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ELECTROCHEMISTRY

What Are the Key tdeas? ; be transferred in a chemical

veaction depends on the species mvolved and their concentrations. When the process Is
at different locations, the reaction can

The tendency of electrons K

spontancous and reduction and oxidation oceur
do work and deive electrons through an extermal circuit.

The topics described in this chaptet may
ry supplied daily by the
chern-

Why Do We Need 1o Know This Material?
one day unlack a virually inexhaustible supply
Sun. The key is electrochemistry; the study of thei
cal reactions. The transfer of electrons from one species to anather is one of the fun-
damental processes underlying life, photosynthesis, fucl cells, and the refining of met-
als. An understanding of how electrons are transferred helps us to design ways 1o Us€
chemical reactions to generate clectricity and to use electricity [0 bring about chemical
reactions. Electrochemical measurements also allow us to determine the values of ther-

modynamic quantitics.

of clean enc
nieraction al electmcity and

This chapter extends the thermodynamie dis-
¢ builds on the concept of Gibbs free
spansion wark (Section .14}, and

What Do We Need o Know Already?
cussion presented in Chaprer 8. In parricular i
encrgy (Section 8.12], its felarion o maximum none
the dependence of the reaction Gibhs free energy on the reaction quotent {Section 10.3).
Eor a review of redox reactions, see Section K. To prepare for the quantitative treat-
ment of clectrolysis, review stoichiometry in Section L.

Tealian scientist Luigi Galvani discovered that by touching the muscles of dead ani-

mals, mainly frogs, with rods bearing clectric charges, he could make their mus-
cles twitch. He believed thar electricity came trom the muscles themselves. However, at
the end of that century another Iealian, Alessandro Volea, suggested thar the electricity
came from the face that the muscles were berween two different metals when rouched
by the rods. He proved that the electricity came from metals by constructing a tower
of alternating discs of different metals in layers separated by paper strips soaked in a
sohition of sodium chloride (Fig. 13.1). This apparatus, a “voltaic pile,” was the first
electrical storage device, a simple battery, but because it opened a door Lo a new ander-
standing of the structure of matrer, it amazed the scientists and even the rulers of
the day.
Those carly observations have evolved into the branch of chemistry called electro-
chemistry. This subject deals not only with the use of spontaneous chemical reactions
1o produce elecricity but alse with the use of electricity 1o drive nonspontaneons reie
tions forward. Electrochemiseey alsa provides technigques for monitoring chenucal
reactions and for measuring propertics of solutions such as the pK, of an acid and the
thermodynamic characteristics of reactions, Flectrochemistry even allows us to moni-
cor the activity of our brain and heart (perhaps while we are Lrying 1o masier chem-
istry), the pH of our blood, and the presence of pollutants in our waicr supply.

Thc nnture of electricity was unknown untl the late ¢ighteenth century, when the

REPRESENTING REDOX REACTIONS

An electrie carrent is the flow of electrons throngh a circuit. When the current is gen-
erared chemically, the electrons emerge from a location where oxidation takes place
and travel to a location where reduction oceurs. Because oxidation and reduction are
involved in the geﬂtrm'tm of an electric current, redox reactions [Section K} are cen-
‘tral to the discussion of electrochemistry. In this chapter we take a closer look at them

and see hﬂw they and ather types of reactions can be used 1o generate electricity,
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CHAPTER 11 FIECTROCHEMISTRY

For a guantirative discussion of redox reactions we neced to be able to wnite bal-
wiced chemical equations. Some redox reactions can be tricky to balance, and 5|,|L‘L'1-Ll
techniques, which we describe in Secrions 13.1 and 13.2, have been developed to _-r|_111pl|l:‘_-'
the prod edure

The chapter begins with a review of redox reactions, which are particularly impor-
tant for understanding the chemical production of clectricity, a topic that occupies the
major part of this chapter. Redox reactions are alse important in the final part of the
chapier, which discusses the use of electricity to bring about chemical reactions

13.1 Hali-Reactions
The key to writing and balancing equations for redox reactions is to think of the reduc-
tion and oxidation processes separately. We saw in Section K that oxidation is the loss
of elecrrons and reduction the gain of electrons,

A half-reaction is the oxidation or reducrion part of a reaction considered alone.
An oxidation half-reaction shows the removal of e¢lectrons from a species that 1s being
oxidized in a redox reaction. For example, Volta used silver and zinc plates in one of
his voltaic piles to carry out the reaction

Zn(s) + 2 Agtlaq) — Zn" " (ag) + 2 Agls)

To show the oxidation of zinc explicitly we write

Znls) — Zn? T (s) + 2

An oxidation half-reaction is a conceplual way of reporting an oxidation: the electrons are
never actually free. In an equation for an oxidation half-reaction, the electrons released
always appear on the right of the arrow. Their state is not gven, because they are in
cransit and do not have a definite physical state. The reduced and oxidized specics in a
half-reaction jointly form a redox couple. In this example, the redox couple consists of

FIGURE 13.1 Volta used this stack of 2 :

alternating disks of two different :ua;;ls Zn + and Zf‘l,'and is denoted Zn®T/Zn. A redox couple has the form Ox/Red, where

separated by paper soaked in salt water Ox is the axidized form of the species and Red is the reduced form.

t_“ P Z ce the first sustained eleciric A nate on good practice: Distnguish a conceprual half-reacrion from an actual iomiza-
: tion, where the electron is removed and which we would write, for example, as Na{g) —

Na*lg} + ¢ (g), with the state of the electron specihed.

Now consider veduction. To show the addition of electrons to a species, we write
the corresponding half-reaction for clectron gain. For example, to show the reduction
of Ag” ions to Ag metal we write

Ag'(aq) + ¢~ — Agls)
This half-reaction, too, is conceptual: the electrons are not actually free. In the cqua-

tion for a reduction half-reaction, the electrons gained always appear on the left of the
arrow. In this example, the redox couple is Ag " /Ag.

Half-reactions express the two contributions (oxidation and reduction) fo an
overall redox reaction.

13.2 Balancing Redox Equations

Balancing the chemical equation for a redox reaction by inspection can be a real chal-

lenge, especially for one caking place in aqueous solution, when water may participate

and we must include H,0O and either H* or OH ™. In such cases, it is easier to simplify

the equation by separating it into its reduction and oxidation half-reactions, balance
the half-reactions separately, and then add them together to obtain the balanced equa-
tion for the overall reaction, When adding the equations for half-reactions, we match
the number of electrons released by oxidation with the number used in reduction,
because electrons are neither created nor destroyed in chemical reactions. The proce-
dure is outlined in Toolbox 13.1 and illustrared i Examples 13.1 and 13.2.

I redox reactions, it js convenaonal
o0 write H rather than H .
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"m 'HOW TO BALANCE COMPLICATED REDOX EQUATIONS

CONCEPTUAL B ASIS

When balancing redox equari
electrons (reduction) and the loss of electrons (oxidation) as
Separate half-reactions, and then balance both atoms and
charge in each of the rwo half-reactions. When we combine
the hal!'-rr.iuu:»n.»', the number of electrons released in the
oxidation must equal the number used in the reduction.

ons, we express the guin ol

PROCEDURE

In general, first balance the half-reactions separately, then
combine them, ‘

Step 1 Identify the species being oxidized and the species
being reduced from the changes in their oxidation numbers,
Siep 2 Write the two skeleral tunbalanced) equations for
the oxidation and reduction half-reactions.

Step 3 Balance all elements in the half-reactions except
O and H.

Stepr 4 In acidic solution, balance O by using H,0 and then
balance H by using H™. In basic solution, balance O by
using H,0; then balance H by adding H;O ro the side of
cach half-reacrion that needs H and adding OH™ to the

arher side,
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RED O EQQUATIONS

2 HALANC ING

YWhen we add OH — H,O . 1o a halk-
reaction, we are effectively Ln._lldlnl_r, one H atom to the |'1|'-_';'|l.'..
When we add . . . H,O ., —s ... OH , we are cffec-
tvely adding one H atom to the lefr. Note that one H,0 mol-
ecule is added for each H atoni needed. If necessary, cancel
like species on opposite sides of the arrow.

Step 5 Balance the electric charges by adding electrons

to the left for reductions and to the right for oxidations
until the charges on the two sides of the arrow are the
same.

Step 6 1f necessary, multiply cach half-reaction by the fac-
tor required to give equal numbers of electrons in the rwo
half-reactions, and then add the two equations and include
physical states. In some cases it is possible to simplify the

half-reactions before they are combined,

Finally, simplify the appearance of the complere equation
by canceling species that appear on both sides of the arrow
and check ro make sure that charges as well as numbers of

aroms balance,

Examples 13.1 and 13.2 illustrate this procedure.
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