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Introduction N

Electrochemistry is the branch of chemistry that deals
with the interconversion of electrical energy and chemical
energy.

Electrochemical processes are redox (oxidation-
reduction) reactions.

Oxidation-Reduction Both occur

e Oxidation is the loss of electrons and simultaneously
e Reduction is the gain of electrons.

Oxidation results in an increase in O.N. X( F, Cl, Br, and I) or
decrease H while reduction results in a decrease in O.N.
and halogen(( F, Cl, Br, and I) or increase H




e Example reaction of Mg(s) with HCI

0 +1 +2 0
Mg(s) + 2HCI(aq) » MgCl,(aq) + Hy(9)

e Mg metal is oxidized and H* ions are reduced.

e An oxidizing agent is the species that does the oxidizing,
taking electrons from the substance being oxidized.

e A reducing agent is the species that does the reducing,
giving electrons to the substance being reduced.
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 The oxidizing agent is reduced, and the reducing
agent is oxidized.

e The total number of electrons gained by the oxidizing
agent always equals the total number lost by the
reducing agent.

e A summary of redox terminology.
0 +1 +2 0
Zn(s) + 2H"(aq) — Zn*"(aq) + Hy(g)

OXIDATION
* One reactant loses electrons. | Zinc loses electrons.
* Reducing agent is oxidized. Zinc is the reducing agent and

becomes oxidized.

» Oxidation number increases. The oxidation number of Zn
increases from 0 to +2. |

REDUCTION
* Other reactant gains electrons. | Hydrogen ion gains electrons.
» Oxidizing agent is reduced. Hydrogen ion is the oxidizing

agent and becomes reduced.

°xidation number decreases. The oxidation number of H
decreases from +1 to 0.




4 N

Electrochemical cell

e An electrochemical cell is a system consisting of electrodes
that dip into an electrolyte and in which a chemical reaction
either uses or generates an electric current.

e The experimental apparatus for generating electricity
through the use of a spontaneous reaction is called a
galvanic cell or voltaic cell

* A voltaic cell uses a spontaneous redox reaction (AG < 0) to
generate electrical energy.

e A electrolytic cell uses electrical energy to drive a
nonspontaneous reaction (AG > 0).

* Both types of cell are constructed using two electrodes placed
in an electrolyte solution

e The anode is the electrode at which oxidation occurs
e The cathode is the electrode at which reduction occurs.
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Zinc - = W Copper
anode -l K= cathode
Salt bridge

i]]\;

ZnS0y solution CuS0, solution

l Cotton ]

plugs
2"21-

Net reaction

nis) + Cuz"'{aqr} ﬁEnh[&q} + Cu(s)

Zn 15 oxidized

Cu?* is reduced
to Zn>* at anode.

to Cu at cathode.

Znis) —?_1-2n2+((zq} + 2

2¢ + Cu™*(ag) —=>Cu(s)

A galvanic cell. The salt bridge (an inverted U tube) containing a KCl solution provides an
electrically conducting medium between two solutions.The openings of the U tube are
loosely plugged with cotton balls to prevent the KCl solution from flowing into the
containers while allowing the anions and cations to move across.The lightbulb is lit as

Gtrons 1 ow externally from the Zn electrode (anode) to the Cu electrode (cathode).

S /




-

A voltaic cell based on the zinc-copper reaction.

Zn(s) t Cu2+(aq) - Zn2+(aq) + Cu(s)

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

Reduction half-reaction
Cu’*(aq) +2¢= —» Cu(s)

After several hours,
the Zn anode weighs
lessas Znis
oxidized to Zn?*,

The anode produces e by the oxidation of Zn(s).
Anode is the negative electrode in a voltaic cell.

reduced to Cu.

Electrons flow through the external wire from the anode
to the cathode, where they are used to reduce Cu?* ions.

@ The cathode is the positive electrode in a voltaic cell.

The Cu cathode gains mass
over time as Cu?* ions are
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 ___Notation for a Voltaic Cell h

The anode components are The cathode components

written on the Ieft. are written on the right.

Zn(s) | zfn”(aq) H Cf(aq) [ Cu(s) |

The single line shows a The double line shows that the

phase boundary between half-cells are physically

the components of a half- separated.
cell. denote the salt bridge

Write the cell diagram for the following redox reaction.
3Fe™*(aq) + 2Al(s) > 3Fe(s) +2Al1"(aq)

e Salt bridge is a tube of an electrolyte in a gel that is connected
to the two half-cells of a voltaic cell; the salt bridge allows the
flow of ions but prevents the mixing of the different solutions

e that would allow direct reaction of the cell reactants.

N,




g Example R

e Draw a diagram, show balanced equations, and write the
notation for a voltaic cell that consists of one half-cell with a
Cr bar in a Cr(NO;); solution, another half-cell with an Ag
bar in an AgNO; solution, and a KNO; salt bridge.
Measurement indicates that the Cr electrode is negative
relative to the Ag electrode.

S O I ON ° Caopyright @ The MeGraw-Hill Companies, Inc. Permission required for reproduction or displa
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The half-reactions are:
Ag*(aq) + e - Ag(s) [reduction; cathode
Cr(s) » Cr’(aq) + 3e [oxidation; a
The balanced overall equation is:
3Ag™ + Cr(s) - 3Ag(s) + Cr’*(aq)

The cell notation is given by:

)| Cr3™ aq Act aq Ao(s The cell diagram shows the anode on the left
OO | @] Ag"(ag) | Ag(s) e

and the cathode on the right.

Cr3+ ;' | Ag+
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Standard Reduction Potentials

Cu half-cell
(cathode; redu/cﬁbn)

The standard cell potential is A

designated E°,,, and is
measured at a  specified
temperature with no current
flowing and all components in

their standard states —
Zn half-cell

(anode; oxidation)

E® cell — E® cathode (reduction) ~ E® anode (oxidation)

A positive E° means the redox reaction will favor the
formation of products at equilibrium.

a negative E° means that more reactants than products will
\

be formed at equilibrium.
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_ectrode Potentials (298 K)

strength of oxidizing

Half-Reaction E°(V

F,(g) + 2 <= 2F (aq) +2.83 "
Cly(g) t 2¢” == 2Cl (aq) +1.36 ;"
MnO,(g) + 4H(aq) + 2~ ==Mn"*(aq) + 2H,0()) t1.23 |8
NOj;(aq) + 4H(aq) + 3¢ ==NO(g) + 2H,0() +0.96 ('7(9}
Ag'(aq) + e~ == Ag(s) +0.80 =
Fe’™(g) + e~ == Fe’*(aq) +0.77 |
O,(g) + 2H,0(l) + 4e = 4OH (aq) +0.40 8
Cu’"(aq) + 2¢- <= Cu(s) +0.34 %
2H"(aq) + 2¢~ <=H,(y) 000 |@&
N,(g) + 5H"(aq) + 4~ == N,H;"(aq) —0.23 =
Fe’"(aq) + 2¢~ <=Fe(s) —0.44 &
2H,0(I) + 2¢~ == H,(g) + 20H (aq) —0.83 Ug
Na'(aq) + = <=Na(s) —2.71 =
Li"(aq) + e <= Li(s) —3.05




~ Example O
e A voltaic cell houses the reaction between aqueous
bromine and zinc metal:

Brz(aq) + Zn(s) — Zn2+(aq) + 2Br'(aq) Eocell =1.83V.
e Calculate E°, i, given that E° , =-0.76 V
SOLUTION:
Br,(aq) + 2e" - 2Br'(aq) [reduction; cathode]
Zn(s) -» Zn?*(aq) + 2e- [oxidation; anode] E°, . =-0.76V
E ocell =F ocathode -E oanode
1.83 = Eobromine - ('076)
1.83 -0.76 = E°, ., mine E° omine = 1.07 V

Exercise: galvanic cell consists of a Mg electrode ina 1.0 M
Mg(NO;), solution and a Ag electrode in a 1.0 M AgNO;
@lution. Calculate the standard emf of this cell at 25°C

/
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e Standard electrode potentials refer to the half-reaction as
a reduction.

* E°values therefore reflect the ability of the reactant to act
as an oxidizing agent.

e The more positive the E° value, the more readily the
reactant will act as an oxidizing agent.

e The more negative the E° value, the more readily the
product will act as a reducing agent.
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Free Energy and Electrical Work

' |G = -nFE

cell

n = mol of e transferred

F is the Faraday constant
=9.65x10* J/V-mol e

~

e Both n and F are positive quantities and AG is

negative for a spontaneous process, so E

positive.

Under standard conditions, [/G° = -nFE°

EO

RT
nF

cell —

In K

.0257

cell

In K

cell

cell and

EO

_0.0592V

cell —

1

n

ogK

for T=298.15K

must be




4 Relationships among E°_;, K, and AG®.

~

Reaction Parameters at the
Standard State

Reaction at
IG° |K | E°. |standard-state
ell | conditions
<0 |>1|>0|spontaneous
0 1| O |atequilibrium
>0 |<1|<0|Non-
spontaneous




(" Example

e Calculate the equilibrium constant for the following reaction

at 25°C:

Sn(s) +2Cu™*(aq) =——= Sn™* (aq) + 2Cu*(aq)

E

e Solution The half-cell reactions are

* Anode (oxidation): Sn(s) —— Sn,, (aq) + Ze.
* Cathode (reduction): 2Cu™*( aq) + 2e- ——> 2Cu+t(aq)

o — O o
° E cell — E cathode ~ E

=E°Cu™ /Cu* - E °sn*2/sn

=0.15V - (-0.14V)
=0.29V

)
ram

anode

InK= cell 2x0.29V
0.0257V InK=
0.0257V

=22.6
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e Calculate the standard free—energy change for the following
reaction at 25°C:

2Au(s) + 3Ca* " (1.0 M) —> 2Au’ " (1.0 M) + 3Cal(s)

Solution The half-cell reactions are

Anode (oxidation): 2Au(s) — 2Au0 ' (1.OM) + 6e
Cathode (reduction): 3Ca*" (1.0 M) + 6e- ——> 3Ca(s)

s S L O
cell = cathode anode
N s ) o 0 .
= Ca /Ca Aun  fAu
= — 287V — 150V
= —4.37TV
AG® = —nFE®

The overall reaction shows that n = 6, so

AG® = —(6)(96,500 J/V - mol)(—4.37V)

= 2.53 X 10° J/mol
@ = 2.53 X 10’ kJ/mol J
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Effect of Concentration on Cell Emf
e Nernst Equation
e AG = AG° + RT InQ
* AG = -nFE and AG° = -nFE °, the equation can be
expressed as
e -nFE = - nFE° + RT InQ, Dividing the equation through
by -nF
RT 0.0257V 0.0592 V
E=E"——InQ E=F- hQ E=F-- log Q
HF n n
e Example: Predict whether the following reaction would
proceed spontaneously as written at 298 K:
Co(s) + Fe*?(aq) >  Co*%(aq) +Fe(s)
given that [Co*?] = 0.25 M and [Fe*?] = 0.94 M.
@ y
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Solution The half-cell reactions are

Anode (oxidation): Co(s) > Co*? (aq) + 2e.
Cathode (reduction): Fe™*( aq) + 2e- > Fe(s)
(o) —_ (o) (o)
E cell — E cathode ~ E anode
— E oFe+2 /Fe = E °Co*2 /Co
= -0.44 - ( -0.28 V)
=-0.16V
0.0257 V 0.0257V _ 0.25 . .
E =E° — InQ = —0.16 V — In E is negative, the
n i 0.94 ; )
- reaction is not
- 0.0257 V In o] = —0.16 V + 0017V spontaneous.
n [Fe*"] = —0.14V

» Exercise :Will the following reaction occur spontaneously
at 25°C, given that [Fe*?] = 0.60 M and [Cd*?] = 0.010 M?

Cd(s) + Fe*? (aq) Cd*?’(aq) 1 Fe(s)
(-

/
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Batteries

A battery is a galvanic cell, or a series of combined galvanic
cells, that can be used as a source of direct electric current
at a constant voltage.

e Dry Cell Battery

e The most common dry cell, that is, a cell without a fluid
component, is the Leclanché cell used in flashlights and
transistor radios.

+— Paper spacer

—1— Moist paste of

ZnCls and NH,Cl
Layer of MnO-
= Graphite cathode

3 Zinc anode
Anode: Zn(s) = Zn*?(aq) + 2e"
Cathode: 2NH,(aq) + 2MnO,(s) + 2e =™ Mn,0;(s) + 2NH;(aq)+ H,0(1)

\ rall: Zn('s ) + 2NH,"(aq) + 2MnO,(s) Zn*? (aq) +Mn,0;(s) + 2NH;(aq)+ H,O(l

Y




g Alkaline dry cell A

* is similar to the dry cell, but it has potassium hydroxide in
place of ammonium chloride.

Copyright © The McGraw-Hill Companies, Inc. Permission required for reproduction or display.

Positive button

/— Steel case

|
)

Zn (anode)
MnO: in KOH paste

T Graphite rod (cathode)

' [ Absorbent/separator
~ ,‘, Negative end cap

Anode (oxidation): Zn(s) + 20H(aq) = ZnO(s) + H,O(1) + 2e
Cathode (reduction): MnO,(s) +2H,0(1) + 2e- ->Mn(OH),(s) +20H (aq)
Overall (cell) reaction:

@ Zn(s) + MnO,(s) + H,0(1) - ZnO(s) + Mn(OH),(s) Eeq =15V

cell —




Silver button

Copyright © The McGraw-Hill Companies, Inc. Permissicn required for reproduction or display.

Anode cap
)1 ~— Cathode can
e

. — 711 iti KOH gel
/‘ (anode, =)

Gasket
Separator

Pellets of Ag,O
in graphite
(cathode, +)

Anode (oxidation): Zn(s) + 20H (aq) - ZnO(s) + H,O(I) + 2e

Cathode (reduction): Ag,0(s) + H,0(I) + 2e- - 2Ag(s) + 20H (aq)

Overall (cell) reaction: In(s) + Ag,0(s) » ZnO(s) + 2Ag(s)
E., =16V

C
The mercury battery uses HgO as the oxidizing agent
instead of Ag,0 and has cell potential of 1.3 V.
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Stainless
steel
case (-)

Cathode

o

lead bridge

Polypropylene
separator

Lithium battery

~

292 HEW M-

@ Courtesy of the Guidant Corporation

Feedthrough pin (+)

Lithium (anode)

o ST y The primary lithium battery is widely
o 3 used in watches, implanted medical

migzicn requirad for reproduction or display.

3 devices, and remote-control devices.

Anode (oxidation): Li(s) - Li* + e’
Cathode (reduction): CoO, + Li* + e- — LiCo,0,(s)

Mawee  Overall (cell) reaction:
fE”'leﬁ:,E"'te Co0, + Li(s) = LiCoO,(s)

Insulative
seal
f

The advantage of the battery 1s that lithium has
the most negatlve standard reduction potentlal
and hence the greatest reducing strength

SVO (cathode)
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Lead-acid battery.

e Jead storage battery commonly used 1n automobiles consists of

six identical cells joined together 1n series.

Removiable cap

H-50 4 electrolvie

Negative plates (lead grills
filled with spongy lead )

Positive plates (lead grills
filled with P4}

Anode: Pb(s) <+ S{}i_[aqﬂ} — PbSO,(5) + 2¢
Cathode: PbO.(s) + 4H (ag) + Sﬂi_[ﬂq] + Ze —— PbSO,(5) + ZH,0(!)

Overall: Pb(s) + PbO,(5) + 4H (ag) + 2507 (ag) — 2PbSO,(s) + 2H,O(!)

@e lead-acid car battery 1S a secondary battery and 1s rechargeable.

/




Lithium-ion battery

Anode (oxidation):
Li C,(s) — xLi* + xe” + Cy(s)
Cathode (reduction):
Li;__Mn,0,(s) + xLi* + xe” - LiMn,0,(s)
Overall (cell) reaction:
Li C,(s) + Li,_Mn,0,(s) - LiMn,0(s)
E_,=3.7V

Electrolyte
LiPFg in

The secondary (rechargeable) lithium-ion battery is
used to power laptop computers, cell phones, and

@mcorders.




" Fuel Cells

» Fossil fuels are a major source of energy, but conversion of
fossil fuel into electrical energy is a highly inefficient
process.

e fuel cell, a galvanic cell that requires a continuous supply
of reactants to keep functioning .

Cathode: 0O,(g) + 2H,O(/) + 4¢ —— 40H (ag)

H, — <«—o0, Overall 2Ha(g) + Oa(g) — 2H,0({)

[( \T Anode: 2H.(g) + 40H (ag) —— 4H,0(/) + 4e
Anode Cathode
3 Ve

Porous carbon electrode = Porous carbon electrode
containing Ni containing Ni and NiO

The standard emf of the cell can be

calculated as follows, :
EO — EO _ EO

| cell cathode anode
Hot KOH solution —_
Oxidation Reduction O '4-0 V - ( _O ‘ 8 3 V)
2Ha(g) + 40H (ag) —= 4H: 000 + 4e” Ox(g)+ 2H-0(1) + 4™ —= 40OH (ay) J— 1 2 3 V

@ A hydrogen—oxygen fuel cell.
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Electrolysis

occur

sodium chloride, an ionic compound, can be ¢
electrolyzed to form sodium metal and chlorine. ] ‘
1

Downs cell, which is used for large-scale
electrolysis of NaCl.

Anode (oxidation): 2CI(l) =—> 2Cl, (g) + 2e°
Cathode (reduction): 2Na+(1) + 2o — 2Na(s)

Overall : 2Na*(1) + 2CI'(1) =3 2Na(s) + 2Cl, (g)

@

Dxidation

e (Galvanic cell is spontaneous redox reactions, which result
in the conversion of chemical energy into electrical energy.

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

Electrolysis of Molten Sodium Chloride _Bater

201 —= Cly(g) + 2e

~

-

Cathode

Y
1
Molten NaCl

Reduction

2Na* + 2e~ —» 2Nal(l)

i




Electrolysis of Water

Battery
€ A Yeo
Anode l I Cathode
| | — Dilute H,SO, solution
Oxidation Reduction

2H,O0(l)— O,(g) + 4H (aq) + 4¢~ 4H™(aq) + 4¢- —2H,(g)

Anode (oxidation): 2H,0(l) —> 0,(g) + 4H" (aq) + 4e

Cathode (reduction): 4[H"' (ag) + e —— %Hg(g}]
@ Overall: 2H,O(l) — 2H,(g) + Oa(g)




Current (amperes)
and
time (seconds)

Product of
current and
fime

Charge
n
coulombs

Divide by
the Faraday
constant

Number
ol

moles of clectrons

Use maole ratio in
half-cell reaction

Moles of
substance reduced
or oxidized

Use molar mass or

ideal gas equation

Grams or liters
of
product

Electrolysis and Mass Changes

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

1 mol e = 96,500 C
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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'(I) — Cl, (g) + 2¢

Cathode: Caz* (I) — Ca(s)

CaZ+ (I) + 2CI' (I) —— cCa(s) + Cl, (g)

2 mole e =1 mole Ca

mol Ca = 0.452/%)( 1.5 i x 36002 x LMe¥e 1 mol Ca

Mt 96,500€ " 2 mole

= 0.0126 mol Ca

=0.50gCa

30

N

~
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Electrometallurgy

e Electrometallurgy is processes of electrolysis method
that are useful to obtain a pure metal from its ores or for

refining (purifying) the metal.

e Production of Aluminum Metal
e Aluminum is wusually prepared from bauxite ore

(Al,0;.2H,0).
Anode: 3[202_ — Ou(g) + de |
Cathode: 4[Al'" + 3¢ —— Al(D]
Overall: 2A1,0; — 4Al(]) + 30.(g)
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Purification of Copper Metal

Battery

Pure

copper
cathode

Anode: Cu(s) — Cu" (ag) + 2e
Cathode: CuH(aq) + 2 — Culs)




