu

Erev = E0
Cu  + RT/ 2 F ln (a Cu2+)



Commercial reference electrode for measuring 
corrosion potential of concrete steel
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= at what potential will the steel dissolve (release electrons) e.g. in contact with seawater or pH7 water  (e.g, O2 + 4e + 4H+ => H2O) as e- uptake (sink).



Reference electrodes: 
the silver chloride electrode
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0.316saturated CuSO4à sulfate de cuivre
copper sulfate

0.195saturated KClà chlorure dʼargent
silver chloride

0.0981 M NaOHà oxyde mercurique
mercury oxide

0.658saturated K2SO4à sulfate mercureux
mercury sulfate

0.241
0.280
0.333

saturated KCl
1M KCl
0.1M KCl

calomel
calomel

Potential  [V]
Potentiel  [V]

Electrolyte
Electrolyte

Electrode
Electrode



The junction potential 
(electric potential difference ϕ established across membranes 

due to different ion mobility)

25

0.1M NaCl0.1M HCl1M HCl0.1M HCl

Porous membrane Porous membrane

H+

Cl-
H+

Na+

ϕϕ

+ +- -


