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ELECTROCHEMISTRY - SUMMARY

Standard Electrode Potential, E®

potential difference of a reversible electrode relative to that of the standard hydrogen
electrode measured at standard thermodynamic conditions: temperature of 298K, pressure of 1
atm and ion concentration at 1 mol dm™

based on the tendency for reduction to occur at the electrode. Hence the E°values are for the
reduction processes

more positive the E°, more likely reduction (forward reaction) will occur. Eg for halogens:
F,+2e = 2F  E%=+287V

Cl; + 2e 2CI E°=+1.36V

Br,+2es = 2Br E°=+1.07V

Hence F. is most likely reduced and reactive, while Br is least likely reduced and reactive

more negative the E°, more likely oxidation (reverse reaction) will occur. Eg for metals:
Na*+e = Na E®=-271V

Mg* + 2e° Mg E°=-238V

Fe?* +2ee = Fe E°=-044V

Hence Na is most likely oxidised and reactive, while Fe is least likely oxidised and reactive

E® not affected by coefficient of half equation

F,+2e = 2F  E%=+287V

VoF,te = F E°=+2.87V

absolute value of E°of a system cannot be measured directly and can only be measured against
another system.

Hence the standard hydrogen electrode (SHE) has been chosen as the reference electrode and

assigned an E° of zero under standard conditions and all measurements can be compared with the
SHE

Half-cells (3 important types)

Type Metal-ion half-cell Non metal-ion half-cell lon-ion half-cell
Example |Zn?*(aq) / Zn(s) H*(aq) / Hz2(g) [SHE] Fe’*(aq), Fe*(aq)
Diagram

Suitable inert electrodes include platinised platinum (platinum covered with a layer of finely
divided Pt, called Platinum Black) or graphite
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Experimental Determination of half-cell E®
1. Set up and connect the half-cell and SHE as shown (draw diagram)

2. Measure the potential difference between the standard hydrogen electrode and the half-cell with a high
resistance voltmeter. The connection must give a positive value.

3. Magnitude of E®determined by the value on the voltmeter. Sign of E®determined by which end (+/-) of the
voltmeter is connected to the half-cell.

4. Write equations to show reactions occuring at both electrodes

¢ cathode (connected to +ve end of voltmeter) — reduction
* anode (connected to -ve end of voltmeter) — oxidation

Exercise 1

Describe how you would measure the standard electrode potential of the following half-cells
(a) Zn**(aq) + 2e Zn(s) E®=-0.76V

(b) Fe*(aq)+ e Fe?(aq) E°= +0.77V

Electrochemical Cell

¢ aka voltaic cell or galvanic cell

* made up of two half-cells connected by a salt bridge, a U-shaped tube filled with an electrolyte
such as KNOj3 or KCl in gelatine. The salt bridge allows transfer of ions so that the circuit is complete
and prevent buildup of charges in each half-cell

» salt bridge is not an essential for electrochemical cell. Many battery designs do not contain salt
bridge but electrolyte is still required.

* Cathode: electrode at which reduction occurs
o Consumes electrons hence +ve charge

© half-cell with more positive E%is more likely reduced hence will be cathode
* Anode: electrode at which oxidation occurs
o Releases electrons hence -ve charge

©  Half-cell with more negative E®°is more likely oxidised hence will be anode
d Cell EMF or Eeceu = EeR - Eeo

Exercise 2

The following half-cells are connected via a salt bridge and voltmeter to measure the cell potential.
Zn*(aq) + 26 =— Zn(s) E°=-0.76V

Ag'(aq) + e = Ag(s) E°®= +0.80V

(a) Draw a diagram to show the setup and label all parts clearly.

(b) Determine the cathode and anode and write down the reactions that occur at each electrode.
(c) Show with an arrow the direction of electron flow in the external circuit.

(d) Determine the cell potential of this galvanic cell. [+1.56V]

Cell Diagram
« shorthand representation of electrochemical cell

* Place the oxidation " cell on the left side. Oxidation process must be shown from left to right

* Place the reduction ' cell on the right side. Reduction process must be shown from left to right

« State symbols must be included for species in the cell diagram

¢ Use single vertical line (1) to represent boundary between different phases, comma (,) to represent
boundary between same phase, and double vertical line (ll) to represent a salt bridge or porous
barrier between two % cells

* Inert electrodes are placed on extreme LHS for oxidation %2 cell and extreme RHS for reduction 2
cell
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Exercise 3
For the following cells

Zn*(aq) + 2e
Fe’(aq)+ e =——Fe?(aq) E°=+0.77V | Cly(g) + 2e~

Zn(s) E*=-0.76V MnOs(aq) + 8H" + 5e Mn?*(aq) + 4H.O E°= +1.52V
2Cl(aq) E°= +1.36V

(i) Write down the reactions that occur at the anode and cathode.
(ii) Write the cell diagram
(i) Calculate the cell potential [+1.53V, +0.16V]

Predicting spontaniety of redox reactions
¢ when two reagents are mixed, it is possible to decide whether a redox reaction will occur by
calculating the E%. or E°., associated with it

o E®:..> 0 (positive), reaction is spontaneous, energetically feasible and can occur
o E®.. <0 (negative), reaction is non-spontaneous, energetically not feasible and cannot occur

* E%, like Gibbs Free Energy, is related to the thermodynamic feasibility of reaction. It gives no
information about the rate of reaction or its kinetic feasibility.

Exercise 4

Predict whether hydrogen peroxide is able to

(a) oxidise sulphur dioxide

(b) reduce acidified manganese (V) oxide

Write balanced equations for any reaction that occurs.

SO +4H" + 2e- SO; + 2H,0 E°=+0.17V
MnO; + 4H* + 2e- Mn?* + 2H,0 E®= +1.23V
MnO, + 4H" + 3e- =— MnO, + 2H,0 E°= +1.67V
H.,O, + 2H* + 2~ =— 2H,0 E®=+1.77V
O, + 2H" + 26 = H,0, E°= +0.68V

Exercise 5
Dilute sulphuric acid is commonly used to acidify oxidising agents such as potassium manganate (VII).
Could hydrochloric acid be used instead? Explain your answer.

SO + 4H" + 2e- SO, + 2H.0 E®=+0.17V
82082_ + 2e” 28042_ E®=+2.01V
MnO. (aq) + 8H* + 5¢ Mn?(aq) + 4H,0 E°= +1.52V
Cly(g) + 2¢- 2CH(aq) E'= +1.36V

Limitations to E.._predictions
* non-standard conditions
o E is dependent on temperature, concentration, and pressure

O as many redox reactions occur under non-standard conditions E..i predictions are therefore not
reliable

¢ kinetic feasibility is not considered
© Reaction might be thermodynamically feasible but not kinetically feasible

Exercise 6
For electrochemical cell: Pt(s) | Fe*'(aq), Fe**(aq) || Ag*(aq) | Ag(s)
(a) Determine the E% [+0.03V]

(b) Predict what would happen to the cell potential when

(i) solid NaCl is added to the silver half-cell

(i) the surface area of silver electrode in contact with the solution is increased by dipping the electrode
deeper into the solution

(iii) solid FeCl, is added to the iron half-cell

Ag'(aq) + e Ag(s) E°®= +0.80V

Fe*(aq)+ e Fe?(aq) E°=+0.77V
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Hydrogen-Oxygen Fuel Cell

continuous supply of reactants

electrodes are composed of porous, compressed carbon
impregnated with catalyst such as Pt, Ni, Ag, or
transition-metal oxides

electrolyte can be KOH (alkaline) or H.SO, (acidic)

Alkaline H,-O; fuel cell

o anode: Hx(g)+ 20H(aq)—» 2H:0 (I)+ 2e

o cathode:0,(g) + 2H,O(l)+ 4e - 40H(aq)
o overall: Ox(g)+ 2H(g) - 2H.0(I)

Acidic H:-O: fuel cell

o anode: Hx(g)- 2H%(aq)+ 2e

o cathode: O,(g) + 4H"(aq) + 4e - 2H.0 (I)
o overall: Ox(g)+ 2H(g) - 2H.0(I)

Advantages: runs continuously as long as reactants are supplied, no toxic products, high efficiency

(75% of chemical energy converted to electricity)

Disadvantages: expensive due to rare metal catalysts, high temperature required for operation,
large size and mass hence low energy density (useful energy stored per unit volume)

Batteries
Considerations for battery design include EMF, weight, reliability, cost of material and

production, toxicity, lifespan, etc

One type of battery that significantly changes our lifestyle is the Lithium-ion battery used widely in
handphones, laptops, mp3 players and other consumer electronics

o cathode: lithium cobalt oxide
o anode: graphite

new variations of the traditional Li-ion battery are currently researched and used in electric vehicles
to improve power density (power per unit volume), fire resistance, environmental friendliness,

time required for charging and lifespan

Electric Vehicle |Lead-acid Nickel Metal Hydride | Zebra (Sodium) Lithium-ion
Battery (traditional)
Advantages Cheap, mature technology |Long lifespan, higher |Long lifespan, non- Good power density,

ED

toxic

high charge efficiency

Disadvantages

Environmental impact,
heavy, short lifespan

Poor efficiency, high
self-discharge, poor
performance in cold
weather

Need to heat NaAICl,
electrolyte until
molten, poor power
density

Short lifespan, toxic,
fire safety risk

Energy Density /
Whkg™

30-40 30-80

120

200 and above
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Electrolysis

* process whereby external source of electric potential is applied between two electrodes through

an electrolyte and causes a chemical reaction
« Electrolyte is ionic compound in aqueous or molten state which conducts electricity and
decomposed in the electrolysis process

Comparing Electrochemical Cell and Electrolytic Cell

Cell Electrolytic Electrochemical
Diagram

Energy change Electrical to chemical Chemical to electrical

Anode [oxidation] Attracts anions hence +ve [O] releases electrons hence -ve
Cathode [reduction] Attracts cations hence -ve [R] takes in electrons hence +ve
Electron flow in external circuit | Anode to cathode Anode to cathode

Determining products liberated during electrolysis
1. Molten electrolyte

¢ cation migrate to cathode and discharged via reduction
* anion migrate to anode and discharged via oxidation

Exercise 7
Determine the products for the electrolysis of molten NaCl.

2. Aqueous electrolyte
¢ H.O from aqueous medium can also be discharged at both electrodes and hence its half
equations and E°values have to be considered
©  Anode: O, +4H" + 4e” 2H,0 0= +1.23V
© Cathode: 2H;0 +2e” H, + 20H- E°=-0.83V

Factors affecting electrolysis products for aqueous electrolyte

(a) Evalue
* For inert electrodes and dilute electrolytes
* At cathode, species with most +ve E°®will be most likely reduced hence discharged first
* Atanode, species with most -ve E° will be most likely oxidised hence discharged first

Exercise 8
Determine the products for the electrolysis of dilute NaCl(aq) using platinum electrodes.

(b) Concentration of ion
* For concentrated electrolytes, eg halides such as CI, Br
* lons of higher conc will be discharged first if diff in E® between the species is small

* If diff in E®between the species is large, then E°®factor will be dominant factor in determining products
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Exercise 9

Brine, or concentrated NaCl, is electrolysed using platinum electrodes.

(i) Determine the products formed at anode, cathode and electrolyte.

(ii) Hence, state the observation when litmus is placed near the anode and cathode during electrolysis

(c) Nature of electrodes
*  Forinert electrodes, consider E°factor and concentration factor as discussed above
* For reactive electrodes, such as Ag, Cr and Cu, the electrode can undergo reaction and its E®
value has to be considered
* Since metals can only be oxidised, reaction of electrode is only considered at the anode

Exercise 10
Determine the products for the electrolysis of dilute CuSO.(aq) using copper electrodes.

Electrolysis calculations
Q=It Q=F.n, F=el
Q - charge (unit: C) |F — Faraday's Constant (unit: C mol™) e — charge of 1 electron (unit: C)
| — current (unit: A) | One Faraday is the charge carried by 1 mole of electrons, and |L — Avogadro's constant
t — time (unit: s) has value 96500 C mol’
ne— number of moles of electrons

Exercise 11

A steady current of 0.65 A was passed for 5.5 hrs through aqueous H,SO, and CuSO, connected in series.
(a) Calculate the mass of Cu liberated. [4.23¢]

(b) Calculate the volume of O; liberated at 130°C and 1.00 x 10° Nm?2. [2.23 x 10 m?]

Exercise 12
0.176 g of a metal (A, = 27) was deposited on the cathode during the electrolysis by a current of 0.15 A

flowing for 3.5 hours. Determine the charge of the metal ion. [+3]

Exercise 13
A current of 3.21 A was passed through fused aluminium oxide for 10 minutes. The volume of oxygen
collected was 112 cm?® at s.t.p. Calculate mass of Al deposited and Faraday’s constant. [96300 C mol™]

Anodising of Aluminium
¢ Aluminium forms a thin corrosion resistant protective coat of aluminium oxide, Al.Os; when left

exposed to air. The thickness of the Al,O; layer can be increased by anodising

Electrolyte Dilute sulphuric acid

Cathode Inert electrode (eg. Pt, graphite)

Anode The aluminium object to be anodised. H2O is discharged and oxygen gas is liberated.

Anode: 2 H;O — O, + 4H* + 4e

Oxygen released at the anode reacts with the aluminium surface to form a thick layer
of oxide: 4 Al + 302 — 2Al0s

¢ The anodised layer is hard, resistant to wear and corrosion, and a good electrical insulator
¢ Uses of anodised aluminium: window frames and grills, lighting, appliances, small ornaments
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Purification of Copper

¢ Copper is about 90% pure when first obtained from its ore. Main impurities are more reactive metals
such as iron and zinc, and less reactive metals such as silver, platinum and gold.

¢ The impurities reduce the conductivity of copper and so copper is usually purified by electrolysis
before being made into electrical wires

Electrolyte | Copper (ll) sulphate solution

Anode Species migrated to anode: SO.*, H,0. Since electrode is reactive, consider E°values of metals as
(Impure well.
Copper)

Comparing E°values:

Zn*(aq) + 2e =——— Zn(s) E®=-0.76V

Fe* (aq) + 2e =—— Fe(s) E°®=-0.44V

Cu*(aq) + 2¢ =—— Cu (s) E®= + 0.34V

Ag* (aq)+ e = Ag(s) E®=+0.80V

O2(g) + 4H" + 4e =—— 2H20(l) E®= +1.23V
Au*(ag) + 3e =—— Au(s) E°= +1.50V
S,06% (aq) + 2e 250, (aq) E°=+2.01V

More reactive Zn and Fe have more -ve E°values than Cu and are readily oxidised into the solution first.
Zn(s) - Zn%*(aq) + 2e
Fe(s) —» Fe*(aq) + 2e

After these impurities are depleted, Cu will be oxidised into the solution.
Cu(s) - Cu*(aq) +2e

Less reactive Ag and Au are not oxidised because they have more positive E®, less readily oxidised
and are collected below the anode as sludge.

Hence less reactive metal impurities are removed at anode as sludge below the anode.

Cathode Species migrated to cathode: Zn**, Fe?*, Cu?, H0.
(Pure
Copper) Comparing E°values:

2H,0(l) + 2e Hx(g) + 20H  E°=-0.83V
Zn*(aq) + 2e =——— Zn(s) E®=-0.76V
Fe? (aq) + 26 = Fe(s) E®=-0.44V
Cu®*(aq) + 2e = Cu(s) E®= + 0.34V

E® for Cu® is most +ve hence reduced and deposited at pure copper cathode.
Cu*(aq) + 2e - Cu(s)

The Zn%*(aq) and Fe?*(aq) remain in the solution because more -ve E° and hence not discharged.

Hence more reactive metal impurities are removed at cathode as ions in the solution.
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