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The Basis of a Voltaic and an Electrolytic Cell

Voltmeter
External source
T ‘T ?( greater than "Te‘
0.48V

Anode Cathode Cathode Anode
Sn () ?uvbrldge (+) Sn (-) ‘Salt bridge (+)
» - >
N -~ 7

—
D; 1
1M Sn2+ 1M Cu?+ 1M Sn2+ 1M Cu2+

Oxidation half-reaction Oxidation half-reaction
Sn(s) — Sn?*(aq) + 2e~ Cu(s) — Cu?*(aq) + 2e~
Reduction half-reaction Reduction half-reaction
Cu?*(aq) + 2e~ — Cu(s)| |Sn?*(aq) + 2e~ — Sn(s)

Overall (cell) reaction Overall (cell) reaction

Sn(s) + Cu?*(aq) — Sn?*(aq) + Cu(s)| |Cu(s) + Sn?*(aq) — Cu?*(aq) + Sn(s)
A Voltaic cell B Electrolytic cell
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Voltaic vs. Electrolytic Cells

Table 21.4 Comparison of Voltaic and Electrolytic Cells

Electrode
Cell Type AG Egeyy Name Process Sign
Voltaic <0 >0 Anode Oxidation -
Voltaic Cathode Reduction +
Electrolytic >0 <0 Anode Oxidation +
Electrolytic Cathode Reduction -
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Cu'*(ag) + 26" —— Culs) 'reduction |
Zn(s) — Zn*"(aq) + 2e” [oxidation |
Zn(s) + Cu’(ag) — Zn’"(ag) + Cu(s)  [overall reaction]

Figure 21.3 The spontaneous reaction
between zinc and copper(ll) ion. When
zinc metal is placed in a solution of Cu?*
ion (left), zinc is oxidized to Zn?*, and Cu?*
is reduced to copper metal (right). (The
very finely divided Cu appears black.)

LZn(s) + Cu?*(ag)

Zntaq) + -:u(s)J




Figure 21.4 Avotaic cell based on the
zinc-copper reaction. A, In the anode
half-cell (oxidation; leff), two electrons
from a Zn atom move through the Zn bar
as the Zn?* ion enters the solution. In the
cathode half-cell (reduction; righn, the
electrons reduce Cu?* ions to Cu

atoms. B, After several hours, the Zn
anode weighs less and the Cu cathode
weighs more.

Oxidation half-reaction
Zn(s) — Zn2+(ag) + 2e-

Reduction half-reaction
Cu2+(ag) + 2e— —Cufs)

Overall {cell) reaction
Zn(s) + Cu2t{ag) —~ Zn2*(aq) + Cu(s)
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Zo(s) | Zn® (1 M) || Cu®>T (1 M) | Cu(s)
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Oxidation half-reaction
21(aq) — I(s) + 2e~

Reduction half-reaction
MnO,4~(aq) + 8H*(aq) + 5e~ —=
Mn2*(aq) + 4H,0(/)

Overall (cell) reaction

2MnO,-(aq) + 16H*(aq) + 10I-(ag) —
2Mn2*(aq) + 5l,(s) + 8H,0(/)

Figure 215 Avoltaic cell using inactive

electrodes.




graphite | I (ag) | 1(s) || MO, (ag). H" (ag), Mn®" (aq) | graphite
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Cr/Ag SIS Jou

Voltmeter
Anode Cathode Solution Writing the balanced half-reactions. The Ag half-reaction consumes e™:
= {'}'} Ag

Ag"(ag) +e= — Ag(s) [reduction; cathode]
t~ The Cr half-reaction releases e:
Cr(s) — Cr'“(aq) + 3e” Loxidation; anode]

Writing the balanced overall cell equation. We triple the reduction half-reaction to
.l balance e~ and combine the half-reactions:

T Agt Cr(s) + 3Ag"(aq) — Cr'’(aq) + 3Ag(®)
Jokd Silod iy Lo

Cr(s) | Cr' " (aq) || Ag"(aq) | Ag(s)
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* A positive E_ arises from a spontaneous reaction. The more positive it is, the more
work the cell can do, and the farther the reaction proceeds to the right as written.

* A negative E_,, 1s associated with a nonspontaneous cell reaction.

« fE

o1 = 0, the reaction has reached equilibrium and the cell can do no more work.
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elements in standard states (298 K

solutions: 1 M

gases: | atm




Zn(s) + Cu’*(ag; 1 M) — Zn*"(ag: 1 M) + Cu(s) °q = 110V
i 2 G

0 — 0 _FO
E cell E cathode E anode

E°_, and AG°

E'q>0 AG'<0 Spontaneou s REJESE

<0 AG'>0 Not SR 4 28 e (S

cell

AG?=0 Equilibrium [t
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+ 4H

Bry,+2V>" £2H,0 — 2VO?*

(a0) ()" 2Bl (ag)

Given: E°_ = +1.39V
E%, = +1.07V

What is EY;. and is the reaction spontancous?
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H, gas
Py, = 1.00 atm \‘\

--1@1
/, T ~ B
- B R
- - T —
/'_- -
=~ )° solution —
S saturated
\ / with AgCl
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Cu’*(aq) + 2~ — Cu(y) E° =034V
YH*(ag) + 26~ — Hy(g) E° =000V
n**(aq) + 2~ — Zn(s) E° = =076V

Table 21.2 Selected Standard Electrode Potentials (298 K)

Half-Reaction hatr-cen (V)
Fs(g) + 2 —= 2F (aq) +2.87
Cly(g) +2e~ == 2Cl (agq) +1.36
MnOs(s) + 4H (ag) + 2~ == Mn’ " (ag) + 2H,0(]) +1.23
NO; (ag) + 4H (ag) + 32~ = NO(g) + 2H,0(]) ® +0.96
AgT(ag) +e. —= Ag(s) B +0.80
Fe’T(ag) + e~ — Fe’ (ag) S +0.77
E 0,(g) + 2H,0(]) + 4~ == 40H (aq) o +0.40
= Cu’*(ag) + 267 = Cu(s) g +0.34
5 2H (ag) 4+ 2¢- — Hal(g) E 0.00
£ Na(g) + 5H (ag) + 4¢- —= NyHs (ag) = —0.23
5 Fe’"(ag) + 2 — Fe(s) —0.44
5 Zn* " (ag) + 27 = Zn(s) —0.76
2H,O() + 267 — Ha(g) + 20H (ag) —0.83

Na"(ag) + e~ == Nal(s) —2.71
LiT(ag) + e~ = Li(s) —3.05
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Sample (111 WA Using the Nernst Equation to Calculate E,

S 33
AG = AG" + RTInQ
—nFE = -nFE" + RTInQ
RT
Ecen = Egen = —= 100
0.0592 V
e :2 log O (at 298.15 K)
Q JLo
Cd(s) + ZA-:““(_a_q) — Cd“(_aq} + ZAB(Sj 0= e )
i [Ag' T
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Problem In a test of a new reference electrode, a chemist constructs a voltaic cell consisting
of a Zn/Zn** half-cell and an H,/H* half-cell under the following conditions:

[Zn?t] = 0.010 M [Hf] =25 M Py, = 0.30 atm



Solution Determining the cell reaction and E°_;:

cell

2H*(aq) + 2e- — H,(g) E°=0.00V
Zn(s) — Zn*"(aq) + 2e E°=—0.76 V
2H*(aq) + Zn(s) — H,(g) + Zn**(aq) cq =000V — (=076 V) =076 V
Converting pressure to molarity: PV = nRT, or
o= % = agjoLa“n = 12x10"2mol/L = 0.012 M
0.0821 X 298.15K
mol-K

Calculating Q:
[H,] x [Zn*"] ~ 00120010

= 5 3 = 1.9X1073
[H [ 2.5°
Solving for E_ at 25°C (298.15 K), with n = 2:
0.0592 V
Ecn = Ecn = ——log @
_ 00592V _
=076V — [f log {1.9><10_5)] =076 V= (=0.14V) = 090V
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The Electrolysis
of Water

Oxidation half-reaction
2H,0(/) — O,(g) + 4H*(aq) + 4e~

Reduction half-reaction
2H,0(/) + 2e~ —= H,(g) + 20H~(aq)

Overall (cell) reaction
2H,0(1) —= 2H,(g) + 0,(9)
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» The possible oxidizing agents are K™ and H,O: their reduction half-reactions are
K" (agq) + e- — K(s) E° = —-203V
2H,O() + 2¢ — Hy(g) + 20H (ag)  E= —042V [reduction |
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* The possible reducing agents are I and H,O: their oxidation half-reactions are

2l (ag) — L(s) + 2e~ E° =053V [oxidation |
JH,0() — O)(g) + 4H*(ag) ¥4~  E=082V
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Predicting the Electrolysis Products
of Aqueous Salt Solutions

Sample Problem 21.8

Problem What products form at which electrode during the electrolysis of aqueous
solutions of the following salts?

(a) KBr (b) AgNO; (¢) MgSO,
Solution
(a) K*(ag) + e — K(s) E°= —-293V

2H,0(l) + 2¢~ —— Hy(g) + 20H (aq) E = —042V

Do o0 331 5950w B WKy



2Br (aq) — Bry(l) + 2~ E°=1.07V
2H,O(l) — O4(g) + 4H" (ag) + 4e~ E=082V
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Electrolysis of aqueous KBr.
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Zn(s) + Cu**(aq) — Zn’*(aq) +  Cu(s)

stronger sironger weaker weaker
reducing agent oxidizing agent oxidizing agent reducing agent



The Stoichiometry
of Electrolysis

M (g/mol)

balanced
half-reaction

CHARGE (C)

t time (s)

98,5501 5 35095 g
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1 ampere = |1 coulomb/second or 1A=1Csh (21.11)

Thus, the current multiplied by the time gives the charge:

Current X time = charge or AX3=;><5=C
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2C1 (ag) — Clo(g) + 2e
We use this relationship as a conversion factor, and multiplying by the Faraday
constant gives us the total charge:

I mol Cl, 2mole”  9.65x10°C
Charge (C) = 3.0 ¢ Cl, X 2y X = 8.I%10°
arge (©) 8tk X 2000, S TmolChL < Tmole.  ooXI10C

Now we use the relationship between charge and current to find the time needed:
. charge (C) 3 l s Y ‘
T = > = 8.2X10° C X —— = 6.8X10%s (~11
ime (s) current (A, or C/s) 12C s ( min)

Note that the entire calculation follows Figure 21.29 until the last step:

grams of Cl, = moles of Cl, = moles of e = coulombs = seconds
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Voltmeter

Voltmeter

Cathode
(+

Cathode
(+)

0.10 MCu2*

Oxidation half-reaction

Cu(s) — Cu®*(aq; 0.10 M) + 2e~ Figure 21.12A concentration cell based on the
Cu/Cu?* half-reaction. A, The half-reactions are

Reduction half-reaction the same, so EZ4 = 0. The cell operates because

Cu?*(ag; 1.0 M) + 26~ — Cu(s) the half-cell concentrations are different, which

makes E g = 0 in this case. B, The cel operates

Overall (cell) reaction until the half-cell concentrations are equal. Note
Cu2*(aqg; 1.0 M) —= Cu2*(ag; 0.10 M) the change in electrodes (exaggerated here for
A clarity) and the identical color of the solutions.

In Figure 21.12A, a concentration cell has 0.10 M Cu®* in the anode half-
cell and 1.O M Cu“, a 10-fold higher concentration, in the cathode half-cell:

Cu(s) — Cu2+(aq; 0.10 M) + 2e” |anode; oxidation]
Cu”{aq; 1.O0M) + 267 —— Cu(s) [cathode; reduction]

The overall cell reaction is the sum of the half-reactions:
Cv’*(ag; 1.0 M) —> Cu*¥(aq; 0.10 M)  E.y=?

The cell potential at the initial concentrations of 0.10 M (dilute) and 1.0 M (con-
centrated), with n = 2, is obtained from the Nernst equation:

00592V [Cu**1m (0.0592 V. 010M
Ece - Ege - | 5 — = oV -
I 1l 7 0g [Cu-+]mnc 7 log 1 0M
0.0592 V
=0V - [—(—I.OO)] = 0.0296 V
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