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Electrochemical processes are oxidation-reduction reactions
in which:

« the energy released by a spontaneous reaction is
converted to electricity or

« electrical energy is used to cause a nonspontaneous
reaction to occur

0 0 2+ 2-

2Mg (s) + O, (g) — 2MgO (s)

Electrochemistry 2Mg ——2Mg?* + 4" Oxidation half-reaction (lose e°)
Chapter 19 0, + 4e- — 207 Reduction half-reaction (gain e
1 2
Oxidation number 4. The oxidation number of hydrogen is +1 except when

itis bonded to metals in binary compounds. In these
cases, its oxidation number is —1.

The charge the atom would have in a molecule (or an
ionic compound) if electrons were completely transferred.

5. Group IA metals are +1, IIA metals are +2 and fluorine is

1. Free elements (uncombined state) have an oxidation always 1.

number of zero.
6. The sum of the oxidation numbers of all the atoms in a
Na, Be, K, Pb, Hy, O,, P, =0 molecule or ion is equal to the charge on the

L L . molecule or ion.
2. In monatomic ions, the oxidation number is equal to

the charge on the ion. HCO;

Identify the oxidation numbers of O0=-2 H=+1
Li*, Li=+1; Fe3*, Fe=+3; 0,0 =-2 all the atoms in HCO;™ ?

_ ) x(-2)+1+72=-1
3. The oxidation number of oxygen is usually —2. In H,0,

and O,% itis —1. . C=+4
Balancing Redox Equations Balancing Redox Equations
The oxidation of Fe2* to Fe3* by Cr,0,% in acid solution? 4. For reactions in acid, add H,O to balance O atoms and H* to
balance H atoms.
1. Write the unbalanced equation for the reaction ion ionic form. Cr,0,2 — 2Cr3" + 7H,0
Fe?* + Cr,0,2 ——Fe¥ + Cr3* 14H* + Cr,0,# — 2Cr®" + 7TH,0
5. Add electrons to one side of each half-reaction to balance the
2. Separate the equation into two half-reactions. charges on the half-reaction.
+2 +3 2+ — 3+
Oxidation: Fe?t —— Fe3* Fe Fe +
+6 +3 + 14H* + Cr,0,> — 2Cr3* + TH,0
Reduction:  Cr,0,27 —— Cr3* ) )
6. If necessary, equalize the number of electrons in the two half-
3. Balance the atoms other than O and H in each half-reaction. reactions by multiplying the half-reactions by appropriate
coefficients.
Cr,0,2 — 2Cr3* 6Fe2* — 6Fe®* + 6e-
5 6e + 14H* + Cr,0,> — 2Cr3* + 7H,0 6




Balancing Redox Equations

7. Add the two half-reactions together and balance the final
equation by inspection. The number of electrons on both
sides must cancel.

Oxidation: 6Fe2t — BFe3* + 66
Reduction: g€ + 14H* + Cr,0,2 — 2Cr3 + 7H,0

14H* + Cr,0,% + 6Fe? —— 6Fe® + 2Cr3* + 7H,0

8. Verify that the number of atoms and the charges are balanced.,
14x1 -2+6x2=24=6x3+2x3
9. For reactions in basic solutions, add OH- to both sides of the

equation for every H* that appears in the final equation.
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Galvanic Cells

The difference in electrical
potential between the anode
and cathode is called:

« cell voltage

« electromotive force (emf)

« cell potential
Zn (s) + Cu?* (ag) — Cu (s) + Zn?* (aq)
[Cu*]=1Mand [Zn?*]=1M
Cell Diagram
phase boundary

Zn (s@an+ 1 M)@Cuz* 1 M)@:u (s)

anode  gait pridge  cathode

Standard Reduction Potentials

Standard reduction potential (E°) is the voltage associated
with a reduction reaction at an electrode when all solutes
are 1 M and all gases are at 1 atm.

-+— H. gas at
1 atm
Reduction Reaction
2e" + 2H* (1 M)—/— H, (1 atm)

E°=0V

P1 electrode

1M HCL

Standard hydrogen electrode (SHE) n
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Galvanic Cells

anode | [ ; _ cathode
oxidation [ S | amee | reduction

spontaneous
redox reaction

«
o

Nl resction

W b reduced
Znix) + Cu gl —=Zn g + Cols) | E 4 O i (4]
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Standard Reduction Potentials

Vaoltmeter
06y y
076w =5
Zn =— H; gas at | atm
ii Salt bridge
I | - Pt electrode
1 M ZnS0, 1 M HCI
Zine electrode Hydrogen electrode

Zn (s) | Zn?* (1 M) || H* (1 M) | H, (1 atm) | Pt (s)
Anode (oxidation): Zn (s)— Zn?* (1 M) + 2e
Cathode (reduction): 2e- + 2H* (1 M)—/— H, (1 atm)
Zn (s) + 2H* (1 M) —— Zn?* + H, (1 atm)
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Standard Reduction Potentials
Etl:)ell =0.76 V

Voltmeter

— e —

7a = H gas it 1 atm

Salt bridge Standard emf (EZi)

0
[ 0 —FEO _EO
ll EceII - Ecathode Eanode

I elecerode
1M ZuSiy, 1M HO
i e 1y o

Zn (s) | Zn?* (L M) || H* (1 M) | H, (1 atm) | Pt (s)
Elen = ESn, - Efnzrzn
0.76 V=0 - E% 2,
Egnz‘/Zn =-0.76 V
Zn?* (1 M) +2ec——2Zn E°=-0.76 V 12

lectrode




Standard Reduction Potentials

Ege” =034V

0 —FEO - EO
Ecell_ Ecalhode Eanode

-

. E&r=EB&zicu— B,
Sall bridae i 0.34 =EZ2+/c, - 0
Il E(?uz*/cu =034V

Ha gas at | atm —=

1M TS0y

Capper elecinde

Pt (s) | H, (1 atm) | H* (1 M) || Cu?* (1 M) | Cu (s)

H, (1 atm) —— 2H* (1 M) + 2e-
Cathode (reduction): 2e" + Cu?* (1 M)——Cu (s)

Anode (oxidation):

H, (1 atm) + Cu?* (1 M) —— Cu(s) +2H* (1 M) 15
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* E%is for the reaction as
written

* The more positive E° the
greater the tendency for the
substance to be reduced

e The half-cell reactions are
reversible

* The sign of E° changes
when the reaction is
reversed

¢ Changing the stoichiometric
coefficients of a half-cell
reaction does not change
the value of E®
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What is the standard emf of an electrochemical cell made

of a Cd electrode in a 1.0 M Cd(NOg), solution and a Cr

electrode in a 1.0 M Cr(NO,), solution?
Cd?* (ag) + 26 ——Cd (s) E°=-0.40 V Cdis the stronger oxidizer
Cr¥* (ag) + 36 ——Cr(s) E°=-0.74V Cd will oxidize Cr
Cr(s)——Cr3* (1 M) + X2
Cathode (reduction): (2€)+ Cd?* (1 M)——Cd (s) x 3

2Cr (s) + 3Cd?* (1 M) —— 3Cd (s) + 2Cr3* (1 M)

Anode (oxidation):

El(:]ell = Ecoalhode - Ee?node
EQ = -0.40 — (-0.74)
E9,=0.34V

Spontaneity of Redox Reactions

AG =-nFE.,,; n=number of moles of electrons in reaction

J
AG® =-nFEQ, F=96,500 Vomol - 96,500 C/mol

mol
AG° = -RT InK = -nFEQ,

RT (8.314 3K:mql) (298 K)

o =Rk =
Eeen = F n (96.5005v-ma) " K
F:l!"
0.0257 V
Ecoen = n ( )( N
o B
S
E

0.0592 V, &
@ =7 . &/

16

Spontaneity of Redox Reactions

TABLE 19.2

Reaction Under

AG” K EZu Standard-State Conditions

Megalive =] Positve Favers formation of products,

0 =1 0 Reactants and products are equally favored.
Positive =] Memlive Favers [ormation of reactants,

AG° =-RT InK =-nFEQ

cell
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What is the equilibrium constant for the following reaction

at 25°C? Fe?* (ag) + 2Ag (s) —— Fe (s) + 2Ag* (aq)
EQ, = 0.0257 Vonk
Oxidation: 2Ag — 2Ag* +

n=2
Reduction: + Fe?* — Fe

0=FO 0
E%= EFez*/Fe - EAg*/Ag

E0 = -0.44 — (0.80) [

E%, xn | [-124vx2
E0=-1.24V

0.0257 V | 0.0257 V

K=1.23 x 1042

18
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The Effect of Concentration on Cell Emf
AG=AG°+RTINQ AG=-nFE AG°=-nFE°
-NFE =-nFE°+ RT In Q

Nernst equation
RT
E=E°- —1In
nF Q

At 298 K

00257V o

: L 00592V

E=E°
n

E=E°
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Will the following reaction occur spontaneously at 25°C if
[Fe?*] = 0.60 M and [Cd?*] = 0.010 M?
Fe?* (aq) + Cd (s) =——=Fe (s) + Cd?* (aq)

Oxidation: Cd — Cd?* +
n=2
Reduction: + Fe2* —— 2Fe

0=FO 0
E® = Efezore — ECuzica

Concentration Cells

Galvanic cell from two half-cells composed of the same
material but differing in ion concentrations.

Zn(s)| Znt T(0.10 M| Zn*T(1.0 M) | Zn(s)

0 = _| —(-
E 0.44 — (-0.40) E=E°. 0.02nS7 \% InQ
E®=-0.04 V
E=-0.04V - > In 0.60
E =0.013
E>0 Spontaneous
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Batteries
+
Paper spacer
Dry cell Moist paste of
7ZnCly and NH,Cl
Leclanché cell Layer of MnO,
Graphite cathode
- Zinc anode
Anode: Zn (s) — Zn* (aq) + 2e"

Cathode:  2NH}, (ag) + 2MnO, (s) + 2& — Mn,0; (s) + 2NH; (aq) + H,0 ()

Zn (s) + 2NH, (ag) + 2MnO, (s) —Zn?* (aq) + 2NHj; (aq) + H,0 (1) + Mn,O; (s;
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Oxidation: Znis) — Zn” (0,10 M) + 2e
Reduction; Zn” (1.0M )+ 2¢ —— Znis)
Overall; ZE(LOM) — 2o (0.10 M)
00257V [Zn""]y
E = E° In [ - ]d]l
2 [Z07" Leone
0.0257v _ 0.10
E=0—-——"—In—7=0.0296V
2 1.0
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Batteries
Cathode (steely
Insulation Anode (Zn can)
Mercury Battery
Eleetrolyte solution containing KOH
and paste of ZniOH}, amd He(d
Anode: Zn(Hg) + 20H- (agq) — ZnO (s) + H,O (I) + 2e
Cathode: HgO (s) + H,0 () + 26 — Hg () + 20H- (aq)

Zn(Hg) + HgO (s) ——ZnO (s) + Hg (1)

Batteries

Lead storage
battery

Anode: Pb (s) + SO% (aq) — PbSO, (s) + 2e°

Cathode: PbO, (s) + 4H* (aq) + SO7 (aq) + 2" — PbSO, (s) + 2H,0 ())

Pb (s) + PbO, () + 4H* (aq) + 2507 (aq) —— 2PbSO, (s) + 2H,0 ()

2
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Batteries

Batteries

X Afuel cell is an

Yy w T H I . electrochemical cell
I | I | that requires a
l | l | fpwatones: - continuous supply of
reactants to keep
| | | functioning
Anode: 2H, (g) + 40H" (ag) — 4H,0 (I) + 4e
Cathode: 0, (g) + 2H,0 (I) + 4e° — 40H" (aq)

2H,(9) + O, (9) — 2H,0 ()) 2

Li'
»
Liin iy,
araphin
Musaguenns lecinlyle
Li—=Lit+e” Li* + CoO; + ¢~ — LiCo0,
Solid State Lithium Battery ®
Chemistry In Action: Bacteria Power
CH,COO" + 20, + H* — 2CO, + 2H,0
Frited .
s
CHO00 4 2HA0 —= Oy 4 40 4 4 —=
200+ TH' + ke 2H0
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Corrosion

Corrosion is the term usually applied to the deterioration of
metals by an electrochemical process.

Air Q.
Waler J

Felt = Rust

Fei* - -

\_/ Iran
&

Anode Cathode
Fe(s) —w Fe2{ag) + 26~ Ol + 4H g} + 4e~—s ZHLO)

Fetiagy — Fe'"ag) + ¢

Cathodic Protection of an Iron Storage Tank

J— —— e e
Mg L
Tron rank
Oriddation: My(s) —= Mg ag) + 26 Reduction: Chl gt + 4 g + 4 —= 2HAN0)

Electrolysis is the process in which electrical energy is used
to cause a nonspontaneous chemical reaction to occur.

Electrolysis of molten NaCl

g Bartery
[
< Alalen MadTl Anode I| I Cathode
Lispuicl M +— — Liguid Ni l | ' |
I l —— Muolten NaCl
Ohidation Reduction
s sthade |l sl K —= Chght 2 2Na+ 2o — 2Nal)
Carbon anad:
30




Electrolysis of Water

Bartery

il _x

Anode Cuthode

5
‘ — Dyilute LS50, solution

Oixidation Reduction

THL O —= Oni gy + AH g + e AHY gy + de —=2Haig)
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A ]
and

o Lspendst

bradctof
sumenl iz

s Electrolysis and Mass Changes

charge (C) = current (A) x time (s)

|1 mol e = 96,500 C |

Miles af
suamaoe raduved
o emidizal

prodact 32

How much Ca will be produced in an electrolytic cell of

molten CaCl, if a current of 0.452 A is passed through the
cell for 1.5 hours?

Anode: 2CI () — Cl, (g) + 2e

Cathode: Ca?* (I Ca (s)

Ca?* (l) + 2CI (I) — Ca () + Cl, ()

2 mole e =1 mole Ca

_ 54 £ 1mgé  1molCa
mol Ca = 0.452/x 1.5 Wf x 3600 £x 96,500/2'XW3-_

=0.0126 mol Ca

=0.50g Ca

Chemistry In Action: Dental Filling Discomfort

Gield inlay

Hg27Ag,Hg, 0.85V
sn*7Ag,Sn -0.05 V

011+ 4H (i) + 4o~ — JH00 )

sn”7Ag,Sn -0.05 V

Diental Gllug
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