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246 CHAPTER 10 Electrolyte Solutions

FIGURE 10.1

AG® is shown pictorially lor two differ-
ent pathys starting with 1/2 Ha(g)

and 1/2 Ch(g) and ending with

H'(aq) + Cl (ag). The nits for the
numbers are kJ mol™!. Because AG is the
same for both paths. AG e (H' L0g)
can be expressed in terms of gas-phase
dissociation and ionization energies.

The electrical P!

. Understanding the Thermodynamics of | = ¢'/47" "

.. lon Formation and Solvation

As discussed inthe preceding section, AH 7, AGT, and S}, can be determined for a formula
unit but not for an individual ion in a culnrimcn‘idexpcrimcnl. However, as seen next, values
for thermodynamic functions associated with individual ions can be caleuluted with a rea-
sonable level of confidence using a thermodynamic model. This result allows the conven-
tional values of AHY. AGH. and 57, to be converted to absolute values for individual ions.
In the following discussion, the focus ison AGT.

We first discuss the individual contributions 1o AGT, and do so by analyzing the fol-
lowing sequence of steps that describe the formation of H' (ag) and Cl (ag:

1/2 Halg) — Hig) AGY = 2033k mot™!
172 Clatg) — Clig) AGY = 1057 ki mol !
Hig)—H'(g) + ¢ AGY = 1312 kI mol !

Chigyy + ¢ —CL () AGY = =349 k) mol !
Cl(g)—C (upy N AG" = AG i Cl L ag)
HY(g)—H' (¢ AG” = AGT o H L aq)
1/2 Ha(g) + 1/2 Cla(g) = H' (aq) + CI (ag) AGH = ~131.2 ki mot !

This pathway is shown pictorially in Figure 10,1, Because G is a state function, both
the black and red paths must have the same AG value. The first two reactions in this
sequence are the dissociation of the molecules in the gas phase, and the second two
reactions are the formation of gas phase tons from the neutral gas phase atoms. AG?
can be determined experimentally for these four reactions. Substituting the known val-
ues for AG? for these four reactions in AG® for the overall process,

AGH = AG rarion(CL Lag) + AG praon(H ' oag) + 1272k mol 1 (10.7)

Equation 10.7 allows us 1o refate the AG a0 of the HY and C1 7 ions with AGS, for
the overall reaction.

As Equation (10.7) shows, AGS, i Plays a critical role in the determination of
the Gibbs energies of ion formation. Although AGY, /i of an individual cation or
anion cannot be determined experimentally. it can be estimated using a model devel-
oped by Max Born, In this model, the solvent is treated as a uniform fluid with the
appropriate dielectric constant, and the ion is treated as a charged sphere. How can
AG prarion Be caleulated with these assumptions? At constant 7" and £, the nonexpan-
sion work for a reversible process equals AG for the process. Therefore, if the
reversible work assoctated with solvation can be caleutated, AG for the process is
known. Imagine a process in which a neutral atom A gains the charge Q, first in a vac-
uum and secondly in a uniform dielectric medium. The value of AG Y, puion OF an ton
with a charge ¢ is the reversible work for the process (A{g) — AQ(NQ))M“N,"," minus
that for the reversible process (A(g) = AR ) vecrmn-

Infinite separation
A -131.2 e
¥%H,lg) + %Cla{n) Ci™(aq) + H*(aq)
| i ! H
E | | |
E 1057 l AGZpationlCl™ 29) ;
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10.1 THE ENTHALPY, ENTROPY, AND GIBBS ENERGY OF ION FORMATION IN SCLUTIONS 245 |
t

i
We use the tabulated value of AHH(NaCl,s) = —411.2kImol ™" and the value for i
AHHCI™, aq) just determined to obtain a value for AH§(Na®  ag) = —240.1 k) mol ! |
Proceeding to other reactions that involve either Na “{aq) or C1 ™ {ag), the enthalpies of for-
mation of the counter ions can be determined. This procedure can be extended 1o include
other ions. Values for AGY and 87, can be determined in a similar fashion. Values for AHY,
AG?, and 83, for aqueous ionic species are tabulated in Table 10.1. These thermodynamic
quuhtities are culled conventional formation enthalpies, conventional Gibbs energies
of formation, and conventional formation entropies because of the convention
described earlier. r
Note that AHG, AGS, and S, Tor ions are delined relative to H "{ag). Negative val- [ ‘
ues for AH indicate that the formation of the solvated ion is more exothermic than the Bl
formution of H' (ag). A similar statement can be made for AGY. Generally speaking, i
AHY for multiply charged ions is more negative than that of singly charged ions, and !
AH for a given charge is more negative for smaller fons because of the stronger elec- Tk
trostatic attraction between the multiply charged or smaller ion and the water in the sol- {
vation shell. t
Recall from Section 5.8 that the entropy of an atom or molecule was shown to be
always positive. This is not the case for solvated 1ons because the entropy is measured
refative to H "(ag). The entropy decreases as the hiydration shell is formed because lig-
uid water molecules are converted to relatively immobile molecules. Tons with a nega-
tive value for the conventional standard entropy such as Mgl*{aq), Zn}'(uq), and
POY (ag) have a larger charge-to-size ratio than H ' {ag). For this reason, the solvation
shell is more tightly bound. Conversely, ions with a positive value for the standard ;
entropy such as Na ' tag), Cs tag), and NO4 (ag) have a smaller charge-to-size rtio H i
than H (ug) and a less tightly bound solvation shell, il

e e b e E

gneimidy

TABLE 10.1 Conventional Formation Enthalples, Gibbs Energles, and

Entropies of Selected Aqueous Anions and Cations

fon AHF (k] mol’ ) AGE (k] mol” h S JK "mol 4 ,

< eemmanpn

Ag’ (ag) 105.6 77 727 W iH
By (aq) 1216 1040 824 i i
Co? ' ay) 5428 ~553.0 531
Cl o tag) -167.2 -131.2 56.5

O (ag) 22583 2920 13310

Cu' tag) 717 500 106 !
Cu’ g (4.8 GS.5 -99.6
o ag) <3326 -278.8 ~13.8
H' (aq) 0 0 0

1 tay) - 55.2 51.6 te3

K ' tag) 2824 283.3 to2s o

Li' tag) 27485 3933 13.4

Mg () 4669 4548 —138.1 :
NQO, tag) “27.4 ~111.3 146.4 | .
Nat' ) 2401 ~2619 590 ; !
OH (ag) - 23040 15722 -10.9 b

L O < i B

POT (ag) 12774 —101%.7 -220.5 N

SOF (ag) 909.3 ~744.5 2001 ;

g ~153.9 -147.1 -tz P

Soeree; Lide, D Roed, Handbook of Clienistey and Physics. 83rd ed, Boca Raton, FL: CRC Press 2002,




'cvwcnf\fwwf( Cerlecesp yela v to M7 1<) — 2
K;L{”denmaff)w? /t/(czps)é/#/cq “‘7{%
(“?‘ I's 1(?‘?:7/7’ 7[L<44 59‘/(/”
=) G o tlie secnt ZEO‘)’ |
ST %ﬂr /;czf/u‘ XY O et J {,[“, ;/I"V(c"?l‘ crre

tl « A yveel reer cFlor p= /éoﬂey

13 orn €gicet Kiowl
o _ % e /(/ [
JC'(VC"L7(10M 8 TS Y

<

to e (‘/71:‘»"51:7{_ T e
("{; y'e (a ‘f(/-t/( I’)"'y”’”{[’(/w‘"// ’7[ ‘t_LZ{( o {LI%,{
g, > =) Ag’ <O ) solnficn is

S (U(/t/‘for} &

L
J‘)) on /4»»7 et s

7[0,’ wbsclecte valoes , Ceileeelatedd oo Cvole. e
Vet leve, 7[07 th e S tleat /‘6)4//4’? Con Lo ceoeh

¢ +
ﬁHJ&(\}m}({(Qn @—[H fq-‘}‘) = [0‘70 :1%:(

AGOSQ(U"Z{:{I(’” /H_)L/ ‘27) = = o5z kj—/mo’e

0 Apotion (M =) = ~ 130
selveetren 4 / ‘f/) /3 i

;‘,,,x b o let & iV Cbe/)b? / ;X% {[1 < Povn €gie T ?qcn‘;?

: 2
'y correct .2 .
AG [{.’c,«lcian Vf) )/ m“‘}f é <

stralsht line. if v for Somns fyom Fhc

57‘('7")‘”(*”/ shrucheres —  po ay}'cfﬁwn%

_Wf“flz 67}(7‘(*4’(?(!“‘/( yeeet Y /"r&m e by o7~
‘on  fo comter o cheivse o f HoO ) A

bLettor ,;Ichm"}(f lvie

coneen tionacC values efil( ctsech  bocqaene <7

cLrt oy A ‘M Sy r/()“i'vn) T /("( /




10.4 CALCULATING y, USING THE DEBYE-HUCKEL THEORY 251
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o of the falloft in the clectrostatic potential in the electrolyte solution o that for an iso-
1is shown as a function of the radial distance Tor three different molarities of a 1-1 elec-
uch as NaCl.

wions (10.27) and (10.28). &y and &, are the permittivity of free space and the
permittivity {diclectric constanty of the diclectric medium or solvent, respec-

Secause of the exponcntial term. @, 70 ) Falls off much more rapidly with r

whared ion 7). We say that an individual ion experiences a sercened potential
> other ions.

Debye-Hiickel theory shows that k is related 1o the individual charges on the
I to the solute molality 1 by

4 > Y
KT N0 L m Sy (P ! ',, X \ Pdeens (10.29)
sy k]
s formula, we can sec that sereening becomes more effective as the concentra-
1e fonic spevies increases, Screening is also more effective for multiply charged
for larger values of v and v
atio

Protution (1) o

(l)l‘m!uft'li i (r)

in Figure 10.3 for different vilues of m {or an agueous solution of a 1 -1 clec-
fote that the potential Falls oft much more rapidly with the radial distance r in
olyte solution than in the uniform dielectric medium. Note also that the poten-
off more rapidly with increasing concentration of the electrolyte. The origin of
is that ions of sign opposite 1o the central fon are more likely (o be found close
itral ion. These surrounding tons form a diffuse ion cloud around the central
own pictoriadly in Figure 10.4. It a spherical surfuce is drawn centered at the
1, the net churge within the surface can be caleulated. The results show that the
: has the sume sign as the central charge, {alls oft rupidly with distance, and is
o for kr ~ & For larger values of xr, the central ion is completely sereened
use ion cloud, meaning that the net charge in the sphere around the central fon

e net effect of the diffuse ion cloud is to screen the central fon from the rest of
m, and the quantity 1/« is known as the Debye-Hiiekel screening length.

Jes of x correspond to a smaller diffuse cloud, and a more effective sereening.

mvenient to combine the concentration-dependent terms that contribue 10 &

¢ strength /, which is defined by

0ogen ' . I« . .
7}__‘(1',.:‘,", b o }_{{m!.,.“,ﬁ TR {10.30)

f
S '
- N

FIGURE 10.4

Pictoriad rendering of the urrngement of
ions about an arbitrary ion in an cloc-
trotyte solation. The central ion is more
likely to have oppositely charged ions as
neighbors, The large circle represents a
sphere of radius £ ~ 8/« From a point
outstde of this sphere, the charge on the
central 1on is essentially totatly screened.




10.2 UNDERSTANDING THE THERMODYNAMICS OF ION FORMATION AND SOLVATION 247

-electrical potential around a sphere of radius r with the charge O’ is given by
'/4arer. From electrostatics, the work in charging the sphere by the additional
dQ is ¢ dQ. Therefore, the work in charging a neutral sphere in vacuum to the
Qis

Y s

I
QA ! ' (7
- /‘L o /Qu/g L (10.8)
. daregs,
i1

ey Nweyr

i

¢ is the permittivity of free space. The work of the sume process in a solvent is
o8, r, where g, is the relative permittivity {dielectric constant) of the solvent.
tently, AG e, iparion for anion of charge @ = ze is given by

) SN ;/ l l\
Rregr k.«:, i

& > 1, AGY tparion < 0, showing that solvation is a spontancous process.
‘or &, for a number of solvents are listed in Table 10.2 (see Appendix B,
sles).
st the Born model, we need to compare absolute values of AG 0 TOF f0ns
a0t radii with the functional form proposed in Equation (10.9). However, this
jon requires knowledge of AGanon( H T 0g) 0 convert experimentally
ed values of AG Y vurion referenced to H "(aq) to absolute values, It s owt
stvazionl H vt b and AHS i (- Lag)s and S8 paiont HY L ag) can be caleu-
cause the calculation is involved, the results are simply stated here,

A(’Vl\;vh‘.mm: (‘0.9)

AT G L 1OVO KT ol
RYFITN S § T HOSORT mol

StV ) Bodmol 'K (10.10)

28 listed in Equation (10.10) can be used to caiculate ubsolute values of
s DG suation A Shotpion Tor other ions from the conventional values refer-
1t (ay). These calculated absolute values can be used to test the validity of the
lel. If the model is valid. a plot of AGY s VEISUS S/r will give a straight
ywn by Eguation (10.9), and the data points for individuat ions should fic on
he results are shown in Figure 10.2, where r is the jonic radius obiained from
ucture determinitions.
st and second clusters of data poims in Figure 10.2 are for singly and doubly
ons, respectively. The data are compared with the resuit predicted by
'10.9) in Figure 10.2a. As can be seen from the figdre, the rends are repro-
t there is no quantitative agreement. The agreement can be considerably
by using an effective radius tor the solvated fon rather than the ionic radius
al structure determinations. The ctfective radius is defined as the distance
:nter of the ion to the center of charge in the dipolar water molecule in the sol-
1. Latimer, Pitzer, and Slansky |J. Chemieal Physics, T ¢1939) 109] found the
nent with the Born cquation by adding 0.085 nm to the crystal radius of posi-
nd 0.100 nm to the crystal radius for negative tons to account for the fact that
olecule is not a point dipole. This dilference is explained by the fact that the
harge in the water molecule is closer 1o positive fons thun to negative ions.
b shows that the agreement obtained between the predictions of Eqguation
xperimental values is very good if this correction to the ionic radii is made.
0.2 shows good agreement between the predictions of the Born model and cal-
ges tor AGStpmion. tnd justities the approach used to calculate absolute
Jibbs energies and entropies for sobvated jons. However, because of uncertain-
1e numerical values of the jonic rudit and for the dielectric constant of the
I water in the solvation shell of an jon, the uncertainty is £50kJ mol ™! for the
vation enthalpy and Gibbs energy and £10J K "ol ! for the absolute sol-
py. Because these uncertainties are large compared to the uncertainty of the
mic functions using the convention described in Equations (10.3) and (10.4),
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FIGURE 10.2

{a) The solvation energy caleulated using
the Born modet is shown as a tunction of
:z/r. {h) The same results are shown as a
function of :zjr,zf;. {See (ext) The dashed
line shows the behavior predicted by
Equation (10.9).
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Comparison between the predictions of
the Debye- Hidckel imiting taw {dashed
tinesy and the Davies equation {solid

curves) for -1 (red), 1
f-3 (hlue) electrolytes.,

=2 (purple), and

is known as the Davies equation. As seen in Figure 10.8, this equation for y, shows
the correct limiting behavior for low [ values, and the trend at higher values of 1 1s in
better agreement with the experimental results shown in Figures 10.6 and 10.7.
However, unlike the Debye—Hicke! limiting law, there is no theoretical basis for the
Davies equation.

Chemical Equilibrium in Electrolyte
Solutions

As discussed in Section .13, the equilibrium constant in terms of activities is given by
Equation (9.66):

K e

'

{10.35)

It is convenient to deline the activity of a species relative to its molarity. 1o this case,

@ =y, : (10.36)
where y; is the activity coefficient of species i We next specitically consider chemi-
cal equilibrium in electrolyte solutions, iltustrating that activities rather than concen-
trations must be taken into account to accurately model equilibrium concentrations.
We first restrict our considerations to the range of ionic strengths for which the
Debye-Hidcked limiting taw is valid, As an example, we caleulate the degree of disso-
ciation of MgF; in water, The equilibrium constant in terms of molarities for ionic
salts is usually given the symbol K, where the subscript refers to the solubility prod-
uct. The equitibrium constant K, is unitless and has the value of 6.4 X 10 “ for the
reaction shown in Bquation (10.37). Values for K, are generally tbulated for
reduced concentration units of molarity {¢/¢”) rather than molality (mm/m"), and val-
ues for selected substances are listed in Table 10.4. Because the mass of 1 L of water
s (1998 kg, the numerical value of the concentration s the same on both scales for
dilute solutions,
We next consider dissociation of Mgl in an aqueous solution:

I\rlgl*‘;(.\‘)‘*Mgg'(uq) F2E Aay) (10.37)
Because the activity of the pure sohid can be set equal o one,
. . f<’n:; A foy T "
Ko v \ )( Yyl o (10.38)
! [ / ¢ f

From the stoichiometry ol the overall equation, we know that ¢ = ey, bul
Pguation (10.38) stilf contains two unknowns, 7y and ¢, L that we solve for iteratively
as shown in Example Probleny 103,

AgBr 49 x o M CaS0, 49 % 10 °
AgCl 18 x 10 10 Mp(OH), 56 x 101
Agl 85 x 10 7 M), 19 x 1o M
Ba(OH), s0 % 10 PhCTs fox 10’
BaSQ, Ly xogn v Ph SO, 1o
CaCO; RE ST 7nS e x 1o ¥

Soprrce: Lideo DR ed Hanehook of Chemisery anad Physics. 83vd ed. Boca Raton, FL: CRC Press 2002,
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252 [ IR fnlyte et ;
i with
[ EXAMPLE PROBLEM 10.2 p o fory
Calculate I for (a) a 0.050 molal solution of NaCl and for (b) a Na>SQOy solution ot the § " Tf;
same molality. ’ streny
Solution the a
o .. 0050molkg ™! O point
e Ayger = S0t )= o L X (1 + 1) = 0.050 molkg a fini
- \ an ek
5 .
b Iyaso, = :ér(m:%. ) = ()QSQ?;“,”F?B“ X {2+ 4) = (.15 mol kg—“ij (;((:::‘
as n
Using the definition of the tonic strength, Equation (10.29) can be written in the form order
I/ N /“‘{”" atom
K = \/ (”—V—ff‘f—) (oo m Y ( ) Postent , diete
£k gl A that ¢
o ! ionic
=291 % m\/ ~-I('1“3?-~k~§-~»J)*”"{"«"f—‘»’, m ) a 208 K ao3n ’
£, kg L effce
The first factor in this equation contains only fundamental constants that are inde- appn
pendent of the solvent and solute as well as the temperature. The second factor contains Tlxcra
the tonie strength of the solution and the unitless refative permittivity of the solvent. For 18 e
the more conventional units of mol L ' and for water, for which &, = 783, ! mokt
K = 329 5 10"V m ' al 298 K. ; went
By caleulating the charge distribution of the tons around the central ion and the solut
work needed to charge these ions up to their charges o, and & Troim an initially neutral C}""“
state, Pebye and Hicke! were able to obtain an expression for the mean onic activity ] tion «
coeflicient. It is given by s th
, 1 incre
K H He"
oy, oo B (10.32) inere
e, kgl only
This equation is known ax the Debye—Hiickel limiting law. 1t is called a limiting law - thert
hecause Equation (10.32) is only obeyed for small vidues of the ionic strength. Note law.
that because of the negative sign in Equation (13.32), v, <2 |, From the concentration ! soph
dependence of x shown in Equation (10.31), the mode! predicts thut In vy decreases : !
with the jonic strength as V7, This dependence is shown in Figure 10.5. Atthough all i 'de
T three solutions have the same solite concentration, they have different values for o' ; tor
01 02 03 04 05 . . . L ! Deb
TPV T N ad 2. For this reason, the three lines have a different slope. i |
AN Equation (10.32) can be simplified for a particular choice of solvent and tempera- !
0'25; ture. For agueous solutions at 298,15 K. the vesult is
3 logy. 30920 N or Iy, AT o N (10,33
0.50 ] ; - , . ‘
1 How well does the Debye-Hiickel Timiting law agree with experimental data?
] Figure 10.6 shows a comparison of the model with data for agucous solutions of
: " 075‘? \0302 AeNO,; and CaCly. In each case, In v, is plotted versus VI The Debye-Hicked
i E P “ fimiting faw predicts that the data will Tl on the line indicated in cach figure.
! 1.00 B . The dam points deviate from the predicied behavior above Vi 00 for
1 : N S AgNOon = 0.01), and above V1= 0006 for CaCly ¢ = 0.004). In the iimit
! .25 \\LaClg that [ — 0, the limiting law is obeyed, However, the deviations are significant at o
i 1 \\ councentration for which a neutrad solute would exhibit ideal behavior,
\ 1.50j ‘\ The deviations continue to increase with increasing ionic strength. Figare 10.7
! . N shows experimental data for ZnBr; out to Vi =55, corresponding to mr = 10, Note “
| 175 . that, although the Debye—Hiickel limiting law is obeyed as 7 — 0, In y . gous through a =
. FIGURE 10.5 minimum and begins to increase with increasing fonie strength. At the highest value of
| e decrease in the Debye-ickel mean the ionic strength, vy = 2.32, which is significantly greater than one. Although the
activity coetficient with the square root of deviations from idead behavior are fess pronaunced in Figure 10.6, the trend is the same
the fonic strength is shown for a 1-1, 2 for ull the solutes. The mean ionic aetivity coeificient vy falls oft more slowly with the
.i -2 and a -3 clectrolyte, all of the same fonic strength th;m. pn:(.iiclcd by the Debye-t il'fckel limiting law. The behavior shown in
i molality in the solute. Figure 10.7 is typicad Tor most electrolytes: after passing through a minimuny, y, rises
i
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10.4 CALCULATING v, USING THE DEBYE-HUCKEL THEORY 253

with increasing ionic strength, and for high values of /. ¥y, > |. Experimental values
for vy, for a number of solutes at different concentrations in agqueous solution are listed
in Table 10.3 (see Appendix B, Data Tables}.

There are a number of reasons why the experimental values of ¥, differ at high ionic
strength from those calculated from the Debye—Hiickel Himiting law. They mainly involve
the assumptions made in the model. It has been assumed that the ions can be treated as
point charges with zero volume, whereas ions and their associated solvation shells occupy
a finite volume. As a result, there is an increase in the repulsive interaction among ions in
an electrolyte over that predicted for point charges, which becomes more important as the
concentration increases. Repulsive interactions raise the energy of the solution and, there-
fore, increase .. The Debye—Hiickel model also assumes that the solvent can be treated
as a structureless dielectric medium. However, the ion is surrounded by a relatively
ordered primary solvation shell, as well as by more loosely bound water molecules. The
atomic level structure of the solvation shell is not adequately represented by using the
dielectric strength of bulk solvent. Another factor that has not been taken into account is
that as the concentration increases, some ion pairing occurs such that the concentration of
ionic species is less than would be calculated assuming complete dissociation.

Additionally, consider the fact that the water molecules in the solvation shell have
effectively been removed from the solvent. For example, in an aqueous solution of H,SOy,
approximately nine H,O molecules are tightly bound per dissolved HaSOy formula unit.
Theretore, the number of meles of H5O as solvent in | L of a one molar H,8Qy solution
is reduced from 55 for pure H,O to 46 in the solution. Consequently, the actual solute
molarity is larger than that caleulated by assuming that all the H,O is in the form of sol-
vent. Because the uctivity increases linearly with the actual molarity, v, increases as the
solute concentration increases. If there were no change in the enthalpy of solvation with
conceniration, all the H,O molecules would be removed from the solvent at a concentra-
tion of six molar H,SOy. Clearly, this assumption is unreasonable. What actually happens
is that solvation becomes energetically less fuvorable as the H>SO, concentration
increases. This corresponds to a less negative value of In y, or equivalently to an
increase in y ;. Summing up, many factors explain why the Debye-Hiicke! Timiting law is
only valid for small concentrations. Because of the complexity of these different fuctors,
there is no simple formula based on theory that can replace the Debye-Hiickel limiting
law. However, the main trends exhibited in Figures 10.6 and 10.7 are reproduced in more
sophisticated theories of electrolyte solutions.

Because none of the usual models are valid at high concentrations, empirical
models that “improve” on the Debye-Hiickel model by predicting an increase in vy,
for high concentrations are in widespread use. An cempinical maodification of the
Debye--Hiickel limiting law that has the form
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FIGURE 10.6

The experimentally determined activity
coctticients for AgNOy and CaCls are
shiown as u function of the square root of
the ionic strength. The solid fines are the
prediction of the Debye~Hiickel theory.

FIGURE 10.7

Experimentally determined values for the
mean activity coefficient for ZnBry are
shown as a function of the square root of
the ionic strength. The solid line is the
prediction of the Debye-Hiickel theory.
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FIGURE 10.8

Comparison between the predictions of
the Debye-Hiickel limiting law (dashed
lines) and the Davies equation (solid
curves) for 11 (red), 1--2 (purple), and

-3 {blue) clectrolytes.

is known as the Davies equation. As scen in Figure 10,8, this equation for v, shov
the correct limiting behavior for tow £ values, and the trend at higher values of 7iv
better agreement with the experimental results shown in Figures 10,6 and 16 /.
However, unlike the Debye—Hiickel limiting law, there is no theoretical basis for the
Davies equation,

Chemical Equilibrium in Electrolyte
Solutions

As discussed in Section 9,13, the equilibrium constant in terms of activities is given by
Equation (9.66):

(10.35)

It is convenient to define the activity of & species relative to its molarity. In this case,

€y
a4 =Y
¢

(10.36)

where y; is the activity coefficient of species 7. We next specifically consider chemi-
cal equilibrium in electrolyte solutions, illustrating that activities ruther than concen-
trations must be taken into account 1o uccurately model equilibrium concentrations.
We first restrict our considerations to the range of ionic strengths for which the
Debye~Hiickel limiting law is valid. As an example. we caleulate the degree of disso-
ciation of MgF, in water. The equilibrium constant in terms of molarities for ionic
salts is usually given the symbol K, where the subseript refers 1o the solubility prod-
uct. The equilibrium constant K, is unitfess and has the value of 6.4 X 16" for the
reaction shown in Equation (10.37). Values for K, are generally tbulated for
reduced concentration units of molarity (¢/¢”) rather than molality (m/m”}, and val-
ues for selected substances are listed in Table 10.4, Because the mass of 1 L of water
is .998 kg, the numerical vatue of the concentration is the same on both scales for
dilute solutions.
We next consider dissociation of MgF, in an agueous solution:

MgFa(9) — Mg tag) + 2 (aq) (10.37)
Because the activity of the pure solid can be set equal 1o one,
. 2 /(‘”5‘" \ vy j: ¢ . 4y
N I B J L) o4 10 (10.38)
From the stoichiometry of the overall equation, we know that ¢ = 2ep0, bul

Equation (10.38) still contains two unknowns, v, and ¢ . that we solve for iteratively
as shown in Example Problem 10.3.

TABLE 10.8 Solubility Product Constants {Molarity Based) for Selected Salts

Salt Ky Salt K,

AgBr 49 % 19" CaSOy 39 x 107 °
AgCl 18 x oW Mg(OH, 56 x 1071
Agl 85 x 0" Mn(OH}), 19 x 104
Ba(OH), 50 % 107 PbCls 16 x 107F
BaSO, 1x o Pb SO, 1.8 x 10 ¥
CaCO, 34 x 1077 ZnS 1.6 x 1077

Sonrce, Lide., D, R., ed. Handbook of Chemisyy and Physics. $3rd ed. Boca Raton. FL: CRC Press 2002,
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260 CHAPTER 11 Electrochemical Cells, Batteries, and Fuel Cells

FIGURE 11.1

When a Zn clectrode is immersed inan
aqueous selution containing Zn:'iuq)
ions, a very small amount of the Zn goes
into solution as Zn°" (g, keaving two
clectrons behind on the Zn electrode per
ion formed.

The equilibrium position in this reaction lies far toward Zn(s). At equilibrium,
fewer than 10 ' mol of the Zn(s) dissolves in | liter of solution to form an*(t:q)
However, this minuscule amount of charge transfer between the clectrode and the solu-
tion is sufticient to create a difference of approximately 1V in the electrical potential
between the Zn electrode and the electrolyte solution. A similar dissociation equilib-
rium is established for other metal electrodes. Because the value of the equilibrium
constant depends on AGY of the solvated metal ion, the equilibrium constant for the
dissociation reaction and ¢ depends on the identity of the metal.

Can ¢ be measured directly? Let us assume that we can carry out the measurement
using two chemically inert Pt wires as probes. One Pt wire is placed on the Zn electrode,
and the second Pt wire is placed in the ZnSOy solution. However, the measured voltage
is the difference in clectrical potential between a Pt wire connected to a Zn electrode in a
7S50, solution and a Pt electrode in a ZnSO; solution, which is not what we want. A
difference in electrical potential can only be measured between one phase and a second
phase of identical composition. For example, the difference in electrical potential across
a resistor is measured by contacting the metal wire at cuch end of the resistor with two
metal probes of identical composition connected (0 the terminals of a voltmeter,
Although we can nolt measure the half-cell potential ¢ dircetly, half-cell potentials can
be determined relative to a reference half-cell as will be shown in Section 11.2.

How are chemical species affected by the electrical potential 6?7 To a very good
approximation, the chemicul potential of a neutral atom or molecule 1s not affected if a
small clectrical potential is applied to the environment containing the species. However,
this is not the case for a charged species such as an Na' ion in an electrolyte solution.
The work required 10 transfer dn moles of charge reversibly from a chemically uniform
phase at an electrical potential ¢y 1o a second, otherwise identical phase at an electrical
potential ¢ is equal to the product of the charge and the difference in the electrical
potential between the two locations:

d,,.,. (s i) (11.2)

[n this equation, dQ = -2 dn s the charge transferred through the potential, - is the
charge in units of the clectron charge {(+1, ~ 1, +2. =2, ...}, and the Faraday constant
F is the absolute magnitude of the charge associated with T mol of a singly charged
species. The Faraday constant has the numerical value F = 96,485 Coulombs mole !
(Cmot ')

Because the work being carried out in this reversible process is nonexpansion work,
A, = dG, which is the difference in the electrochemical potential L of the
charged particle in the two phases:

dG = gadn - @ydn (1.3
The electrochemical potential is a generalization of the chemical potential 1o include
the effect of an clectrical potential on a charged particle. It is the sum of the normal
chemical potential gand @ term that results from the nonzero value of the electrical
potential:

‘U I( ‘ »'(,;’!’ {llo4'

Note that with this definition 2 = g as ¢ — 0.
Combining Equations (11.2) and (1.4} gives

Ly =y = + 2y — d)F o fh = gy b s — PF (11.5)

Because only the difference in the clectrical potential between two points can be meas-
ured, one can set ¢y = 0 in Equation (11.5) o obtain the result

1 o bl {11.6)

This result shows that charged particles in two otherwise identical phases have different
values for the clectrochemical potential if the phases are al different electrical
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«trochemical Cells, Batteries, and Fuel Cells

Danielf cell.
{f-celis are con-
€ in the intermnal
wit in the external
¢ atomic level
*h electrode.

Digital
voltmeter

is immersed in a solution of CuSOy, which is completely dissociated to form Cu’t (ay)
and SOF (ag) The two half-cells are connected by an ionic conductor known as a salt
bridge. The salt bridge consists of an electrolyte such as KCI suspended in a gel. A salt
bridge allows current 1o flow between the hall-cells while preventing the mixing of the
solutions. A metal wire Tastened to cach clectrode atlows the clectron current 1o {Tow
through the external part of the circuit, Note that because the wire is connecied on one
cnd to a Cu electrode and on the other end to a Zn electrode, the two phases between
which we are measuring the electrical potential are not identical.

Using the experimental setup of Figure 11.2, the electrical potential difference between
twer hatf-cells can be measured, rather than the absolute electrical potential of cach half-
cell. However, we need potentials of individoal half-cells. Therefore, it is convenient to
choose one half-cell as a reference and arbitrarily assign an electrical potential of zero to
this half-cell. Onee this is done, the clectrical potential associated with any other half-cell
can be determined by combining it with the reference half-cell. The measured potential
ditference across the cell is associated with the half-cell of interest. It is next shown that the
standard hydrogen electrode fullills the role of a reference hali-cell of zero potential, The
measurement ol electrical potentials s discussed using this cell. The reaction in the
standard hydrogen electrode is

H' (ag) + ¢ —»,l) Hy () (1110
and the cquilibrium in the half-celi s deseribed by

myilag) + i, = ;#«n)(m (L1
Half-cell reactions such as Equation (1110} are generally written as reduction reac-
tions by convention as is done in Tables 11,1 and 11.2 (sec Appendix B, Data Tabies)

even though equilibrium is established in the half-cell. 1t is uscful o separate
B iy and pge(ay) into a standard state portion and a portion that depends on the

uctivit)f and use Equation (11.9) t
preceding equation then takes the

My + RT Inay

where Fu, is the fugacity of the hy

by LT

For unit activities of all species, |
Dér im0, Because M5, = AGHH,.

In Section 10.1 the convention
Therefore, we find that

We have shown that the standard hye
with zero potential against which the
schematic drawing of this electrode
short timescale, this reaction H ’(uq
alyst electrode. 1t is also necessary 1
[tis customury to use g Henry's Jaw
and y; — 1 as ¢; — 0. The standurd
that shows ideal solution behavior at
The uselulness of the result by
be assigned to individual hatf-cells b
cell. For example, the cell potential o
the Zn/Zn*! halt-cell if the H Hlag)
not directly measurable, absolute vo
Supplemental Section 11,16 it is sho
gen electrode is —4.44 £ 0.2 V. |
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11.2 CONVENTIONS AND STANDARD STATES IN ELECTROCHEMISTRY

id use Equation (11.9) for the electrochemical potential of the electron. The
equation then takes the form

| I
byt + RT Inayr — Féyryw, = —ph, + - RT Infy, (1L12)
i1 bl 2 2 3

 is the fugacity of the hydrogen gas. Solving Equation (11.12) for Pyt
Lo i
it 3;&!13 RT f,,;

‘f’ii‘;if_x mm e e -In -

, p (1L13)

tyy-

ctivities of all species, the cell has its standard state potential, designated
ecause uyy, = AGHH,, g) = 0,
. i
b, = Iy (11.14)
a 10.1 the convention that Aij(H+, ag) = py+ = 0 was introduced.
. we find that

iy, = 0 {11.15)

hown that the stundard hydrogen electrode is a convenient reference electrode
yotential against which the potentials of all other half-cells can be measured. A
drawing of this clectrode is shown in Figure 11.3. To achieve cquilibrium on a
scale, this reaction H*(ag) + e === 1/2 Hy(g) is carried out over a Pt cat-
ode. [1 is also necessary to establish a standard state for the activity of H* (ag).
nary to use a Henry's law standard state based on molarity. Therefore, «; — ¢;
1 as ¢; = 0. The standard state is a (hypothetical) aqueous solution of H (ag)
ideal solution behavior at a concentration of ¢ = Fmol L7,

110 individual half-cells by measuring their potential relative to the H/H; half-
:ample, the cell potential of the electrochemical cell in Figure 11.4 s assigned o
* half-cell if the H (ag) and Ha(g) activities both have the value 1. Although
y measurable, absolute values for half-cell potentials can be determined. In
wal Section 11.16 it is shown that the absolute potential of the standard hydro-
e is —4.44 + 0.02 V. Because only changes in energy rather than absolute
in be measured, chemists generally use hali-cell potentials relative to the stan-
'gen electrode assuming that 7y, = 0.

@ Switch

MAM Resistor
o/

O

\‘ - Hp out JHQ in
. \ il

Zn Salt bridge

263

H, out H, in
2 Pk

FIGURE 11.3

The standurd hydrogen electrode consists
of a solution of un acid such us HCI. H,
gas, and a Pt catalyst electrode that allows
the equilthrium in the half-cell reaction to
be established rapidly. The activities of Hy
and H' are equal 1o one.

FIGURE 11.4

In a celt consisting of a half-cell and the
stundard hydrogen clectrode, the entire
cel voltage is assigned to the half-cell.
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dc source

FIGURE 11.5
Schematic disgran showing how the
reversible cell potential is meusured.

¢ Measurement of the Reversible
7 Cell Potential

The cell potential measured under reversible conditions is directly related to the state
functions G, H, and S. The reversible cell potential. also called electromotive force
(emf), is determined in an cxperiment depicted in Figure 11.5. The de source provides a
voltage to a potentiometer circuit with a sliding contact. The sliding contact is attached
to the positive cell terminal as shown, and the shider is adjusted until the current-
sensing device labeled 1 shows a null current. At this position of the potentiometer, the
voltage applied through the potentiometer exactly opposes the cell potential. The volt-
age measured in this way is the reversible cell potential. If the sliding contact is moved
toa position shightly to the left of this position, the electron current will flow through
the external circuit in one direction. However, if the sliding contact is moved to a posi-
tion slightly to the right of this position, the electron current will flow through the
external circuit in the opposite direction, showing that the direction of the cell reaction
has been reversed. Because o small variation of the applied voltage can reverse the
dircction of spontancous change, the criterion for reversibility is cstablished. This dis-
cussion also demonstrates that the direction of spontaneous change in the cell can be
reversed by changing the electrochemical potential of the clectrons in one of the elec-
trodes refative to that in the other electrode using an external voltage source.

3 ‘ ,_{/ Chemical Reactions in Electrochemical
i 1.7 Cells and the Nernst Equation

What reactions oceur in the Dantell cell shown in Figare 11.27 If the half-cells are
connected through the external cireuit. Zn atoms leave the Zn clectrode to form Zn®?! in
solution, and Cu®! jons are deposited as Cu atoms on the Cu electrode. In the external
cireuit, it is observed that electrons {low through the wires and the resistor in the direc-
tion from the Zn clectrode to the Cu clectrode. These observations are consistent with
the following electrochemical reactions:

Lefthalf-cell: Zn{s) — 70t (ag) + 20 (11.16)

Right haifecel: Cu*f(ag) + 2¢ — Culs) (a1Lmn

r “ 2 NP 9
Overall: Zn(x) + Co*ag) == 720 {ag) + Culs) (11.18)
. . — N N <y B k' - . - 3 .
tn the feft half-cell, Zn is being oxidized to Zn®', and in the right halt-cell, Co™" is
heing reduced to Cu. By convention, the electrode at which oxidation vecurs is called
the anode, and the electrode at which reduction oceurs is called the cathode. Fach
half-cell in an clectrochemical celf must contain i species that can exist in an oxidized
and u reduced form. For a general redox reaction, the reactions w the anode and cath-
ode and the overall reaction can be written as follows:
i

Anode: Red) — Q" + e (119

Cathode: Oxs b e — Redy”? (11.20)

Overall: mRedy + 4,05 == 10" + mRedy™ (11.21)

Note that clectrons do not appear in the overall reaction because the electrons produced
at the anode are consumed at the cathode.

How are the cell voltage und A, for the overall reaction related? This importam
relationship van be determined from the electrochemical potentials of the species
involved in the overall reaction of the Danicl cell:

v ~ ~ ~ ~ o, o ey 0
AGr = Byp + ey = Hewt — Hon = B2 = Kol + RT m,(;__,‘,:,
Cus
A £ - Uyt
= AGy + RT In—"— (11.22)
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11.4 CHEMICAL REACTIONS IN ELECTROCHEMICAL CELLS AND THE NERNST EQUATION

If this reaction is carried out reversibly, the electrical work done is equal to the product
of the charge and the potential difference through which the charge is moved. However,
the reversibie work at constant pressure is also equal to AG. Therefore, we can write
the following equation:

A(:‘;\v = ul'Ad (1L23

In Equation (11.23), A¢ is the measured potential difference generated by the sponta-
neous chemical reaction for particular values of ay,2+ and a¢,2+, and n is the number of
moles of electrons involved in the redox reaction. The measured cell voltage is directly
proportional to AG. For a reversible reaction, the symbol E is used in place of A, and
E is referred to as the electromotive force (emf). Using this definition, we rewrite
Equation (11.23) as follows:

4 'V

H
OFE < AGh R RP I
ey

(11.24)

For standard state conditions, ay,2¢ = a¢,2- = 1, and Equation (11.24) takes the form

AGg = —2FE°. This definition of £° allows Equation (11.24) to be rewritten as
RT gy
E = E° — —|n—— 11.25
2F app ( )

For a genera overall electrochemical reaction involving the transfer of 22 moles of electrons,
. RT
[ i (11.26)

nl
where (J is the familiar reaction quotient. The preceding equation is known as the
Nernst equation. At 298.15 K, the Nernst equation can be written in the form

‘ SR

[N O fog,Q

H

(11.27)

This function is graphed in Figure 11.6. The Nernst equation allows the emf for an electro-
chemical cell to be calculated if the activity is known for cach species and if £° 1s known.
The Nernst equation has been derived on the basis of the overall cell reaction. For a

aalf-cell, an equation of a similar form can be derived. The equilibrium condition for
‘he half-cell reaction

Ox"" + ne” = Red (11.28)
s given by

Boyr T ”ﬁr'" = Hged (11.29)
Jsing the convention for the clectrochemical potential of an electron in o metal
slectrode |Equation (11.9)), Equation (11.29) can be written in the form

B KT Inagem — ”F‘f—‘()rfkwl = phea T RT Inagey

- #’}’(’f’d - ,“':’)),\'*” RT  tpeq
‘b(},\f}\’(’{f =TT T [} E—
nF nE g
- . RT  dpey
Eovged = EQujged — 77 I (11.30)
nkage

“he last line in Equation (11.30) has the same form as the Nernst equation, but the
ctivity of the clectrons does not appear in (). An example of the application of
iquation (11.30) to a half-cell reaction is shown in Example Problem 11.1,

EXAMPLE PROBLEM 11.1

“aleulaie the potential of the H'/Ha half-celf when - = 0.770 and fu, = 113

_

olution

0.770
770 = (.0083 V

0.05916 V ay 005916V
- =V O
Vi

oy == =)
" \/_;/: |

P

A M

265

4 T

4 2 0 2
logyp @

FIGURE 11.6

The cell potential £ varies lincarly

with log Q. The slope of a plot of

(K — E°Y(RT/F) is inversely propor-
tional to the number of clectrons trans-
ferred in the redox reaction.
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The value of £° and the activity coeffi-
cient can be measured by plotting the lefi-
hand side of Equation (11.42) ugainst the
square root of the molality.

Determination of E° and Activity
Coefficients Using an
Electrochemical Cell

The nuain problem in determining standard potentials lies in knowing the value of
activity coefficient v, for a given solute concentration. The best strategy is to carry o1
measurements of the cell potential at fow concentrations, where v, = 1. rather than neai
unit activity, where v . differs appreciably from 1. Consider an electrochemical cell consiv
ing of the Ag*/Ag and standard hydrogen electrode half-cells at 298 K. The cell reaction »
Ag*lag) + 1/2Hy(g) === Ag(s) + H'(ag)and @ = (liﬂg-})ul. Because the actin
ities of Ha(g)and H'(ag)are 1. they do not appear in (. Assume thal the Ag™ arisc
from the dissociation of AgNOs. Recall that the activity of an individaal ion cannot he
measured directly. It must be calculated from the measured activity ¢ and the defini

tion ¢, = at¥a”". In this case, a3 = dpgdnp, and ay = dpp = dyg,. Similarly
Y+ = Yag' T Ynoy and myet = myor = my = m, and £is given by

. . RT . Rt ) RT

I Fyy o ) My Fyy o , In(m/m ) i ’ ny, (11.4h

At jow enough concentrations, the Debye-Hiickel limiting law is valid and
log y. = —0.5092V m./m"® at 298 K as discussed in Section 10.4. Using this relu
tion, Equation (i1.41) can be rewritten in the form

E ~ 005916 logyo(m/m") = ESetjag — 0.05916 X 05090\ (in/ur")
= Esne — 00300V (/") (11.42)

The left-hand side of this equation can be calculated from measurements and plotted as «
function of \/(Mm/m"}. The results will resemble the graph shown in Figure 117, An
extrapolation of the line that best fits the data to 1 = 0 gives £° as the intercept with the
vertical axis. Once E° has been determined, Equation (1 1.41) can be used to calculate v,

Electrochemical cells provide a powerful method of determining activity coeffi
cients because cell potentials can be measured more accurately and more casily than
colligative properties such as freezing point depression or boiling point elevation. Now
that although the Debye~Hiicke! limiting law was used to determine E°, it is not neces
sary to use the limiting law to calculate activity coefticients once E° is known.

Cell Nomenclature and Types
of Electrochemical Cells

It is useful to use an abbrevialed notation to describe an electrochemical cell. This nota-
tion includes all species involved in the cell reaction and phase boundaries within the
cell, which are represented by a vertical line. As will be seen later in this section, the
metal electrodes appear at the ends of this notation, the half-cell in which oxidation
occurs is written on the left, and the electrode is called the anode. The half-cell in
which reduction occurs is written on the right, and the electrode is called the cathode.

We briefly discuss an additional small contribution to the cell potential that arises from
the differing diffusion rates of large and small ions in an electrical field. As an electrochem-
ical reaction proceeds, ions that diffuse rapidly across a liquid-liquid junction, such as H,
will travel farther than ions that diffuse slowly, such as CI™, in a given time. At steady state,
a dipole layer is built up across this junction, and the rates of ion transfer through this dipole
layer becorne equal. This kinetic effect will give rise to a small junction potential between
two liquids of different composition or concentration. Such a junction potential is largely
eliminated by a salt bridge. An interface for which the junction potential has been elimi-
nated is indicated by a pair of vertical lines, The separation of different phases that are in
contact and allow electron transfer is shown by a solid vertical line. A single dashed line is
used to indicate a liquid-liquid interface across which charge transfer can oceur.
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Most Strongly Reducing
(The metal is least easlly oxidized.)

Gold

(most positive reduction potential)
Platinum

Paliadium

Silver

Rbodium

Copper

Mercury

(Hydrogen; zero reduction potential
by convention)

Lead

Tin

Nicke!

Iron

Zinc
Chromium
WVanadium
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 Electrochemical Series ‘ . . .
k 1 ,} 1 O The Electrochemical Series

s

Tables {1.1 and 11.2 (see Appendix B, Data Tables) list the reduction potentials of ‘
commonly encountered half-cells. The emf of a cell constructed from two of these half-
cells with standard reduction potentials E{ and E3 is given by

Ely = Ef — E3

(11.50}

The potential EZ; will be positive and, therefore, AG < 0, if the reduction
potential for reaction 1 is more positive than that of reaction 2. Therefore, the rela-
tive strength of a species as an oxidizing agent follows the order of the numerical ¢
value of its reduction potential in Table 11.2. The electrochemical series shown in
Table 11.3 is obtained if the oxidation of neutral metals to their most common oxi- ;
dation state is considered. For example, the entry for gold in Table 11.3 refers to the ;
reduction reaction :

AT (ag) + 3¢~ —> Auls) E° = 1408V

In a redox couple formed from two entries in the list shown in Table 11.3, the .
species lying higher in the list will be reduced, and the species lying lower in the list
will be oxidized in the spontaneous reaction. For example, the table predicts that
the spontaneous reaction in the copper—zinc couple is Zn(s) + Cu®(aq) — -
Zn**(aq) + Cu(s) and not the reverse reaction.

[ EXAMPLE PROBLEM 11.8

For the reduction of the permanganate ion MnOJ to Mn®* in an acidic solution,
E° = +1.51 V.. The reduction reactions and standard potentials for Zn?*, Ag*,
and Au” are given here:

Zn** (ugq) + 2¢” —> Zn(s) E° = ~0.76I18 V
Agtlag) + " — Ag(s) E° = 0.7996 V
Autag) + ¢ — Au(s) E° = 1692V

Which of these metals will be oxidized by the MnOy ion?

Solution
The cell potentials assuming the reduction of the permanganate ion and oxidation of
the metal are

Zn; 1SIV A+ 0761V =227V >0

Ag: 151V ~ 07996V = 0710V > 0

Aw 151V - 16902V =018V <0

If £° > 0, AG < 0. On the basis of the sign of the cell potential, we conclude that
only Zn and Ag will be oxidized by the MnQ3 ion.

117

Batteries and fuel cells are electrochemical cells that are designed to maximize the
ratio of output power to the cell weight or volume. Batteries contain the reactants
needed to support the overall electrochemical reaction, whereas fuel cells are designed
to accept a continuous flow of reactants from the surroundings. Batteries that cannot
be recharged are called primary batteries, whereas rechargeable batteries are called
secondary batteries.

Thermodynamics of Batteries
and Fuel Cells '
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FIGURE 11.8

A number of different batteries are classi-
fied with their specific energy density per
unit volume and per unit mass,

FIGURE 11.9
Schematic diagram of an alkaline cell.
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This means that side reactions such as the electrolysis of water play a minimal role in
charging the battery. However, only about 50% of the lead in the battery is converted
between PbO; and PbSOy. Because Pb has a large atomic mass, this limited convertibil-
ity decreases the power per unit mass figure of merit for the battery. Parasitic side reac-
tions also lead to a self-discharge of the cell without current flowing in the external
circuit. For the jead-acid battery, the capacity is diminished by approximately 0.5% per
day through self-discharge.

As batteries have become more common in portable devices such as cell phones
and laptop computers, energy density is a major criterion in choosing the most suitable
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 lithium 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:
plated steel

Can: steel

Metalized

Electrolyte:. — g plastic film labet
potassium £
hydroxide/ §
water g Anode:
i powdered zinc
Cathode:—§3 '
gil:;%znase Current collector:
carbon brass pin
Separator: Seat: nylon
non-woven
fabric
Inner cell cover:
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Negative cover:
plated steel
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powdered carbon to impart conductivity. KOH is used as the electrolyte. The anode and
cathode reactions are

Anode: Zn(s} + 20H (aq) = ZnO(s) + HO(l) + 2¢7 E° =11V (1L.57)

Cathode: 2 MnO,(s) + HyO(1) + 2™ — Mny03(s) + 20H (aq) E° = —0.76 V
(11.58)

Nickel metal hydride batteries are currently used in hybrid vehicles that rely on dc
motors to drive the vehicle in city traffic and use a gasoline engine for higher speed
driving. The Toyota Prius uses 28 modules of 6 cells, each with a nominal voltage of
1.2 V and a total voltage of 201.6 V to power the vehicle. The capacity of the battery
pack is ~1100 Wh, The anode and cathode reactions are

Anode: MH(s) + OH (ag) =M + H,O(l) + e E° =083V (1159)

Cathode: NiOOH(s) + H,O(/) + 2e” = Ni(OH),(s) + OH (ag)
E° =052V (11.60)

The electrolyte is KOH(ug), and the overall reaction is
MH(s) + NiOOH(s) == M + Ni(OH),(s) E° =135V  (1L61)

where M designates an alloy that can contain V, Ti, Zr, Ni, Cr, Co, and Fe,

Lithium ion batteries find applications as diverse as cell phones, where a high energy
density per unit volume is required, and electric vehicles, where a high energy density
per unit mass is required. The electrodes in lithium jon batteries contain Li* jons, and the
cell voltage reflects the difference in the binding strength of Li* in the two materials.
The structure of a cylindrical lithium ion battery is shown schematically in Figure 11.10.
The two electrodes are separated by an electrolyte-saturated polymer membrane
through which the Li* ions move in the internal circuit. The electrolyte is a lithium salt
dissolved in an organic solvent, for example, IM LiPFg in a mixture of ethylene carbon-
ate and diethyl carbonate. Aqueous electrolytes would limit the cell voltage to 1.2 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

Cathode lead

—

cover
Separator

Giasket

e
Anode
container Cathode Anode lead Anode

FIGURE 11.10

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* ions,

|
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FIGURE 11.11

The cell potentiai of a lithium ion battery
versus the encrgy density per unit mass
for a namber of elcctrode materials is
shown. The dashed lines indicate the volt-
age range in which IM LiPFgin a

1:1 mixture of ethylene carbonate and
diethyl carbonate is stable with respect to
reduction or oxidation.

Souree: Goodenough ). B. and Kim Y.
Chemistry of Materials 22 (2010), 587.

it

p A g

FIGURE 11.12

The cell voltage in a lithium baitery is
generated by moving the lithium between
a lattice site in LiCoO; and an intercala-
tion position between sheets of graphite.
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most widely used anode electrode. Using a carbon anode and LiCoO,(s) as the cathode
allows a cell potential of 3.7 V to be achieved. As Figure 11.11 shows, higher potentials
are possible, but batteries with long life cycles using materials other than LiCoO»(s)
have not yet been developed.
Rechargeable lithium batteries have the following half-cell reactions while dis-
charging the battery:
positive electrode;  Li;-,CoO,(s) + xLi*(solurion) + xe” — LiCoO,(s)
(11.62)

(11.63)

The right arrows indicate the discharge directions. In these equations, x is a small posi-
tive number. The overall cell reaction is

Li;~CoO;(s) + CLi, == LiCoO,(s) + C(graphite} E°~37V (11.64)
and the fully charged battery has a cell potential of ~3.7 V. The structures of
LiCoO,(s) and CLi, are shown schematically in Figure 11.12. CLi, designates Li
atoms intercalated between sheets of graphite; it is not a stoichiometric compound. In
a lithium-ion battery the lithium ions are transporied to and from the cathode or
anode, with the transition metal, cobalt (Co), in Li,CoO; being oxidized from Cot o
Co** during charging, and reduced from Co** to Co™ during discharge.

negative electrode: CLi, ~» C(s) + xLi*(solution) + xe”
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