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260 CHAPTER 11 Hectrochemical Cells, Batteries, and Fuel Cells

FIGURE 11.7

When a Zn electrode is immersed in an
aqueous solution containing Zn”"(aq)
ions, a very small amount of the Zn goes
into solution as Zn*" (ag), leaving two
electrons behind on the Zn electrode per
ion formed.

The equilibrium position in this reaction lies far
fewer than 107 mol of the Zn(s) dissolves in 1 liter
However, this minuscule amount of charge transfer betv
tion is sufficient to create a difference of approximatel:

~between the Zn electrode and the electrolyte solution.
rium 1s established for other metal electrodes. Becaus
constant depends on AGy of the solvated metal ion, t
dissociation reaction and ¢ depends on the identity of tt

Can ¢ be measured directly? Let us assume that we
using two chemically inert Pt wires as probes. One Pt wi
and the second Pt wire is placed in the ZnSO, solution.
is the difference 1n electrical potential between a Pt wire
ZnSQOy, solution and a Pt electrode in a ZnSQO,4 solution.
difference in electrical potential can only be measured t
phase of identical composition. For example, the differe:
a resistor 1s measured by contacting the metal wire at e:
metal probes of identical composition connected to
Although we can not measure the half-cell potential ¢
be determined relative to a reference half-cell as will be

How are chemical species affected by the electric:
approximation, the chemical potential of a neutral aton
small electrical potential is applied to the environment ¢
this is not the case for a charged species such as an Nt
The work required to transfer dn moles of charge rever:
phase at an electrical potential ¢, to a second, otherwis
potential ¢, 1s equal to the product of the charge and
potential between the two locations:

dlwre'ﬂ = (‘b’l - ﬁbl)dg

In this equation, dQ2 = —z F dn 1s the charge transferr
charge in units of the electron charge (+1, =1, +2, =2,
F is the absolute magnitude of the charge associated
species. The Faraday constant has the numerical value
(Cmol™)

Because the work being carried out in this reversibl
AW,., = dG, which is the difference in the electr
charged particle in the two phases:

dG - ﬂzdn — ﬁldn

The electrochemical potential is a generalization of tt
the effect of an electrical potential on a charged parti
chemical potential p and a term that results from the
potential:
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262 CHAPTER 11 Electrochemical Cells, Batteries, and Fuel Cells

FIGURE 11.2 Digital
Schematic diagram of the Damell cell. voltmeter
Zn*"/Zn and Cu?*/Cu half-cells are con- —
nected through a salt bridge in the internal
circuit. A voltmeter is shown in the external
circuit. The inset shows the atomic level
processes that occur at each electrode.

s immersed in a solution of CuSOy, whicl._; completely dissociated to form Cu®* (aq) 8 |

it e mmemAdrantae At a9 nﬂ.:..
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11.2 CONVENTIONS AND STANDARD STATES (N ELECTROCHEMISTRY 263

> electrochemical potential of the electron. The

1 1
but /g, = ‘2‘14—?-;2 + SRTIn fa, (11.12)

en gas. Solving Equation (11.12) for ¢p+/p,
|

— 0 12

X S S
BRLALE (11.13)

F F apg+

.ell has its standard state potential, designated

H, = (11.14)

AGHH™, aq) = py+ = 0 was introduced.

/i, = 0 (11.15)

:n electrode is a convenient reference electrode
sntials of all other half-cells can be measured. A
>wn in Figure 11.3. To achieve equilibrium on a

=

=~ =—= 1/2 Hy(g) is carried out over a Pt cat-
blish a standard state for the activity of H' (ag).
lard state based on molarity. Therefore, a; — ¢;
is a (hypothetical) aqueous solution of H (ag)
ycentration of ¢® = 1 mol L™,

= ( 1s that values for the electrical potential can
isuring their potential retative to the H'/H, half-
slectrochemical cell in Figure 11.4 is assigned to

[-( £) activities both have the value 1. Although

for half-cell potentials can be determined. In

af tho ahoalivka mmaoaal T -5 0 . . -

FIGURE 11.3

The standard hydrogen electrode consists
of a solution of an acid such as HCI, H,
gas, and a Pt catalyst electrode that allows
the equilibrium in the half-cell reaction to
be established rapidly. The activities of H,
and H" are equal to one.
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264 CHAPTER 11 Electrochemical Cells, Batteries, and Fuel Cells

'] ’i Measurement of th
| . Cell Potential

The cell potential measured under reversible cond
~ functions G, H, and §. The reversible cell potent
(emf), is determined in an experiment depicted in b
voltage to a potentiometer circuit with a sliding co
to the positive cell terminal as shown, and the ¢
sensing device labeled I shows a null current. At tt
voltage applied through the potentiometer exactly
V\/V\/V\/\/\/\/V\/\/\/\/V\) age measured in this way is the reversible cell pote

to a position slightly to the left of this position, th
the external circuit in one direction. However, if th
tion slightly to the right of this position, the ele
external circuit in the opposite direction, showing |
has been reversed. Because a small variation of
direction of spontaneous change, the criterion for-
cussion also demonstrates that the direction of spr

reversed by changing the electrochemical potentia
trodes relative to that in the other electrode using a

dc source

Chemical Reactions
Cells and the Nerns

11.

What reactions occur in the Daniell cell shown i
connected through the external circuit, Zn atoms le
solution, and Cu®" ions are deposited as Cu atoms
circuit, it 1s observed that electrons flow through tt
tion from the Zn electrode to the Cu electrode. Th
the following electrochemical reactions:

Left half-cell: Zn(s) — Zn**(aq
Right half-cell: Cu**(aq) + 2¢
Overall: Zn(s) + Cu®*(ag) =

FIGURE 11.5
Schematic diagram showing how the
reversible cell potential is measured.

In the left half-cell, Zn is being oxidized to Zn**
being reduced to Cu. By convention, the electrode
the anode, and the electrode at which reduction
half-cell in an electrochemical cell must contain a
and a reduced form. For a general redox reaction,
ode and the overall reaction can be written as foilo

Anode: Red, — Oxl"‘T' + ne
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aZF?2+

5% + RT In (11.24)

acy*t

~2+ = 1, and Equation (11.24) takes the form
lows Equation (11.24) to be rewritten as

RT dg,2+

2F Voo (11.25)

on involving the transfer of n moles of electrons,

° iltz] 0 11.26)

— n (11.
:nt. The preceding equation is known as the
st equation can be written in the form

0.0591
0.05916 V (11.27)

logioQ
he Nernst equation allows the emf for an electro-
y it .nown for each species and if £° is known.

d on the basis of the overall cell reaction. For a
can be derived. The equilibrium condition for

ne” = Red (11.28)

Nee = tRed (11.29)

hemical potential of an electron in a metal
1.29) can be written in the form

Ox/Red = Mgea + RT In apgey

RT AR
— —In
h.f aoxﬂ"’
a
“Red (11.30)
aoxn+

he same form as the Nernst equation, but the
ear in . An example of the application of
s shown in Example Problem 11.1.

~cell when ay+ = 0.770 and f, = 1.13.

0.05916 V log 0.770 0.0083 V
- 10 =
1 V113 \

LI l' LIS l T T 1 I 1 1 I
-4 -2 0 2 4
logyo @

FIGURE 11.6

The cell potential E varies linearly

with log . The slope of a plot of

(E — E°)/(RT/F) is inversely propor-
tional to the number of electrons trans-
ferred in the redox reaction.
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I

E-0.05916V log1o mim°

FIGURE 11.7

The value of E° and the activity coeffi-
cient can be measured by plotting the left-
hand side of Equation (11.42) against the
square root of the molality.

Determination of E°
Coefficients Using ar
Electrochemical Cell

The main problem in determining standard potential
activity coefficient vy, for a given solute concentratio
measurements of the cell potential at low concentratio
unut activity, where vy, differs appreciably from 1. Cons

ing of the Ag*/Ag and standard hydrogen electrode hal
Ag*(aq) + 1/2Hy(g) == Ag(s) + H'(ag) and
ities of Hy(g)and H"(aq)are 1, they do not appear
from the dissociation of AgNOj. Recall that the acti
measured directly. It must be calculated from the m
tion a% = a%Ta””. In this case, a% = apgtanos @

Y+ = Yagt = Ynoy and mypt = myor = my = nm

- o RT — =]
E = Ejgtjag T _F_l“ aagr = Eagtiag + N
At low enough concentrations, the Debye-Hi
log yy = —0.5092V m/m° at 298 K as discusse
tion, Equation (11.41) can be rewritten in the form

E — 0.05916 logjo(m/m") = E4g*/ag — 0.0
= E?_ﬂngr/Ag - 00

The left-hand side of this equation can be calculated
function of vV (m/m"). The results will resemble tJ
extrapolation of the line that best fits the data to m =
vertical axis. Once E£° has been determined, Equation

Electrochemical cells provide a powerful metl
cients because cell potentials can be measured mo
colligative properties such as freezing point depress
that although the Debye-Hiickel limiting law was u
sary to use the limiting law to calculate activity coe

#h

W

T

/

1 g”’:}% Cell Nomenclature ¢
| ../ of Electrochemical (

It 1s useful to use an abbreviated notation to describ

Al R B T
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Most Strongly Reducing

(The metal is least easily oxidized.)
Gold

(most positive reduction potential)
Platinum

Palladium

Silver

Rhodium

Copper

Mercury
(Hydrogen; zero reduction potential
by convention)

Lead

Tin

Nickel

Iron

Zmnc
Chromium
Vanadium
Manganese
Magnesium
Sodium
Calcium
Potassium
Rubidium
Cesium
Lithium

(most negative reduction potential)

Least Strongly Reducing
(The metal is most easily oxidized.)

CHAPTER 11 Electrochemical Cells, Batteries, and Fuel Cells

! The Electrocher

Tables 11.1 and 11.2 (see Appendix B, Data
commonly encountered half-cells. The emf of a
cells with standard reduction potentials £7 and

Elen = ET -

The potential E¢,; will be positive and,
potential for reaction 1 i1s more positive than
tive strength of a species as an oxidizing agt
value of its reduction potential in Table 11.2.
Table 11.3 1s obtained if the oxidation of neu
dation state is considered. For example, the e
reduction reaction

Auw’t(aq) + 3¢ — Au(.

In a redox couple formed from two entri
species lying higher in the list will be reduced
will be oxidized in the spontaneous reaction
the spontaneous reaction in the copper—z
Z0*"(aq) + Cu(s) and not the reverse reactios

I EXAMPLE PROBLEM 11.8

For the reduction of the permanganate ion Mn(
E° = +1.51 V. The reduction reactions and st:
and Au* are gjiven here:

Zn**(aq) + 2¢” — Zn{s

Ag*(agq) + e — Ag(s)

Au'(aq) + ¢ — Au(s)
Which of these metals will be oxidized by the |

Solution

The cell potentials assuming the reduction of tt
the metal are

Zn 151V + 0761V
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battery chemistry for a specific application. Figure 11.8 shows a comparison of differ-
ent battery types. The lead-acid battery has the lowest specific energy either in terms of
volume or mass. Next we discuss the chemistry of three commonly used rechargeable
batteries: the alkaline, nickel metal hydride, and lithinm ion batteries.

The individual elements of the alkaline cell are shown in Figure 11.9. The anode in
this cell is powdered zinc, and the cathode is in the form of a MnO, paste mixed with

Positive cover: Can: steel
plated steel
Metalized :
potassium _
hydroxide/ __
water
Anode:
powdered zinc
Cathode:
%Mmmwwsmmm Current oo__mgon
’ brass pin
carbon p
Separator; Seal: nylon
non-woven
fabric
Inner cell cover:
steel
Negative cover:
plated steei
EE 11.9 Metal

Metal spur

atic diagram of an alkaline cell. washer
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ate and diethyl carbonate. Aqueous electrolytes would limit tne ceu vousiuge v -
because at larger potentials, water is reduced or oxidized. Figure 11.11 shows a number
of materials that can be used as electrodes. Materials that fall outside of the band gap of
the electrolyte are unsuitable because their use initiates reduction or oxidation of the sol-
vent. It would appear that carbon is unsuitable, but the formation of a thin solid/
electrolyte interface layer stabilizes carbon with respect to solvent reactions, and it is the

Cathode lead

x Separator

Cathode
cover

Gasket

Anode
Cathode Anode lead Anode

container

FIGURE 11.1¢0

Schematic structure of a cylindrical
lithium ion battery. The anode and cath-
ode material are formed of thin sheets to
optimize the transport kinetics of Li* jons
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- - A

» | (11.62)
cgative electrode: CLi, — C(s) + xLi"(solution) + xe~ (11.63)

oht arrows indicate the di irectl
ischarge directions. In th . !
) ese equa .
imber. The overall cell reaction is austions, i @ ol o

~.Co0 . .
1-:C00(s) + CLi, == LiCo0,(s) + C(graphite) E°~37V  (11.64)

ic ful

o m_waowwmma battery has a cell potential of ~3.7 V. The structures of

m.zaﬁoamaa % are shown schematically in Figure 11.12. CLi, designates Li
im-ion batte mgmm:.mrwﬂm @m graphite; 1t is not a stoichiometric compound. In
with the Sm:HMH.H ¢ lithium jons are transported to and from the cathode or
o nsition metat, cobalt (Co), in Li,CoO, being oxidized from C 3+
ring charging, and reduced 4+ 34 5 . 0" 10

ced from Co™ to Co’" during discharge.
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The heart of t1S TUEL CEIL 1S LG PIULULL LAVIiatgy daveses 2 -
solid electrolyte. This membrane facilitates the passage of H* from the anode to the
cathode in the internal circuit, and it also prevents electrons and negative ions from
moving in the opposite direction. The membrane must be thin (~10-—100 um ) to
allow rapid charge transport at reasonably high current densities and must be unreac-
tive under the potentials present in the cell, The most widely used membranes are
polymeric forms of woﬂmcoawimoao acids. These membranes are quite conductive if
fully hydrated. The membrane structure consists of spherical cavities, Of inverted
micelles ~4 nm in diameter, connected by cylindrical channels ~1 nm in diameter. The
interior of the cavities and channels s lined with SO3 groups. The —CF,— backbone
of the polymer provides rigidity, makes the membrane unreactive, and increases the

Types of fuei cells

CH3OH g
Direct m
Proton exchange membrane fuel cells (PEMFCY

i Om
<+ o,

%,C05 | (X=LiNaK)

Molten carbonate fuel cell

& i

_uso%:o_:o acid fuel cell

Solid oxide fuel cell

PAFC, phosphoric acid fuel cell; M-I,
molten carbonate fuel cell; and SOFC,
solid oxide fuel cell. (Legend of
components: A, anode; E, electrolyte;
PEM proton exchange membrane and C,
cathode (YSZ) %sam-mnmg:moa

zirconia.)

Source: Sundmacher, K. Fuel Cell Engineering:
Toward the Design of Efficient Electrochemical
Power Plants, Industrial Engineering Chemical
Research 49 (2010): 10159-10182, fig 4.

>_xm___:m Em... cell

Legend of

components:

A = anode

E = electrolyte

C = cathode

PEM = proton exchange
membrane

YSZ = yttria-stabilized
zirconia
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11.14 ELECTROCHEMISTRY AT THE ATOMIC SCALE 279

Porous gas
diffusion layer

Flow field Catalyst layer Membrane

\/

H, —2H* +2¢~ 1,0, + 2H* + 26=—H,0

less sensitive to poisoning by CO. However, operation at these temperatures
requires proton exchange membranes that use ionic liquids other than water to

maintain a high conductivity.
The goals of much current research on fuel cells are to develop inexpensive cata-

FIGURE 11.18

Schematic diagram of a proton exchange
membrane fuel cell, The half-cell reac-
tions are shown. The channels in the anode
and cathode facilitate the supply of O, and
H, to the cell and carry away the H,O
reaction product. The gas diffusion layer
ensures that the reactants are uniformly
distributed over the membrane surface.
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