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Electrochemical Reactions

In electrochemical reactions, clectrons
are transferred from one species to

Electrochemistry i
anotner.

Oxidation Numbers Oxidation and Reduction

Zp(s) + 2 H (@) — Z0** (@) + Hag)

H* reduced

7 2t - X
In order to keep track e+ 2@ ZQ) (@) + 1)
)

of what loses 7' @ 0 VL 5
electrons and what _

gains them, we = & WZC{*/

Q) © 0

assign oxidation £
numbers. - A species is oxidized when it loses electrons.

Here, zinc loses two electrons to go from neutral zinc
metal to the Zn?* ion.

Oxidation and Reduction Oxidation and Reduction

4 H* reduced

Zn(s) + 2 H (o) —> ZQZ*(M) + Hafg)

/5 : b -
© @ B G

:/
Zn oxidized

A species is reduced when it gains electrons.

Here, each of the H* gains an electron, and they
combine to form Hy,.

2™ (ag) + Hafg)

2
Zn oxidized /

What is reduced is the oxidizing agent.
H* oxidizes Zn by taking electrons from it.
What is oxidized is the reducing agent.

Zn reduces H* by giving it electrons.




Redox Reactions

oxidation-reduction (redox) reaction:
involves a transfer of electrons from the
reducing agent to the oxidizing agent.

oxidation; increase in oxidation state
(loss of electrons)

reduction: decrease in oxidation state
(gain of electrons)

TABLE 4.5 Activity Series of Metals in Aqueous Solution

Metal Oxidation Reaction

Lithium Lis) —> Li*(aq)
Potassium KGs) — K'(aq)
Barium Ba(s) — Ba’'(aq)
Calcium Ca(s) —
Sodium Na(s) —>
Magnesium Mg(s) —
Aluminum A

Manganese Mn(s) —

Zinc Zn(s) — 2
Chromium Cr(s) —>

ITron Fe(s) ——
Cobalt Co(s)

Nickel Ni(s)

Tin Sn(s)

Lead Pb(s)

Hydrogen Hy(g)

Copper Cu(s)

Silver Ag(s)

Mercury Hg()

Platinum Pi(s)

Gold

Ease of oxidation increases

% Balancing Oxidation-
Reduction Equations

This method involves treating (on paper
only) the oxidation and reduction as two
separate processes, balancing these
half-reactions, and then combining them to
attain the balanced equation for the overall
reaction.
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¥ Rules for Assigning
Oxidation States

. Oxidation state of an atom in an element = 0
. Oxidation state of monatomic element = charge

. Oxygen = -2 in covalent compounds (except in peroxides
where it = —1)

. H=+1in covalent compounds, -1 when bonded to metals
. Fluorine = -1 in compounds
. Sum of oxidation states = 0 in compounds

. Sum of oxidation states = charge of the ion

co 1) r 2(-2)z0
. x:9

-
cHy '(l‘)a‘l(u):b e -

A oa > .2 o 2
Clly + 20, = 20, rAHD

-3 v + _

NH, Mo,
;(;r)eyu)_-l I[r)oJ[-J):—l

x=z-3 x:5

* Balancing Oxidation-
Reduction Equations

Perhaps the easiest way to balance the
equation of an oxidaticn-reduction reaction
is via tte half-reaction method.

*Balancing by Half-Reaction
Method

Write separate reduction, oxidation reactions.

For each half-reaction:
Balance elements (except H, O)
Balance O using H,O
Balance H using H*

Balance charge using electrons




X*Balancing by Half-Reaction
Method (continued)

. If necessary, multiply by integer to
equalize electron count.

. Add half-reactions.

. Check that elements and charges are
balanced.

X Problem

Complete and balance the following equations, and identify
the oxidizing and reducing agents:

(c) Equation
I(s) + OCl-(aq) — 105 (aq) + ClI-
(acidic solution)
(e) Equation
MnO, (aq) + Br(aq) - MnO,(s) + BrOs(aq)

(basic solution)
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Half-Reactions

The overall reaction is split into two half-reactions,
one involving oxidation and one reduction.

8H" + MnO, + 5Fe?* — Mn?' + 5Fe*" + 4H,0

Reduction: 8H" + MnO,~ + 5 — Mn?" + 4H,0

Oxidation: SFe?* — 5Fe3* + 5e-
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* Half-Reaction Method -
Balancing in Base

. Balance as in acid.
. Add OH- that equals H* ions (both sides!)
. Form water by combining H*, OH".

. Check elements and charges for balance.

Electrochemistry

The study of the interchange of
chemical and electrical energy.

Voltaic Cell

A device in which chemical
energy 1s changed to electrical
energy.
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A Voltaic Cells A Voltaic Cells

Zn electrode in
In spontaneous é 1M ZnSO, solution
We can use that energy to | cuclectodein

oxidation-reduction @l ik | 1MCuSO, solution
(redox) reactions, : if we make the
electrons are . ‘ electrons flow through

transfer.red and an external device.
energy is released.
We call such a setup a
voltaic cell.

Solutions in contact with each
other through porous glass disc

VOItaIC Ce"S ectron flo

——

A typical cell looks like Porous barrier
this. T Y or salt bridge

The oxidation occurs at
the anode.

The reduction occurs at
the cathode.

Anode compartment Cathode compartment
Oxidation occurs Reduction occurs

Voltaic Cell A Anode and Cathode

OXIDATION occurs at the ANODE.

cuz* occurs at the

S0, 2~

1.0 M Cu 2%
solution solution

Cathode




Porous disk

|

Reducing Oxidizing
agent agent
Or (oa
(@) Anode (b) Cathode

Electromotive Force (emf)
Water only spontaneously
flows one way in a
waterfall.

Likewise, electrons only
spontaneously flow
one way in a redox
reaction—from higher
to lower potential
energy.

A Cell Potential

Cell potential is measured in volts (V).

-1-L
ol
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*

Cell Potential

Cell Potential or Electromotive
Force (emf): The “pull” or driving
force on the electrons.

Electromotive Force (emf)

The potential difference between the anode
and cathode in a cell is called the
electromotive force (emf).

It is also called the cell potential and is
designated £

*
Standard Hydrogen Electrode

Their values are
referenced to a
standard hydrogen
electrode (SHE).

By definition, the
reduction potential
for hudrogen is (0 V:

2 H*(ag, 1M) + 26— —— Hy(g, 1 atm)




*

To external circuit

1 H, (g) H* ion Ptatom
<~—1latm
N 28 | HyO%ion \ H, molecule

" Pt wire \ \ \ﬁ
| O v |
1MH* (aq) Reduction J
‘ %
/ Oxidation
Ptelectrode Q Q

(a) (b)

g:tandard Reduction Potentials

The E° values corresponding to reduction
half-reactions with all solutes at 1M and all

gases at 1 atm.
Cu?** +2e > Cu E°=0.34V vs SHE

SO, +4H" +2¢- —» H,S0; + H,0
E°=0.20 V vs. SHE

Standard Cell Potentials

The cell potential at standard conditions
can be found through this equation:

EQy = Eeq (cathode) — E,o; (anode)

Because cell potential is based on
the potential energy per unit of
charge, it is an intensive property.
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Zn \

anode - <= Hy(g)
Cathode
compartment
(standard
hydrogen

Anode _ electrode)

compartment
C

- o )
Zn(s) —> Zn% (aq)+ 2¢”  2H™(ag) + 2~ —> Hy(g) ©

andar eduction Fotentials ai or Many
Common Half-reactions

Half-reaction £°(V) Half-reaction E°(V)
F, +2e - 2F 287 0, +2H,0 +4e” — 4HO" 0.40
Ag® +e — Ag" 1.99 Cu? +2e"— Cu 0.34.
Co®* +e — Co? 1.82 Hg,Cl, + 2e” — 2Hg + 2CI” 0.34
H,0, + 2H* + 2¢” - 2H,0 1.78 AgCl + e — Ag + CI- 0.22
Ce* + e — Ce® 1.70 SO + 4H* + 2" > H,S0, + H,SO, + H,0 0.20
PbO, + 4H" + SO,Z + 26" PbSO, + 2H,0 1.69 Cu® +e > Cu* 0.16
MnO,” + 4H" + 3¢ — MnO, + 2H,0 1.68 2H' +2e > H, 0.00e=t
2e +2H" +10,— 10, + H,0 1.60 Fe* +3e” - Fe -0.036
MnO,” + 8H" + 56— Mn** + 4H,0 1.51 Pb?* + 26~ — Pb -0.13
Au* +3e” - Au 1.50 Sn?* +2e”— Sn -0.14
PbO, + 4H" + 26— Pb* + 2H,0 1.46 Ni2* + 2e” — Ni -0.23
Cl, + 26" — 2CI- 1.36 PbSO, + 2¢” — Pb + SO,2 -0.35
Cr,0,% + 14H* + e 2Cr** + 7H,0 1.33 Cd* +2e”— Cd -0.40
0O, +4H" + 4e” - 2H,0 1.23 Fe** +2e" > Fe -0.44
MnO, + 4H* + 26" Mn?" + 2H,0 1.21 Cr¥*+e —»Cr* -0.50
10, + 6H* + 567 1%l, + 3H,0 1.20 Cr* +3e” - Cr -0.73
Br, + 26" — 2Br- 1.09 Zn** +2e"—2Zn —0.76«
VO, + 2H' + & — VO** + H,0 1.00 2H,0 + 2e” — H, + 20H- -0.83
AuCl,~ + 3e" - Au +4Cl- 0.99 Mn?* + 2e— Mn -1.18
NO;™ + 4H"+3e” - NO + 2H,0 0.96 AP +3e” - Al -1.66
ClO, + & — CIO,” 0.954 H, + 26" — 2H" 223
2Hg?* + 2e” - Hg,?" 0.91 Mg?* + 2e Mg 237
Ag' +e > Ag 0.80 La* +3e — La -2.37
Hg,?* + 2e” — 2Hg" 0.80 Na*+e — Na -2.71
Fe* + e — Fe? 0.77 Ca* +2e” —Ca -2.76
0O, +2H"+2e" > H,0, 0.68 Ba? +2e"— Ba -2.90
MnO, + e— MnO,2 0.56 K'+e 5K 292
I, +2e” > 217 0.54 Li*+e > Li -3.05
Cu*+e —>Cu 0.52

Switch

=
Voltmeter
Zn

>
anode W NO;~  Nat
Y

—

Y

NO,~ : )1 cathode
A g 4 1 a—

o 4]

NO,” e/

Zn(s) > Zn* (ag) +2e~ Cu?* (ag) +2e” — Cu(s)

Movement of cations

= Movement of anions
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Common Half-reactions

Half-reaction E°(V) Half-reaction E°(V) *
F,+2 - 2F 287 0, +2H,0 +4e > 4HO" 0.40 ” P t t I
Ag? + e — Ag' 1.99 Ci2* + 26~ — Cu 034 C e otentials
Co®* + e — Co?* 1.82 Hg,Cl, + 2e” — 2Hg + 2CI" 0.34
H,0, + 2H" + 2&” - 2H,0 1.78 AgCl +e — Ag + CI 0.22
Ce* + e — Ce® 1.70 SO, + 4H* + 26" — H,S0, + H,S0, + H,0 0.20
PbO, + 4H" + SO, + 26" PbSO, + 2H,0 1.69 Cu¥* + & - Cu 0.16
MnO,” + 4H" + 3¢~ MnO, + 2H,0 1.68 2H' + 20 > H, 0.00
2e" + 2H' +10, 10, + H,0 1.60 Fe* +3e” - Fe -0.036 o o
MnO,” + 8H" + 5e'— Mn?" + 4H,0 151 Pb? + 26" Pb -0.413 = = ( )
A+ 36" Au : 1550 Sn* + 2 Sn ~0.14 Ered (cathode) ErEd anode
PbO, + 4H* + 26" Pb?' + 2H,0 1.46 Ni2* + 2e” > Ni -0.23
Cl, + 26" — 2CI- 1.36 PbSO, + 2" - Pb + SO,2- -0.35 — ([
Cr,0.2 + 14H" + 6e— 2Cr** + 7TH,0 1.33 Cd?* + 2¢” - Cd ~0.40 +0.34 V ( 0.76 V
O, +4H" +4e” - 2H,0 1.23 Fe* +2e” — Fe -0.44
MnO, + 4H* + 26— Mn?* + 2H,0 1.21 Ccr +e —»Cr* -0.50 +1 10 V
105 + 6H* + 5e' %l, + 3H,0 1.20 Cr* +3e > Cr -073 o
Br, + 26" — 2Br- 1.09 Zn** +2e"—2Zn -0.76
VO, + 2H" + & — VO + H,0 1.00 2H,0 + 2e” > H, + 20H" -0.83
AuCl, + 3™ —> Au +4CI 099 Mn?* + 2 Mn -1.18
NOj~ + 4H* +3e~ — NO + 2H,0 0.96 AP+ 3 - Al -1.66
CIO, + & — CIO,” 0.954 H2 20" > 2H- -2.23
2Hg?* + 2e”  Hg,2* 091 Mg + 26— Mg 237
Ag +e > Ag 0.80 La** +3e - La -2.37
Hg,?* + 2" — 2Hg" 0.80 Na*+e —Na -2.71
Fe* + e — Fe?* 077 Ca® +2e"—Ca -2.76
0, +2H'+ 26~ H0, 068 Ba?' + 2¢" - Ba -2.90
MnO, + e— MnO,* 0.56 K'+e > K -2.92
I, +2e > 21" 054 Li+e oL -3.05
Cu'+e —>Cu 052

¥
andard Reduction Potentals a or Many Problem
Common Half-reactions
Half-reaction E°(V) Half-reaction E°(V) A 1 M solution of Cu(NO5), is placed in a beaker with a strip
of Cu metal. A 1 M solution of SnSO, is placed in a
F,+2e - 2F 287 0, + 2H,0 +4e - 4HO" 0.40 nd beaker with a strip of Sn metal. The two beakers
e Sk ep || @ ey - 0 e e e s
Co®* + e — Co?* 1.82 F3.Cl, + 26" 32Hg + 2CI- 0.34 y t
H,0, + 2H" + 2e” - 2H,0 1.78 AgCl + e — Ag + Cl 0.22 (a) Write the cquation for the overall cell reaction.
Ce*'+e —Ce™ 1.70 SO, +4H" + 2" — H,80; + H,S0, + H,0  0.20 What s the emf generated by the cell under standard conditions?
PbO, + 4H" + SO, + 26" PbSO, + 2H,0 1.69 Cu¥* + & - Cu 0.16 s IS0 e T A
MRO,- + 4H" + 36 — MO, + 2H,0 e 2+ 28 > Hy o ich electrode serves as the anode, and which as the cathode?
2e" + 2H' +10, 10, + H,0 1.60 Fe* +3e” - Fe -0.036
MnO,~ + 8H" + 5e"— Mn?* + 4H,0 1.51 Pb?" + 26" — Pb -0.13
A + 36" — Au 1.50 Sn?* +2e" > Sn -0.14
PbO, + 4H* + 26— Pb?' + 2H,0 1.46 T2+ 2e- - T -0.23
Cl, + 26" — 2CI- 1.36 PbSO, + 2" - Pb + SO,2- -0.35
Cr,0,2 + 14H" + 6e— 2Cr** + 7TH,0 1.33 Cd?* +2¢” - Cd ~0.40
O, +4H" +4e” - 2H,0 1.23 Fe* +2e” — Fe -0.44
MnO, + 4H" + 26" Mn?" + 2H,0 1.21 Cr +e —»Cr -0.50
105 + 6H* + e %l, + 3H,0 1.20 Cr* +3e > Cr -073
Br, + 26" — 2Br- 1.09 Zn** +2e"—2Zn -0.76
VO, + 2H" + & — VO + H,0 1.00 2H,0 + 2e” > H, + 20H" -0.83
AuCl, +3e™ - Au +4CI 099 Mn?* + 2 Mn -1.18
NOj~ + 4H* +3e~ — NO + 2H,0 0.96 AP+ 3 - Al -1.66 1055 . A
CI0, + e > Cl0; 0.954 H2 +20 > 2H- 223 h line
2Hg?* + 2e” > Hg,2* 091 + 267> Mg 237 Pl ,
Ag+e > Ag 0.80 La% +36 >la 237 ol "‘7)7;”
Hg,? +2e”— 2Hg" 0.80 Na' + " — Na 271 i, [5°0m)
Fob oot 0.77 Ca? +2e — Ca 276 @ fr) OV Tl
0, +2H" +2e" > H,0, 0.68 Ba? +2e" - Ba -2.90 m 0 ea,
MnO,” + e— MnO,2 0.56 K'+e >K 292 7
1, +2e > 21 0.54 Li*+e —Li -3.05 @ 5 o
Cu*+e —>Cu 052 - o2 o.
J‘,:”; [. — w3 Sa> p‘, 0.8V

A emf and Wo

work (J)
charge (C)

mf = potential difference (V)

Porous barrier
or salt bridge




X% Free Energy and Cell
Potential

AG = —nFE

n = number of moles of electrons

F = Faraday = 96,485 coulombs per mole of

electrons

Nernst Equation

Remember that

AG=AG°+RT Q

This means

—nFE=—nFE°+ RTIn O
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A Free Energy

Under standard conditions,

Nernst Equation

At room temperature (298 K),

23RT_ 557y

Thus, the equation becomes

£ 0.0592
n

E=E°- log Q

Nernst Equation

Dividing both sides by —nF, we get the
Nernst equation:

or, using base-10 logarithms,

o 2.303RT
E=E°- —F 108 Q

The Nernst Equation

We can calculate the potential of a cell in

which some or all of the components are not

in their standard states.

00592

E=E° log(Q)




% Calculation of Equilibrium
Constants for Redox Reactions

At equilibrium, E_; =0 and 0 = K.

(o]

nE
log(K) = £25°C
08(K) = ) 0592 2

Problem

For a galvanic cell, at 25 degrees celcius, based on the
following half react

Cr+3¢ - Cr(s) E°=-073V
Bryaq)+2¢” —2Br(ag) E°=+L09V
1. Determine the overall cell reaction and E° for the cell.
2. Calculate AG® and K for the cell reaction.
3. What is the potential of the cell if the concentration of
[Bra(aq)] = 0.50M, [Br(aq)] = 0.10M, and [Cr*'] =
020M?

4. Use line notation to represent the cell in #3.

nE - (4
A Jes Kxgom t K :;7',’3.#

>) Fsi92 - _o,v_ﬁi_/.j@n,/ﬂ) ).g3v

- A
Qs gf T 23,2407

(27 -
“ﬁ %E”m P il L) ;;;9
5

Concentration Cell

.a cell in which both compartments

have the same components but at
different concentrations.
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Problem

Au™t P 50V
3 7y *BT/@ o

37, CAC o A, 37)7 [':/;l_fYV
7

2} ag-nFE S
(9{9: LA MZ)..;M‘

hogk: A= ,JXL'O 73.2¢

Kz 10 2 095,07

3. E=£"- '3%"_-3/«,&

F:I89V - a.as#z log (/,’_,0-‘}:11/

L‘r/ T (omel) ) oun™
7o rr )

*Problem — Electrochemical
Sensors

A voltaic cell i ructed that is based on
the following r

Pb, — P +2.0 03V

©)
5a% c 22" = Sr::/ -0 v
£%-001/
0.059, cred
FaE°- 28 6 S5E

IS B
E-8 =009 44
PG e
0.0 595~
~E-E)n
4 m[% RPN
S0 9w ?

£5q*2

* Concentratlon Cells

. 0.0000V H

IN#*]=1.00X 1073 M [Ni**] = 1.00 M N 5 N =05M
(a) (b)

Notice that the Nernst equation implies that a cell could be
created that has the same substance at both electrodes.

¢ For such a cell, E¢;; would be 0, but Q would not.

¢ Therefore, as long as the concentrations are
different, E will not be 0.
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B = B re o o BT 54,
) PlOI'OUS “
Ag disk Ag 5
Batteries
A battery is a galvanic cell or,
na, oafiode more commonly, a group of
RLee = Ay, EzowY galvanic cells connected in series.
e te + S 1
A, oA I
C:_ 2 0.0
F:E°- E%?ﬁ s %,_%3
200282 1,000 0,059V

Separato

Gasket
/

Anode Ce}thode(MI}Oz
 Plus graphite)

(Zn plus KOH
————————

*
Problem

During a period of discharge of a lead-acid
battery, 402 g of Ph from the anode is
converted intc. PbSO,{ag). What mass of
PbO,(s) is reduced at the cathode during

this same period?

What happens when this battery is recharged?

Anede
P, - B g

Cothedr
e qu*"“”r — ' ago

]
pb_ Pho_e 4" £2pp"0e 2HO
)

Lead grid
H,80, Pb. filled with
electrolyte Lead grid filled bO
(cathode) PM o
902, P 5 Sl I 322SR,
I a8 TPy et Pl
el 5 PIO,

with spongy
lead (anode)




A Fuel Cells

... galvanic cells for which the reactants are
continuously supplied.

2H,(g) + Oy(g) — 2H,0()
anode: 2H, -40H- — 4H,0 + 4e-

cathode: 4e-+ O, +2H,0 — 40H-

Corrosion

Some metals, such as copper, gold,
silver and platinum, are relatively
difficult to oxidize. These are often
called noble metals.

Electrolysis

a current through a cell to
produce a chemical change for which
the cell potential is negative.
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Hydrogen Fuel Cells

Anode Cathode
PEM

porous membrane

.|
Air

Rust deposit L/Vatelr

(Fe,05° xH,0) - roplet

O, Fe?" (a

(Cathode) w (Anode)

O, + 4H" + 4¢- ——>2H,0 Fe——>Fe?"+ 2e”
or
O, + 2H,0 + 4" ——>40H "
Iron

agtoichiometry of Electrolysis

-  How much chemical change occurs with
the flow of a given current for a specified
time?

current and time —> quantity of charge —

moles of electrons —> moles of analyte —
grams of analyte



Moles of
substance
oxidized or
reduced

Quantity Moles of
of charge electrons
(coulombs) (faradays)
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A Problem 20.59

A voltaic cell utilizes the following reaction and
operates at 298 K:

(a) What is the emf of this cell under standard conditions?

(b) What is the emf of this cell when [Ni?*] = 3.00 M and
[Zn?] = 0.100 M?

(c) What is the emf of the cell when [Ni?*] = 0.200 M and
[Zn?'] = 0.900 M?

*

Energy and Electrochemistry
Review

Spontaneity, Entropy, and Free Energy

1. For the reaction at 298 K,
2NOsg > NxOsg)

AS°=-176.6 JJK mole  and
AH® = -58.03 kJ/mole

a. What is the value of AG® at 298 K?

b. Assume that AH® and AS° do not
depend on temperature. At what
temperature is

AG°=0?

c. Is AG®negative above or below this
temperature, why?

* 2. Hydrogen sulfide can be removed from
natural gas by the reaction,

2H,S + SOx <> 38 + 2H,0(

a. Calculate AG®and K for this reaction
at 298K.

b. Would this reaction be favored at high
or low temperatures, why?




*

Electrochemistry

3. For the galvanic cell, at 25 degrees Celsius,
based on the following half reactions:

APy +3¢ —> Al E°=-1.66V
Ni*ey+2¢ 5> Ni, E°=-023V

a.Determine the overall cell reaction and E° for
the cell.

b.Calculate AG® and K for the cell reaction.

c. Draw as complete a picture of the cell as you
can (Label everything).
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Challenge Problem
4. Combine the equations
AG®=-nFE’ and AG°=AH’- TAS®

to derive an expression for E° as a function of
temperature. Describe how one can graphically
determine AH® and AS°® from the
measurements of E° at different temperatures.



