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Electrochemistry

The study of the interchange of chemical E and electrical E

11

1780 Luigi Galvani (1737 – 1789)
Frog’s leg in contact with two dissimilar metals –
twitched

Alessandro Volta (1745 -1827)
Frog’s leg not necessary
as long as the two dissimilar metals
are soaked in brine 

Humphry Davy (1778 -1829)
Using electrochemistry
was able to isolate many metals: 
Na, K, Ca, Ba, Sr, Mg

1813 Michael Faraday (1791 – 1867)
Joined Davy’s group

1831 Discovery of electromagnetic induction

1833 The amount of H2 obtained 
depends only on the amt. of electricity passed and
not on the concentration of H+
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※ Galvanic cells  [賈法尼]電池

Ex.
8H+(aq) + MnO4

(aq) + 5Fe2+(aq)  Mn2+(aq) + 5Fe3+(aq) + 4H2O(l)

reduced oxidized

When directly mixed: only heat formation
no useful work done

If separated
8H+(aq) + MnO4

(aq) + 5e Mn2+(aq) + 4H2O(l)
5(Fe2+(aq)   Fe3+(aq)  + e)

MnO4
, H+ Fe2+

No e flow!
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MnO4
, H+ Fe2+

e
Requires a salt bridge or a porous disk for ion flow

Porous disk

Anion 
Cation

Chemical E   Electrical E

Anode: oxidation
Cathode: reduction

anodecathode

※ Cell potentials (Ecell)

The driving force of e flow
Also called electromotive force (emf)

 Unit:  volt (V)
1 J of work per coulomb of charge transferred

J = C･V

 Measurement
Voltmeter: V = IR with heat lost

Potentiometer
Apply opposite potential to reach zero current

 the maximum potential can be obtained
with no heat lost

Digital voltmeter:  draw very small current
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※ Standard reduction potentials

No way to measure potentials for half-reactions
 A standard is used for convenience

Standard hydrogen electrode:

2H+(aq) + 2e H2(g)

At standard state of
[H+] = 1 M
PH2

= 1 atm

Assign Eo
H+H2

= 0 V

H2 (1 atm)

[H+]  = 1 M

Pt

Ex.  Coupled with  Zn(s)   Zn2+(aq)  +  2e

1 M

Eo
cell = 0.76 V = Eo

H+H2
+ Eo

ZnZn2+

 Eo
ZnZn2+ = 0.76 V

A set of half-cell potential can be determined
 Reduction potentials are used
 Standard state:  Solution – 1 M; Gas – 1 atm

 standard reduction potential
 Potential is an intensive property

not related to the number of e
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Ex. Fe3+ +  e  Fe2+ Eo = 0.77 V
Cu2+ +  2e  Cu Eo = 0.34 V

Full reaction:
2(Fe3+ +  e  Fe2+) Eo = 0.77 V
Cu   Cu2+ +  2e Eo = 0.34 V

Cu(s) + 2Fe3+(aq)  Cu2+(aq) + 2Fe2+(aq)
Eo

cell = 0.77 – 0.34 = 0.43 V

 Spontaneous in the positive cell potential direction

 E:  concentration dependent

Ex. Ag+ +  e  Ag Eo = 0.80 V
Fe3+ +  e  Fe2+ Eo = 0.77 V

Ag+ +  e  Ag
Fe2+  Fe3+ +  e

Ag+(aq) + Fe2+(aq)  Ag(s) + Fe3+(aq)
Eo

cell = 0.80 – 0.77 = 0.03 V

AgPt
e

Fe2+
Ag+

Fe3+

CathodeAnode

1 M porous disc
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◎ Line notation

Mg(s)∣Mg2+(aq)∥Al3+(aq)∣Al(s)

Salt bridge
or porous disk

Phase separation

cathodeanode

Pt(s)∣ClO3
(aq), ClO4

(aq), H+(aq)∥H+(aq), MnO4
(aq), Mn2+(aq)∣Pt(s)

Ex.

※ Cell potential, 
electrical work, and free energy

Work = (Cell potential)(Charge)

J V C (coulomb)

From the system’s point of view:
w = qE

negative charge

1 F = charge of 1 mole of e = 96500 C 

Faraday

cell potential

In fact, current flow always accompanied by heat lost

q = nF
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∵ G = wmax

∴ G = nFEmax

Go = nFEo at standard condition

Eo (+)     Go () spontaneous

Ex. Cu2+(aq) + Fe(s)  Fe2+(aq) + Cu(s) Eo = 0.78 V

Go = nFEo

= (2)(96500)(0.78)
= 1.5 × 105 J

wmax = qEmax

wmax = nFEmax

Ex. HNO3(aq) + Au(s)  Au3+(aq) ?
(1 M)

NO3
(aq) + 4H+(aq) + 3e NO(g) + 2H2O(l) Eo = 0.96 V

Au(s)   Au3+(aq)  +  3e Eo = 1.50 V

Eo = 0.54 V

Will not occur under 
standard condition
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Ex. Cu(s)  +  2Ce4+(aq)   Cu2+(aq)  +  2Ce3+(aq)

Eo = 1.36 V

※ Concentration dependence of E

Qualitatively
when [Ce4+] ↑ reaction  E ↑

when [Ce3+] ↑ reaction  E ↓

Driving force increases

G = Go + RTlnQ
nFE = nFEo + RTlnQ

E = Eo – RT

nF
lnQ

Nernst equation:

In volt (F: 96500 C/mol)

Q = 1 E = Eo

Q < 1 E > Eo

Q > 1 E < Eo

At 25 oC

E = Eo – 0.0592
n

㏒Q
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Ex. 2Al(s) + 3Mn2+(aq)  2Al3+(aq) + 3Mn(s)
Eo = 0.48 V

at [Mn2+] = 0.50 M; [Al3+] = 1.50 M

E = Eo –
0.0592

n
㏒

[Al3+]2

[Mn2+]3

E = 0.48 –
0.0592

6
㏒

[1.50]2

[0.50]3

= 0.47 V

As current flows, concentration change
 E drops
 at equilibrium, E = 0, Q = K

K
nF
RT

E lno 

Go = RTlnK

nFEo = RTlnK

0lnln   

lno





K
nF
RT

K
nF
RT

K
nF
RT

EE

When Q = K

As current flows, concentration change
 E drops
 at equilibrium, E = 0, Q = K
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indicator
electrode reference

electrode

thin glass membrane

porous plug

※ Ion-selective electrodes

From potential measurement
 Concentration determination

 pH meter (selective for H+)
Composed of

a standard electrode with known Eo
half-cell

a glass electrode (permeable for H+)
– dip into the sample

a potentiometer

 Selective for other ions

Ex. Switch the glass membrane with LaF3

 selective for F

LaF3

~ ~

~~

membrane

outside inside

F F
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AgAg

0.10 M Ag+

0.10 M NO3


1.0 M Ag+

1.0 M NO3


e

Ag+ Ag+

※ Concentration cell

Overall:
Ag+(1.0 M)  Ag+(0.10 M) 

E = Eo – 0.0592
n

㏒Q

Ans. If [Ag+] = 1 M on both sides
Q = 1 and E = 0

 0 = Eo – 0.0592
1

㏒1 ∴ Eo = 0

Q:  Eo = ?

E = 0 – 0.0592
n

㏒
0.10
1.0

= 0.0592 Typically small

Ex. For cell: T = 37 oC
Internal cellular fluid [K+]ICF = 135 mM
External cellular fluid [K+]ECF = 4 mM

E = Eo –
2.30RT

nF
㏒

[K+]ICF

[K+]ECF

= (61.5 mV) ㏒ 135

4
= 94 mV

(T = 310 K)
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 Application: used to measure ion concentration

AgAg

1.0 M NaCl
sat. AgCl(aq)

1.0 M Ag+

1.0 M NO3


e

Ag+ Ag+

Ag+(1.0 M)  Ag+(? M) 

E = 0 –
0.0592

1
㏒

[Ag+]

1.0

[Ag+] ↓ E ↑ very sensitive

Ex. E = 0.58 V Ksp for AgCl at 25 oC ?

0.58 = 0.0592㏒[Ag+]

 [Ag+] = 1.6 × 1010 M

Ksp(AgCl) = [Ag+][Cl] = (1.6 × 1010)(1.0) = 1.6 × 1010

[ AgCl(s)   Ag+(aq)  + Cl(aq) ]

※ More about the intensive property of E

Ex. Fe3+ + e Fe2+ Eo = 0.77 V Go = (1)FEo
Fe3+Fe2+

Cu2+ + 2e Cu Eo = 0.34 V Go = (2)FEo
Cu2+Cu

2(Fe3+ + e Fe2+) Go = (2)FEo
Fe3+Fe2+

Cu Cu2+ + 2e Go = (2)FEo
Cu2+Cu

Cu(s) + 2Fe3+(aq)  2Fe2+(aq) + Cu2+(aq) 
Go

cell = (2)F(Eo 
Fe3+Fe2+ – Eo

Cu2+Cu)
= (2)FEo

cell

∴ Eo
cell = Eo

Fe3+Fe2+ – Eo
Cu2+Cu

 Has no relationship with n
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※ Batteries

Goals
high E density high power
wide T range long life
quick-charge capability tolerance to abuse
totally sealed maintenance-free operation

◎ Lead storage battery
Pbo, Pb2+, Pb4+

Anode: Pb(s) + HSO4
(aq)  PbSO4(s) + H+(aq) + 2e

Cathode: PbO2(s) + HSO4
(aq) + 3H+(aq) + 2e

 PbSO4(s) + 2H2O(l)

Cell reaction
Pb(s) + PbO2(s) + 2H+(aq) + 2HSO4

(aq)
 2PbSO4(s) + 2H2O(l)

Contains 38% H2SO4 (~5 M)
6 cells in series, 2 V each

Problem: During recharging, electrolysis of H2O may occur
– refill is needed

Solution: When Cd/Pb alloy is used as electrode
– no electrolysis of H2O
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◎ Dry cell batteries

 Zn/MnO2 (1.5 V)
Anode Zn   Zn2+ + 2e

Cathode 2NH4
+ + 2MnO2 + 2e Mn2O3 + 2NH3 + H2O

Problem:  acidic electrolyte   Zn corrodes

Alkaline cell
Anode Zn + 2OH  ZnO + H2O + 2e

Cathode 2MnO2 + H2O + 2e Mn2O3 + 2OH

Under basic condition:  lasts longer

 Nickel-cadmium (rechargeable)
Anode Cd + 2OH  Cd(OH)2 + 2e

Cathode NiO2 + 2H2O + 2e  Ni(OH)2 + 2OH

Cd(OH)2 and Ni(OH)2 adhere to the electrodes

◎ Lithium-ion batteries (~3.6 V)
migration of Li+ from cathode to anode
greater charge capacity and power output
shorter recharge time

Early version

LiCoO2 +  6C Li1-xCoO2 +  LixC6

charge

discharge

3+ some 4+

Electrolyte: LiPF4 dissolved in organic solvent such 
as diethyl carbonate (DEC)

O

OO
Et Et

=
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☆ Fuel cells
e

H2(g) O2(g)K+

OH

H2O

steam

Porous carbon electrodes
containing catalysts

2H2 + 4OH 4H2O + 4e

O2 + 2H2O + 4e 4OH

※ Corrosion

◎ Corrosion of iron

Fe
anodic area

Fe2+

e

O2OH

cathodic region

H2O

rust

Fe(s)  Fe2+(aq) + 2e Eo = 0.44 V

O2(g) + 2H2O(l) + 4e 4OH(aq)

4Fe2+(aq) + O2(g) + (4+2n)H2O(l)
 2Fe2O3･nH2O(s) + 8H+(aq)

rust

• Pit under the dirt but rust formed elsewhere
• Salt serves as good electrolyte

─ speeds up the process

Many metals oxidize in air by O2

Many metals such as Al forms oxide coating (Al2O3)
to prevent further oxidation

(cf. Eo
FeFe3+ = 0.036 V

Eo
Fe2+Fe3+ = 0.77 V)
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◎ Prevention of corrosion

 Apply a coating

• Paint – prevent contact with O2

• Sn – prevent contact by forming tin oxide layer
When broken: promotes corrosion by serving as cathode

Fe
anodic area

Fe2+

e

O2OH

cathodic regionSn

rust

Sn(s)  Sn2+(aq) + 2e Eo
oxd = 0.14 V

Fe(s)  Fe2+(aq) + 2e Eo
oxd = 0.44 V

Has higher oxidation potential

 Galvanized iron – cathodic protection

Zn
anodic area

Zn2+

e

O2OH

cathodic regionFe

Zn(s)  Zn2+(aq) + 2e Eo
oxd = 0.76 V

Fe(s)  Fe2+(aq) + 2e Eo
oxd = 0.44 V

Has higher oxidation potential
ground level

steel pipe

wire

Mg (anode)

cathode

Mg(s)  Mg2+(aq) + 2e

Eo
oxd = 2.376 V

Moist soil as 
electrolyte
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※ Electrolysis

Ex. A galvanic cell

CuZn

1.0 M Zn2+ 1.0 M Cu2+
Zn2+ Cu2+

1.10 V

anode cathode

An electrolytic cell

CuZn

Zn2+ Cu2+

E > 1.10 V

anodecathode

Over-voltage is involved

1 Ampere = 1 C/s
1 mol e : 96500 C

◎ Electrolysis of H2O

Anode 2H2O  O2 + 4H+ + 4e Eo = 1.23 V
Cathode 4H2O + 4e 2H2 + 4OH Eo = 0.83 V

6H2O(l)  2H2(g) + O2(g) + 4H+(aq) + 4OH(aq)
Eo = 2.06 V



2H2O(l)  2H2(g) + O2(g)

Do we really need 2.06 V?
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In pure water, [H+] = [OH] = 107 M
2.06 V is based on standard condition:

[H+] = [OH] = 1 M

In fact, E = 1.23 V

However, due to over-voltage, 
usually needs to be higher than 1.23 V

Over-voltage: due to interface problem of the electrode

◎ Electrolysis of ion mixtures

Ex. Cu2+, Ag+, Zn2+

Ag+ +  e  Ag Eo = 0.80 V
Cu2+ +  2e  Cu Eo = 0.34 V
Zn2+ +  2e  Zn Eo = 0.76 V

Ag came out first, Zn came out last

Ex. NaCl(aq)

2Cl  Cl2 +  2e Eo = 1.36 V
2H2O   O2 +  4H+ +  4e Eo = 1.23 V

In fact Cl oxidized first
Oxidation of H2O has higher over-voltage
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※ Commercial electrolytic processes

◎ Al Source: Al2O3 in bauxite (鐵礬土)
Electrolysis in water – NO 

Al3+ +  3e  Al Eo = 1.66 V
2H2O + 2e H2 + 2OH Eo = 0.83 V

Hall-Heroult process
mix Al2O3 and Na3AlF6 (cryolite 冰晶石)

– melts at 1000 oC
mp 2050 oC

Al2O3 + 4AlF6
3  3Al2OF6

2 + 6F

Cathode: AlF6
3 + 3e Al + 6F

Anode: 2Al2OF6
2 + 12F + C  4AlF6

3 + CO2 + 4e

◎ Electrorefining

Ex. Anode Cu  Cu2+ +  2e

plus other oxidizable metals
and sludge (泥狀沉澱物)
contains precious metals: Au, Ag, Pt..

Cathode Cu2+ +  2e  Cu

purified

◎ Metal plating (電鍍)
metal at cathode, plated with other metal

◎ Electrolysis of NaCl (mp ~800 oC)
NaCl + CaCl2  mp ~600 oC

Anode 2Cl  Cl2 +  2e

Cathode Na+ +  e  Na Eo = 2.71
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 Electrolysis of aqueous NaCl
Anode the same
Cathode 2H2O + 2e H2 + 2OH Eo = 0.83 V

Co-exists with NaCl

Chlor-alkali process
If Hg is used as cathode

high voltage for reduction of H2O
Now Na+ +  e  Na 

Dissolves in Hg

Pump to another chamber

Na/Hg + H2O   ½H2 + NaOH + Hg(l)

reused

Drawback: causes environmental issue

New technology
use ion selective membrane

NaCl H2O

Cathode
2H2O + 2e

 H2 + 2OH

Anode
2Cl Cl2 + 2e

Only Na+ can pass
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※ Biochemistry

☆ 氧化與還原反應是電子傳遞的重要媒介

有機化合物的氧化還原通常牽涉兩個電子的變化

R-CH3 R-CH2OH R-CH RCOH

O O
2e 2e 2e

R-CH3  +  H2O R-CH2OH  +  2H+  +  2e

H3C-CH3  +  2 H2O 2 CH3OH  +  2H+  +  2e

In general, oxidations (e.g. combustion) are E releasing
On the contrary, reductions can be used to store E

Ex.

cell memberane

H+

(high conc)
H+

(low conc)

H+

(high conc)
H+

(low conc)

G = Go RTlnQ = RTln
[H+] (low conc)

[H+] (high conc)

negative
lower G at the right

◎ E storage through conc. difference (chemical potential)

A ratio of 1/10： G = 5.7 kJ/mol
at T 298 K
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cell memberane

H+

(high conc)
H+

(low conc)
positive negative

A potential Vm exists

When a proton transferred to the right
G = nFVm

◎ E storage through potential difference (electric potential)

Vm for cell is usually 0.05~0.2 V (cell interior is negative)
 0.1 V stores about 10 kJ/mol of energy
* F = 96500 C/mol；1C × V = 1 J


