UNIT 5 — CHAPTER 16 STUDENT NOTES: ELECTROCHEMISTRY

Electrochemistry — interconversions of electrical and chemical energy
2 types of electrochemical cells
1. Voltaic — spontaneous reactions generate electrical energy

2. Electrolytic cells — electrical energy brings about nonspontaneous reaction

Voltaic Cells
Oxidation — (more +) anode

Reduction — (more -) cathode
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EX 1: When chlorine gas is bubbled through a water solution of NaBr, a spontaneous reaction occurs:
Clyg) + 2 Brijag -2 Cl(ag) + Brag)
This reaction can serve as a source of electrical energy in a voltaic cell.
a) Draw the voltaic cell.
b) What is the cathode reaction? Anode reaction?
c) Which way do the e move in the external circuit?

d) Which way do the anions move? Which way do the cations move?




EX 2: Do the same as before for the following reaction:

Zne) + 2 HY ag) > an"(aq) + Hyg)
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Summary of voltaic cells

1. Voltaic cells consist of two half-cells. They are joined by an external electrical circuit through
which electrons move and a salt bridge through which ions move.

2. Each half-cell consists of an electrode dipping into a water solution. If a metal participates in
the cell reaction, either as a product or a reactant, it is ordinarily used as the electrode;
otherwise an inert electrode such as platinum is used.

3. In one half-cell, oxidation happens at the anode and reduction occurs at the cathode.

Standard voltages

Standard voltage — current flow is zero ions and molecules in solution at standard conditions (1 M for
solutions, 1 atm for gases)

Zn-H* cell as an example

You need two half-cells to measure a voltage

EX 3: What is the E%eq for Cu®* if E° for Zn-Cu?* is +1.101 V?



Strength of oxidizing-reducing agents
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EX 4: Consider the following species in acidic solutions:

MnOq, I, NO3, H,S, F?*
Using the table of standard potentials:
a) Classify each of the these as an oxidizing and/or a reducing agent.
b) Arrange the oxidizing agents in order of increasing strength.

¢) Arrange the reducing agents in order of increasing strength.

To calculate the E° from the E%eq and E%,

E0=E0red+Eoox

EX 5: Using the table of standard potentials, calculate the E° for a voltaic cell in which the reaction is:

2 Ag'og)+ Cdi) > 2 Ags) + Cd*(ag)
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2 general points

1. The calculated voltage, £°, is always a (+) quantity for a reaction taking place in a voltaic cell.

2. The quantities £2, F%.q, and E%, are independent of how the equation for the cell reaction is
written. You never multiply the voltage by the coefficients of the balanced equation.



Spontaneity of redox reactions

To determine whether a given redox reaction is spontaneous, apply a simple principle:

If the calculated voltage for a redox reaction is (+), the reaction will be spontaneous. If (-), the
reaction will not be spontaneous.

EX 6: Determine if the following reactions are spontaneous.

a) Nigs) + Zn** (o 1) > Ni*ag 1) + Zngs)

b) Nigs) + Cu®*(ag 11y = Ni**(ag1m + Cugs)
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d) Fe) will oxidize to Fe?* by treatment of hydrochloric acid. (
cannot be reduced). Will this reaction occur?
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e) Will a reaction occur when the following species are mixed in an acidic solution:

Cl, Fe*, Cr¥, I,
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Relations between E°, AG®, and K AG° = Free energy  (-AGPis spontaneous)

"
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E Acdd AL = =N F£ K = equilibrium constant (K>1 is spontaneous)
o v-r°-( o‘:,&’j) E%is a measure of the spontaneity of a cell
A ( - FE = b p Y
E’ Ay | E n *Q’ K reaction

EX 7: For the reaction:
3 Ag(s) + NO3s'(ag) + 4 H'(ag) = 3 Ag"(aq) + NOgg) + 2 H20y)
Calculate:

a) AGY

b) K

EX 8: Calculate % AGP and K for the reaction:

3 Mn?*(gg) + 2 MNOxs'(aq) + 2 H20 = 5 MnOys) + 4 H* (5g)



Effect of concentration on voltage

We have only worked with standard voltages (E°) — (1 M solutions and 1 atm pressure). When
concentrations change, so does the voltage.

Direction in which voltage shifts is predicted when you realize cell voltage is directly related to reaction
spontaneity.

Voltage increases when [ ] reactant increases or [ ] product decreases
Voltage decreases when [ ] reactant decreases or [ ] product increases

After time, voltage drops and becomes zero as redox reaction reaches equilibrium

Comparing cell voltage (E) to concentration

Nernst equation — E = £2— (0.0257 V) In Q Q = reaction quotient
n

E=E°-(0.0592 V) log Q
n

EX 9: Consider a voltaic cell in which the following reaction occurs:
Oag) + 4 H¥(ag) + 4 Briag) = 2 Hy0p + 2 Bryy

Calculate the cell voltage (E) when O, =1 atm and [H'] = [Br]=0.10 M

EX 10: Consider a voltaic cell at 25°C in which the following reaction takes place.
2 H20210g) + 6 H(ag) + 2 Aug) > 2 Au® (g) + 6 Hy0

Calculate £°

Write the Nernst equation for the cell.

Calculate £ when [Au®*] =0.250 M, [H*] = 1.25 M, [H,0,] = 1.50 M.



Use of Nernst equation with pH

EX 11: Consider a voltaic cell at 25°C in which the following reaction takes place.
3 Oz(aq) +4 NO(g) +2H,0> 4 NO3(aq) + 4 H* (aq) % a\/

Nen: (0t IH + e > TLHD) Eren® 1288
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Calculate E°.
Write the Nernst equation for the cell.

_ Calculate E when [NOs] = 0.250 M, Pno = 0.493 atm, Po, = 0.315 atm, pH = 4.85.
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EX 12: Consider a voltaic cell in which the following reaction takes place.

2 NO3'(ag) + 3 Haig) 2 2 NOyg) + 2 OH g + 2 H2O
e LINOY +2H0 +3%e" = ND+L10H‘3 Een= =140V

Oxin: 3(Hot TOH™ /—-?ZHzOfZC) Eoxn 2 +B28V
Calculate E°,

Write the Nernst equation for the cell.

Calculate £ when [NOs] = 0.015 M, Pyo = 0.722 atm, Puz = 0.237 atm, pH = 9.50. 0z H
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Use of the Nernst equation to determine ion concentration

In chemistry, the most important use of the Nernst equation lies in the experimental determination of
the concentration of ions in solution. Suppose you measure the cell voltage, £, and know all but one
species in the two half-cells. It should then be possible to calculate the concentration of that species
using the Nernst equation.

EX 13: Consider a voltaic cell in which the reaction is:
Zn) + 2 H (ag) > an*(aq) + Hag) E=0.560V

It is found that the voltage is +0.560 V when [Zn*] = 1.0 M, pH; = 1.0 atm, what must be the
concentration of H* in the H,-H* half-cell?
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Electrolytic cells: A nonspontaneous redox reaction is made to occur by pumping electrical energy into
the system

+ 1 - Battery acts as an electron
I J l pump, pushing e into the
cathode and removing them
from the anode
ol e - Electrolysis — process of
Electrolyte pumping e in the redox
reaction

Anode iCathode|

There is a simple relationship between the amount of electricity passed through an electrolytic cell and
amounts of substance produced by oxidation and reduction at the electrodes.

Ag'(aq) + € 2 Agpy)
Cu? 4 +2 € > Cug
Aug) +3 e D Aug)
You can deduce that:
1 mole e & 1 mole Ag (107.9 grams of Ag)
2 mole e > 1 mole Cu (63.55 grams of Cu)
3 mole e > 1 mole Au (197.0 grams of Au)
Terms

Coulomb (C): quantity of electrical charge (1 mole e =9.648 X 10* C)

Ampere (A): rate of current flow (1 A=1C/sec)
Joule (J): amount of electrical energy (1J=1C-V)
Kilowatt hours (kWh): (1 kWh=3.6X10°)J)

EX 12: Chromium metal can be electroplated from a water solution of potassium dichromate. The
reduction half-reaction is:

Cra07% (o) + 14 H(aq) + 12 € > 2 Cr) + 7 HaOy
a) How many grams of chromium will be plated by 1.00 X 10* C?
b) How long will it take to plate 1 gram of chromium using a current of 6.00 A?

c) If the applied voltage is 4.5 V, how many kilowatt hours of electrical energy are
required to plate 1.00 grams of Cr?



Li+(gq) +e
K*(aq) + €
Ba% (g + 26
Ca?*(gq + 2€
Na*qg + €
Mg* (o) + 2€°
Al 4+ 3€
Mn?* gq) + 2€
In**gg + 2€°
Cr¥ (g + 3€
Fe?*(qq + 26
Cr¥¥ag + €
Cd? gq) + 2€°

PbSOys) + 2€ > Pb) + 5042'(0(7)

Tl (aq)+ €
Co% (g + 2€
Ni2+(aq)+ 2e
Aglis)+ e
SN (g + 2€°
Pb% (4q) + 2€°

2 H'(aq)+ €
AgBri)+ e
Sis)+ 2H" + 2e”
SN* g + 2€°

FE(OH)z(S) + 2e
2 H,Op) + 2e
FE(OH)3(S) + 2e’
Sis) + 2€

Standard Potential in Water Solution at 25°C

E%eq (V)
> Ligs) -3.040
2 Ks) -2.936
> Bays) -2.906
> Cags) -2.869
- Nagy -2.714
> Mg(s) -2.357
=2 Al -1.68
= Mny) -1.182
2> Zns) -0.762
= Cryy -0.744
> FE(S) -0.409
> Cr¥ g -0.408
= Cdgy -0.402

-0.356
2> Tl -0.336
2> Coys) -0.282
- Nigy -0.236
> Ags) + ' aq  -0.152
2> Sn(s) -0.141
= Pbyy -0.127
= Hyg) 0.000
> Ags) + Brg 0.073
> HyS(aq) 0.144
2> Sn2+(gq) 0.154

-> FE(S) +2 OH_{aq)
= Hyg) + 2 OH(ag)

-> Fe(OH)z(S) +2 OH-(gq)

-> Sz'(aq) +2 OH(aq)
NO3—(aq) + 2H20 + 36_9 NO(g) + 4 OH_(uq)

Acidic Solution, [H']=1M

S04 (aq)+ 4 H* + 2€" > SOyq + 2 H,0

Cu®(og)+ €
Cu® (o) + 2€
Cuf(ag+ €
los)+ 2€°
Fe¥ g+ e
Hg2*" (aq) + 2€°
Ag (g + €

2 Hg¥ (4 + 2€

2> Cut(aq)
> CU(S)

> CU(S)

2 2 I'ag)
> Fe2+(aq)
- 2 Hgp
> Ags)

> Hg2*(ag)

NOs'(ag)+ 4 H" + 3™ > NOyg + 2 H,0

AuUClageq) + 3€
Bryy+ 2e

-> AU(S) +4 CI-(gq)
> 2 Briag

02(9)+ 4 H+(aq) +2e>2 H,Oy)

Mn02(5)+ 4 H+(gq) +2e > Mn2+(aq) + 4 H,0
Cr2072—(aq) + 14 H+{aq) + 66_ 9 2Cr3+(aq) + 7 HZO

C|2(q)+ 2e

ClOs37(aq)+ 6 H + 5€ >% Clyg)+ 3 H,0¢

Au3+(uq) + 36_

MnOgs (aq)+ 8 H" + 5€
Pb02(5)+ 5042—(uq) +4H +2e > Pb504(5) + 2 H,0

2>2 CI_{aq)

=2 Aug)

H20200q)+ 2 H + 26" 2 2 H,0 ¢

CO3+(aq)+ e
Faq) + 2€

-> C02+(gq)
2 2 Flg)

Basic Solution, [OH]=1M

Eored (V)

-0.891
-0.828
-0.547
-0.445
-0.140

-> Mn2+(aq) +2 HzO(/)

Eored (V)

0.155
0.161
0.339
0.518
0.534
0.769
0.796
0.799
0.908
0.964
1.001
1.007
1.229
1.229
1.33
1.360
1.458
1.498
1.512
1.687
1.763
1.953
2.889

Eored (V)

NO37(gq) + H20 + 2e 2> NO3(qq) + 2 OH7sq) 0.004
CIO4_{gq) + HZO + 26_9 CIOS_{uq) + 2 OH_(uq) 0.394

Oz(g) +2H,0+4e 2> 4 OH_{aq)

0.401

ClO3(aq) + 3H,0 + 6e > Cl(ag) + 6 OHqq) 0.614

CIO—(aq) + HZO + 28_9 Cl—{gq) + 2 OH_{gq)

0.890





