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246 CHAPTER 10 Electrolyte Solutions 

FIGURE 10.1 
/lGo is shown pictorially ror two differ­
ent paths starting with 1/2 H2CI;) 

and 1/2 CI2(.r;J and ending with 
H" (aq) + CI-(aq). The units for the 
numbers are kJ morl. Because /lG is the 
same for both paths. t.G~"Ira/ill" (H; ,aq) 
can be expressed in terms of gas-phase 
dissociation and ionization energies. 

Understanding the Thermodynamics 01 
, I Ion Formation and Solvation 

As discussed in the preceding section, t:J.HI, t:J.GJ. and S;;, can be determined for a formula 
unit but not for an individual ion in a calorimetric experiment. However. as seen nexi. value, 
for thermodynamit: functions associated with individual ions can be calculated with a rca­
sonahle level of confidence using a thermodynamic model. This result allows the convcn­

tional values of t:J.Hi. t:J.Gj, and S;;, to he converted to ahsolute values for individual ions. 
In the following discussion, the focus is on t:J.(j'/­

We first discuss the individual contributions to t:J.G'j, and do so by analyzing the fol­

lowing sequence of steps that describe the lilfllHnion of HI (ml) and CI (ml): 

1/2 H~(,t;) --+ H(~) t:J.(j" 203.3 kJ mol- t 

1/2 CI2(,t;) --+ Cl(~) Mi" 105,7 kJ 11101 I 

HCt;)->H'(g) + e t:J.G" 1312 kJ mol 


Cl(g) + e --+ ('I (g) Mi" - 349 kJ mol I 


CI (g)--+cr (wjl \. Mi" 


Hi(g)--+H'((/(J} t:J.G" 


1/2H2(,1;)+ 1/2CI 2(,t;)--+H i (l/lO+CI(lIlJ} Mi'R 

This pathway is shown pictorially in Figure 10.1. Because G is a slale function, both 
the black and red paths must h,lve the same t:J.G value. The first two reactions in this 
scquence arc the dissociation of the Illolc;.:ules in the gas phase. and thc sccond two 
reactions arc the fi}[lllatioll of gas phase iOlls from the neutral gas phasc atollls. t:J.G" 
can be dctermined cxpcrimentally for these four reactions, Substituting the known val­
lies for t:J.Go for these four reactiom in t:J.Go for thc overall process, 

t:J.G'i1 = t:J.(;~'al"(/'i"/I((,1 ,WI) + t:J.G:'"I"(/II(/II(H'.aq) + 1272kJ mol I (10.7) 

Equation 10,7 allows u~ to relate the t:J.G::aI1'711iall of thc H' and ('I ions with t:J.Gi< for 
the overall reaction. 

As Equation (J().7) shows, t:J.G:',i/"<llioll plays a critical role in the determination of 
the Gibbs energies of ion formation. Although t:J.G':o/I'{(/ioll of an individual cation or 
anion cannot be determined experimentally, it can bc estimated using a model devel­
oped by Max Born. In this model, the solvcnt is trcated as a uniform nuid with the 
appropriate dielectric constant and the ion is treated as a charged sphcre. How can 

,1,.G~ol"(//ioll be calculated with these assumptions'l At constant T and p, the Iloncxpall­
sion work for a reversible process equals t:J.G for the process. Therefore, if Ihe 
reversible work associated with solvation can be calculated, t:J.G for the process is 
known. Imagine a process in which a ncutral atom A gains thc charge Q, first in a vac­

uum and secondly in a uniforlll dielectric medium. The value of t:J.G~"I""li"" of an ion 
with a charge If is the revcrsible work for the procel's (A(g) ~ AQ( all) ).""IlIlfIOIi minus 

that for the reversible process (A(g) --+ A Q(g) )""",,,,/11' 

Infinite ~paratlon 

~~(g) + ~C~(g) __-_1.:.::3~1,""2___, Cqaq) + ·W(aq) 

:
i .lG$O!vs/;on(CI- ,aq)

105.7 : 
203.3 I 

1312
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The electrical P' 
"" Q' /4'frEr. Frol 

dQ is cj> dQ 
Qis 

Because Er > 
Values for Er 

Data Tables), 
To test the 

of different ra 
comparison r 
determined v 
that AG~tllval 
lated, Becau~ 

The value~ 

AH~a' l\~Jtio 
eneed to t 
Born moe 
line as sh 
the line." 
crystal 51 

The' 

charged 
Equatio' 
dllced, 
improv, 
from c 
from t\ 
vation 
best a: 
live i( 
the H 
cente 
Figu 
(10.( 

1 

CulD 
entl 
tie~ 

im 
ab 
va 
th 

http:t:J.G:'"I"(/II(/II(H'.aq
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We usc the tabulated value of !lH,(NaCI,s) = -411.2 kJ mol I and the value ti)r 
I1H'f(CI ,lIl/}jllstdeterminedtoohtainavalueforI1H,(Na+,llq) -24{tl kJ mol I, 

Proceeding to other reactions that involve either Na '(II'!) or CI - (aq), the enthalpies of for­
mation of the counter ions can he determined, This procedure can he extended to include 

other ions. Values for I1G, and S;:, can he determined in a similar fashion. Value~ If II' tJ.H'j, 
I1G" and S~, for aqueous ionic species are tabulated in Table I (), I. These thermodynamic 
quainities are called conventional formation enthalpies, conventional Gibbs energies 
of formation, and conventional formation entropies hecause of the convention 
desc ri bed earlier. 

Note that 11 HI" I1G1, and S;:, for ions ,Ire ddined relative to H "(lltll. Negative val­
ues for 11 Hi indicate that the formation of the solvated ion is more exothermit: than the 

formation of H T (lUil. A similar statelnent can he made for I1G,. Generally speaking, 
tJ.H'j for multiply charged ions is more negative than that of singly charged iOIlS, and 
tJ.H'j for a given charge is 1110re negative for smaller ions hel:ause of the stronger elct.:­
trostatit.: attwdion helwt.:e!l the multiply dlarged or smaller iOIl and the waleI' inlhe sol­
vation shell. 

Ret.:all from Sectioll ),X that the entropy of an atom or molet.:uk: was shown to he 
always positive. This is Ilot the case for solvated iOlls hecause the entropy is measurt.:d 
relative to H l (mil. The entropy det.:reases as the hydration shell is formed het.:ause liq­
uid water lIlolecules arc converted to rclativdy immohile molecules. Ions with a nega­
tive value for the cOllventional ~tandard entropy SUdl as Mg2 f (mil, Zn 2 

l (lIlO, and 
I'OJ (lIlj) have a larger dJarge-to-~i/,e ratio than fli (aq). For this reason, the solvation 
shell is Illore tightly hound, COllversely. ions with a positive value for the standard 
entropy 'lH:h as Na f ({/(i>, Cs 1 ((/1/), ami N0 1 «(/'1) have a smaller dwrge-to.si/e ralio 
than H T ((110 and a less lightly boulld solvation ~hclL 

TABLE 10.t Conventional Formation Enthalples. Gibbs Energies. and 
Entropies of Selected Aqueous Anions and Cations 

Ion AHJ(kJ mol I) AGJ (kJ mol I) s;~ (J K I mol I) 

Ag' (tilli 105,h 77.1 72,7 

HI' (illil 121.6 ·10·+.0 X2A 

Ca" l {wtl 542,X -55U, ·5.tl 

('I (lIlI) 167.2 UI.2 56.5 

('s' (till) ·25~U ,292.0 lUI 

Cu ' ("'I) 71.7 :;0,0 4tH) 

('11
2 

l (lli/ I (>4.X 65,5 _'1').6 

F tall) . .1.12.11 27x.X .. I.I.X 

Ii '«(/(1) 0 () 0 

I I"'I) :;:;,2 51.6 IIU 

K l ("'I) 252A 2X1.\ 102.5 

I.i I (lltil 27x,; 29.\..\ IJA 

Mg2' (wI' 466,<) 4:'i4,X -I.lX. I 

NOI <(/Iil -207 A -111..1 146.4 

Na I (lIif) -240.1 ··2h 1.9 59.0 

OH ((/til ,230,0 157,2 -lltt) 

pol (aif) ,1277.4 -101 X,7 -220.:; 

SO~ (mil ·909.. \ -744.5 20, I 

Zn"' (aif) .. 15.1,<) 147. I -112.1 

:",our('(': Lid"". U IL~tI. llam.llmot.. ul ('I/('mislrY (/nd IJ/t:r.\i('.'.-, X3nJ •.·It 11(1(" I{aloll, H : eRC Pre" 2m/2. 



~f fey j>atl,J QY..?Ur1 J f-td d" y (tt:f ""-nc 

l3or"n {(f?'1c-U"t f/c>;( ( 

--) ..f'pt~,f(."t::'.vr I'r<0 .,
7"',. t-. r , 
Jl v I'l /"'(>1'1 e 04. .s 

~ Ct-:! j IFf 1'f, u c ~""t>1 -J nt' at r ce /;'1-(.n/ 

e If'~Cf{ ~vc" J"c-f c f /, rw1lh Y 

\ 

1(:)1'1 fe· t"'<l-r! fer C' f C"·ltc-..r;/r 

=­ _ 10 "10 k. J­

K J?10L 
,-tilt ( 1!:>6 Ii /1 e 7"'~ q. I-J0r:J 

~2-
tI$: - mUJf b~ &'t.. 

Y 

(-r<::'111 ("Ie-?t kyo '-I­



104 CALCULATING Y. USING THE DEBYE~HUCKEl THEORY 251 

C~O 

dm 

lE 10.3 

o of the falloff in the eledroslati<: potential in lhe dectrolyte solutioll to lhal for ,111 iso­
1 is shown as a function of the radial distalll'c for three different molarilies of a I-I ek-c­

uch as N"CI. 


Ilions (10.27) and (10.210. go and g,. arc the permillivily of free space and Ihe 
permittivity (dieleclric constant) of the dielectric mediulll or SOIVl'llt. respe\."­

leeause of the exponentiallefill. '/J"'/Iltioll(r) falls olT mm.:h more rapidly with r 
wl<l}ed j,m (r). We say that an individual ion experiences a screened potential 
~ other ions. 
Debye-Huckel lheory shows that K is related to the individual churges on the 
Ito the solllie molality JJJ hy 

; (/" '. i I I' :' \
<,'N.\I.lil()()LIlI 11/1 II) (10.29)

I '/. ) '''/.,11' , ",,"'1' II 
s formula, we can sec thaI screening becomes more elTcctivc ;1' the concentra­
te ionic spedes increases. Screening is also more effective for multiply charged 
for larger values of v f and \1 • 

'ado 

(/)'mIUflon (r) 
:::..: (/ 1(1 

(/Jl.wlulnl irm (r) 

in Figure I (U lilr different values of 11/ for an <lYlIeO\lS sol lit ion of a I-I elec­
rote that the potential falls ollllluch more rapidly with the radiaillistance r in 
olyte solution than in the uniform dielectric mediullI. Note also thaI the poten­
)ff more rapidly with illl:reasing concentration of the electrolyte. The origin of 
is that ions of sign opposite to the central ion arc more likely to he l(lUnd dose 

Itral ion. These surrounding ions form a diffuse ion doud around the central 
own pictorially in Figure 10.4. I f a spherical surface is drawn centcred at the 
1, the net charge within the surface can he calculated. The re.~ults show that the 
: has the same sign as the central charge. ralls off rapidly with distance. and is 
!fO for Kr ~ X. For larger values of Kr. the central ion is completely screened 
'lIse ion doud. meaning that the net charge in the sphere around the central ion 
e net effect of the diffuse ion cloud is to screen the central ion from the rest of 
.n, and the yuantity 11K is known as the Dcbye-Hiickel screenin~ len~th. 
les of K correspond to a smaller diffuse doud. and a more cff(."\:live screening. 
.nvenient to combine the concentration-dependent terms that contrihute to K 

c strength I. which is detined hy 

, Jll, (10.30; 

+ 

+ 

+ 

FIGURE 10.4 
!'klori,,1 rc'ndering or Ihe arrangement of 
io!)s ahout an arhitrary ion in an el(!c­
trolyte solutioll. The cenlral ion is Illore 
likely 10 have opposilely charged ions as 
neighhors. The large cirde represenls a 
sphere of radills r - X!K. From a poinl 
outside of this sphere. the charge Oil lhe 
ccntral ion is csscntially towlly screcned. 
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, electrical potential around a sphere of radius r with the charge Q' is given by 
'/4Trsr. From electrostatics. the work in charging the sphere by the additional 
dQ is 4> dQ. Therefore. the work in charging a neutral sphere in vm:uulll to the 
Qis 

IJ rJ , 
I[/(r r/I)'

I,' I / I)' "U' (10.8) 
, -f7Tr()r ,I 7TF(lr , 1'\171:01' 
0 " 

o is the permittivity of free space. The work of the same process in a solvent is 
OSrr, where Sr is the relative permittivity (dielectric constant) of the solvent. 
lently. flG~IJIIl"'ilJfI for an ion of charge Q '" ::'1' is given by 

'N \ (I ) 
(10.9)

Xm'ol' ~ .':, 1/ 

Sr > I. AG~"'''(/Ii''" < O. showing that solvation is a spontaneous process, 
'or R,. for a number of solvents are listed in Table 10.2 (see Appendix B. 
)Ies). 
slthe Born model. we need to compare absolute values of :::'G~"I"a{i"fI for ions 
mt radii with the functional form proposed in Equation (10,9), However. this 
:on requires knowledge of :::'G~"ll'fI/I""( H j-. (1£1) to convert experimentally 
ed values of :::'G~:lIll.all"" rc!erem:ed to HI (a4) to absolute values, It turns out 
',/valim, ( H 1 

,£/(/). and A 1i~"fl"lIi"fI( Hi. (1(/). and S'~""'illi"fI( H t. a(/) can bc calcu, 
~ause the cakulation is involved. the re,ults arc simply stated herc. 

IO'lOU 11101 I 

10:>0 hJ 111,,1 

UO.! IIhll ! K I (10.10) 

!s listed in Equation (10.10) can be used to calculate absolute values of 

'JIl' flG~III""lim,' and S~""'III"m for other ions from the cOllventional values rcfer­
I+(aq). These calculated ahsolute values can be lIsed to test the validity of the 
leI. If the model is valid, a plot of :::'G~lIll'alillll versus ~2/r will give a straight 
)wn by Equation (10.9). and the data points for individual ions should lie on 
'he results are shown in Figure 10.2. where r is the ionic radius ohtained from 
Llcture determinations, 
'St and second clusters of data points in Figure 10.2 are for singly and doubly 
:>ns, respectively. The data are compared with the result predicted by 
10.9) in Figure 10.2a. As can be seen from the figure. the trends are rcpro­
t there is no quantitative agreement. The agreement can be considerably 
by using an effective radius for the solvated ion rather than the ionic radius 
al structure determinations, The crlective radius is detined as the distance 
~nter of the ion to the center of charge in the dipolar water molecule in the soi­
l. Latimer, Piller. and Slansky 11. C/Il'mical Phrsics, 7 (1939) 101)1 found the 
nent with the Born equation hy adding O.(}X5 nm to the crystal radius of posi­
fld 0.100 nm to the crystal radius for negat ive ions to ,1l;COUllt for the fact that 
olecule is not a point dipole. This dil'fCrence is explained by the fact that the 
harge in the water molecule is closer to positive ions than to negative ions, 
~b shows that the agreement obtained between the predictions of Equation 
:xperimental vailles is very good if this correction to the ionic radii is made. 
0.2 shows good agreement hetween the predictions of the Born model and cal­
les for flG;"/",,'i,,,,' and justities the approach lIsed to calculate ahsolute 
1ibbs energies and entropies for solv<ltcd ions. However. because of uncertain­
1e numerical values of the ionh.: radii and for the dielectric constant of the 
I water in the solvation shell of an ion. the uncertainty is ± 50 kJ mol" I for the 
vation enthalpy and Gihbs energy <lnd ± 10J K I mol I tilr the absolute sol­
py. Because these uncertainties arc large compared to the uncertainly of the 
nic functions lIsing the convention described in Equations (10.3) and (lOA). 

0 

2000 

::­
I 4000 
\3 
E 6000 
:;.! 
~ 8000g 

~ 10000 
"1 

12000 

0~ 

14000 

(a) 

1000 

~ 

I 

\3 2000 
E ..., 
~ "'" 

c ·3000 
g 
11 
is 

d' 4000 
"1 

·5000 

(b) 

fiGURE 

!I 


109 rlr(m ') 

o 50 100 150 200 
1""I""I,,,Ll 

j' 
M 2"

Ba~g 
L~31 cr.!' .- 3 _ 

Fe 'A13+ 

109 rlreff(m 1) 

1020 30 40 50 60 70 

B2'a _ Mg2' 

\J. 

la31• 
Fe3 '.. AI3 1 

Cr3' • 

(al The solvalioll energy cakulated lIsing 
the Born model is sh(lwn as a function of 
;2/1', (b) The same results are shown as a 
function of ;";1','/1' (See Icxl.) The dashed 
lille shows the hdlavior predicted oy 
b.luation ( 10.9). 

o 

10.l 



'}}1 C/ Ie ?t t<: /If bC4/.f 

clu "1 t'C-a,;( It::- fe:?'t t-ra-_{; 

/'-JDLt- Ie ..., l.j/lr 1" V/_ 


me-C¥'p( C'jJeHlI~c""C'"( /r.?~ )./e:r. (/t..t:: { 


110, of ;OJ'1J l'~ t O l'YML:< let. 
«<"1/t 

~~t>Y' /'m..t."-'rl f ~ .cA,./. I AA _ {L t" J, /-.. f / . r I''' c;('~ -7 J-f c~ - "0 II!'!: c!J- .'<> l""" I Y1 t!' c A 

/-'<..r (4'~ ~~ .:> b t..".., ,'n <: t::~ 

/C-r::::~': r- fiTA'1 c:>t+ 

r - C;/A"'_ p..7 ~"i- C(_ 

,f,rr. j C'c/ <::> n Ifr _1"1 .y7 ~ t~'L ..v .f 1-""",.., eln: ~ c"f s ~ ~-

----7 p-.I/; de c~~f(,01 / Lt f.e) f fY Lt: f/c-.i1' S "; 




r' , 

Jl 
0.2 	 0,·1 O./! 0,8 

,-,--",.-..1-,-,~1,..1-,,-,-

° 
-0.1 

-0,2 

,.;' " 0,3 
E 

OA 

0.5 

0,6 

FIGURE 10,8 
Comparison hetween the "redic-tions or 
the Ikhyc~ Hiickd limiting law (dashed 

line') and the Davies C'IUatiOiI (solid 

curv<:s) for I~·I (red). I<! (pllrple), ami 
1·<1 (hlue) elec(rolytes, 

IS "Ilown as the Davies equation. As seen in Figure IOJoL this eLluation for y± shows 
the correct limiting behavior for low I values, ami the trend at higher values of I is in 
better agreement with the experimental results shown in Figures 10,6 and 10.7. 
However. unlike the Debye-Hiickel limiting law. there is no theoretical basis Cor the 
Davies eLluation. 

Chemical Equilibrium in Electrolyte 
Solutions 

As discussed in Section 9. I.\. the equilibrium constant in terms of adivities is given by 
Equation (9.66): 

)' 	 00.35) 

It is cOllvenient to de line the activity of a species relative to its molarity, In this case, 

(10.36) 

where Yi is the activity eoeffieicnt of specics i. We ncxt specifically consider chemi­
cal eljuilihriulll in electrolyte solutions, illustrating that activities rather than coneen­
tralions Illust he taken into account to accurately Illodel equilihriulll I:ollcentrations. 
We rtrst restrict our consideratiolls to the rallge of ionic strengths for which the 
Ikhye·lliickellillliting law is valid. As an example, we cakulate the degree of disso­
ciation of MgF2 in water, The equilihriulll <.:onstant in terllls of lIlolarities for ionk 
salts is usually giwn the symhol K'I" where the suhscript refers to the soluhility prod­
uct. The equilihriulll constant K,I' is unit less and has the valu,' or 6A x 10 I) for the 
n:aclioll shown in Equation (I(U7), Values for K,I' are generally tahulated for 
reduced cOllcentrationunils of molarity (1'/,,0) rl[ther thanllloiality (111/111"), and val­
ues for selel·ted suhstances are listed in '!llhle 10.4. Hecallse the llIass or I L of water 
is 0,,)9X kg, the Illllllerical value of the com:entration is Ihe same ()f) hoth scales for 
dilute solutions, 

We next consider dissociation of MgF2 in an aqueous solution: 

(10.37) 

Because the activity or the pure solid call he sci cqual to one, 

(), 1 () 'J (10.38)f.; 'I' 

Frolll the stoichiometry or the overall equation, we kllow that '-'" !.CMg", btli 

Fyuatilln (IO,3X) still contains two unknowns, Y 1 and 1"/ • that we solve for iteratively 
as shown in Example I'rohlem I(U. 

Salt K\'jl Sill! K.\{, 

AgHr ..\,,) X 10 1.\ CaSo'j ..\9 X 10 " 
;\gCl Ui X 10 10 Mg(OH)2 :;.6 X 10 II 

;\gl X5 X 10 17 Mn(011J 2 I,l) X 10 I.l 

Ba(0I112 ."'.0 X 10 I'hCI 2 1.6 X 10 

BaSO~ I.IxlO III PhSO I l.X X lO ~ 

(,;,(,0\ -'.4 X 10 ZnS I.() X 10 :n 

11 . 

,I 1 

\\ II' 

\\ ;1' 

II, ... 

i, 

III j,lll 

\1 

II ! \ .. 

,!, It'.l 

Ii 1111 

I, 

1.1 

! ;! l~ 

.,' .11 

1,. j 
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.J7 
0.1 	 0.2 0.3 0.4 0.5 

"1",,1,,,,10 

\ 
0.25 ~'" .~~l 
0.50 

0.75\ 	 ~"'CaCI2
;:.~ j 

£: 	 ",
1.00 . 

1 
LaCI1 

1.50'''1
1.75· 

rlfiUHE 10.') 
The ueCTcasc in the Dchye-·lllickd mean 
al'tivity ,,"crticil'nt with the square root oj 
the ionk strl'nglh is show I] for a I-I, a 
1·2. and a 13 electrolyte. all of Ihe ""llC 

Illolality in 1I1L' soluIl:. 

r EXAMPLE PROBLEM 10,2 

Calculate I for (a) a 0.050 molal solution of NaCi and for (b) a Na2S0.j solution of the 
same molality. 

Solution 

a. I 
Non 

III,
2 (\' ,:-, + \' ::2) 

2 
x (I + I) 0= 0.050 mol kg· t 

b. I " '·IiI'''I,~.) 'f -= 
III, 
.. (v -'2 ! ... 1· 

,
+ \' --)- ... , 2 

t 

x (2 + 4) "" 0.15 mOlk~ 

Using the definition or the ionic strength, E4uation (10.29) can be written in the form 
I'· ....... 


2e'N,\ 
K .I( 	.- ~ --;.) (IOOOL III

\j fllk /II 

~. 2.91 x lOx /11. mol kg 
Vt-;J 

/ .... -.------ .. 
\ I 
) \j ( '. ) 1'",11.,",,1 

hi 

I 	!)SOh'CfIl 

kg L 
Ill! I at 29); K ( 10.31) 

The first fal.:tor in this equation contains only fundamental constants thaI arc inde­
pendent ur the solwnt ami solute as wdl as the telllpaature. The second fador contains 
the ionil.: stn:ngth oflhe solution and the unit less rclatiw pcrllliltivity of the solvenl. hlr 
the more conventional lin its of mol L '. allli for waler, for whkh f:,. 7K5.0= 

K .12() X IO'lVI III I at 29X K. 

By calculating the charge distrihution or the ions around the central ion and the 
work needed to charge these ions up to their charges ~ I and: frolll an initially nelltral 
stall', Ikhye and I Hickel were able to onlain an expression for the Ilwan iunk al.:livity 
c(lel'iicienl. Ii is given ny 

('-'K 

III y, 1 ( 10.32) 
'l\ 1Trlli:,A /iF 

This equation is known as the I)chye-l-liickcl Iimitin~ law. Ii is called a limiting law 
hecause Equation (IIU2) is only oheyed for slllall values of the ionic strength, Note 
that hecause of the negative sign in Equation (10..,2), Y I I. From the com;entnltion 
dependence or K shown in Equation (10.3 I>. the model predkts Ihat In Y I decreasl's 
with the ionic strength as VI. This dependence is showl! in Figure 10.5. Although all 
three solutioJls have the same solute cOllcentration. they have different values for ~ j 

and" . For this reason. the three lines have ,\ different slope, 
Equation (10.32) can be silllplilkd for a partil.:ular choice of solvent and tempera­

ture, 1'01' aqueolls sollilions at 29);,15 K. the result is 

lot! y, ().~O(} 21, ! \" t Ilr Illy, I.l nl,. : \' I (10.33) 

flow well docs the l)ehye-·IHkkel limiting law agree with c'xperimental data'! 
Figure 10.6 shows a comparison of the model with data for aqueous solutions of 
AgNO\ and CaCI 2, In each rase, In Y I is plouetl verslis VI, The Dchye·lHkkei 
limiling law pretlids that the data will fall on the line indicated in eac:h figure, 
'I'll<! data points deviate from the predicted hehavior ahove VI 0.1 for 
AgNO\ (1/1 Om), and ahove VIc 0.006 lor ('aCl~ (III ()'()04). In Ihe limit 
that I ~ O. the limiting law is oheyed, However. the devimiolls arc signifil'ant at a 
t:ollcentratioll for which a neutral solute would exhihit ideal hehavior. 

The deviations L'ontilllle to increase with increasing iOllic strength. Figure 10,7 
shows experimental data lor ZnBr, out 10 VI : 5.). corresponding to III 10. Nole 
Ihat, although the Ikhyc-IHkkel limiting law is oheyed as I ~ n, In Y I goes through a 
minimulll ami hegins to in.:rease with increasing ionic strength. At the highest value of 
thl.: ionil.: strength, Y I .~ 2.32. whkh is signiticantly greater than one. Although the 
deviations from ideal hehavior arc less pronounced in Figure 10.6, the trend is the sallle 
for all the solutes, Thl.: mean ionic activity c:oefl1cknt Y± falls oft' more slowly with the 
ionil.: strength than predided hy the Dehye-llUl.:kellimiting law. The hehavior ,howll in 
Figure 10.7 is typil'(ti for 1l](l,1 clel.:trolytes: after passing through a minimum, Y I rises 
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with increasing ionic strength. and for high values of I, y± > I. Experimental values 
for I'± for a number of solutes at different concentrations in aqueous solution are listed 
in Table 10.3 (see Appendix B, Data Tables). 

There are a number of reasons why the experimental values of y ± di ffer at high ionic 
strength from those calculated from the Debye-HUckellimiting 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 increa~es. Repulsive interactions raise the energy of the solution and, there­
fore. increase y±. The Debye-Htickel model also assumes that the solvent can be treated 
a~ 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, sOllie 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 
elfectivcly been removed from the solvenl. For example, in an aqueous solution of H2S04, 

approximately nine H20 molecules are tightly bound per dissolved H2S04 formula unit. 
Therefore, the number of moles of H20 as solvent in I L of a one molar H2S04 solution 
is reduced from 55 for pure H20 to 46 in the solution. Conse4uently. the actual solute 
molarity is larger than that calculated by assuming that all the H20 is in the form of sol­
vent. Because the activity increases linearly with the actual molarity, y 1. inaeases as the 
solute concentration increases. If there were no change in the enthalpy of solvation with 
concentration, all the H20 molecules would be removed from the solvent at a concentra­
tion of six molar H2S04' Clearly, this assumption is unreasonaole. What actually happens 
is that solvation oecomes energetically less favorable as the H2S04 concentration 
increases. This corresponds to a less negative value of In Yb or e4uivalently to an 
increase in 1'.±. Summing up, lIIany factors explain why the Deoye-Htickellillliting law is 
only valid for small concentrations. Because of the complexity of these different factors, 
there is no simple formula based on theory that can replace the Deoye-Htickcl 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 arc valid at high concentrations, empirical 
models that "improve" on the Deoye-HUckel model by predicting an increase in y± 
for high concentrations are in widesprcad use. An empirical modification of the 
Debye-Htickellimiting law that has the form 
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The experimentally determined activity 
mefti<:ients li)r AgNO, and CuCI2 are 
shown as a fUllctioll of the square rool of 
the ionic strength. The solid lines arc the 
prediction of the Dehye-Hlkkel theory. 

I! 
II 

FIGURE 10.7 
Experimentally determined value, for the 
mean activity cocf'lident for ZnBr2 are 
shown as a function of the sqmlre root of 
Ihc ionic strength. The solid line is lbe 
predidion of the Dehye-Hilckel theory. 
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FIGURE 10.8 
Comparison helwcc'nlhe predkliolls of 
the Dchy~-l1ikkellill1iling law (dashed 
lines) and the Dllvies c4ualion (solid 
curves) for I I (red), 1-·2 (purple). and 
1-3 (hlu~) cleclrolyl~S. 

is known as the Davics C{luation. As secil in Figurc IO.H. this equation for Yx shOll 

the correct limiting behavior for low I values. and the trend at higher values of I i, ", 
beller agreement with the experimental results shown in Figures 10.6 and 10 I. 
However, unlike the Deoye-Hlickel limiting law. Ihere is no Iheorelkal basis for II" 
Davies equation. 

Chemical Equilibrium in Electrolyte 
Solutions 

As discussed in Section 1).13. thc equiliorium constant in terms of uctivities is given h) 
Equation (9.66): 

(10.35) 

It is convenicnt 10 dennc Ihe activity of a specics rcialive to its molarity. In this case, 

(10.36) 

where Yi is the activity coelTicient of species i. We next specifically considcr chemi· 
cal equilibriulll in electrolyte solutions, illustrating thai activilies rather than concen­
tralions must be taken into account to accuratciy model equilihrium concentrations. 
We first restrict our considerations to the range of ionic strenglhs for which the 
Debye-Hlickellimiting law is valid. As an example. we calculate the degree or disso­
ciation of MgF2 in water. The equilibriUIll con;..tant in terms of molarities for ionic 
salls is usually given the symbol K'I" where the subscript refers to the soluoility prod­
uct. The equilioriulllconstant K'I' is unitlcss and has the valuc of 6.4 X 10 'I for the 
reaction shown in Equation (10.37). Vailies for K", arc generally taoulated for 
reduced concentration units of molarity (e/e") r,ttller than Illolality (III/III"). and val­
ues for selected substances arc listed in Taole 10.4. Because the mass of I L of water 
is 0.99H kg. the nUlllerical vulue of the concentration is the samc on both scales for 
dilute solutions. 

We next consider dissod;ttion of MgF2 in an aqueous solulion: 

(H1.37) 

Bec,IUse the w.:tivity of the pure solid can he set equal 10 olle. 

, 
I/) 'I,,: 'I' 1l1l~' iii (10.38) 

From the stoichiometry of the overall eqll<.niol1. we know Ihat CI.' 2CMK"" but 
Equation (HUH) still contains two unknowns. Y± and Cr • that we solve for iteratively 
as shown in Example Problem 10.3. 

TABLE 10.. Solubility Product Constants (Molarity Based) for Selected Salts 

Salt K"J' Salt K,p 

AgBr 4.9 x 10 1.1 CaSO~ 4.9 x IWC, 

AgCI I.X x 10- 10 Mg(Ol1h 5,6 x IW" 

Agi So5 x 10 17 Mn(OHh 1.9 x 10 1.1 

Ba(OH)" 5.0 x 10 PhCI2 1.6 X 10 

BaSO. 1.1 X 10 IU 
PbSO~ I.X X 10 X 

CuCO l 3.4 x 10'1 ZnS 1.6 x 10- 2:1 

Soun'e: Lide. D. R .. eu. Halll/hook o{,C/'cmi.''':r /llId Pilrs;c". H3rd ed. Boca Ruton. FL: CRC Press 2002. 
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FIGURE 11.1 
When a Zn electrode is immersed in an 
aqlleous solution containing Zn' I (II'll 
iOlls. a very sillall aillount or the Zn goes 
into solution as Znc' (m/l. Icaving two 
electrons hchind Oil the Zn declrode per 
iOIl rormell. 

The equilihrium pOSitIOn in this reaction lies far toward Zn(s). At equilihrium, 
fewer than 10 14 mol of the Zn(s) dissolves in I liter of solution to form Zn2T(aq) 
However, this minuscule amount of charge transfer between the electrode and the solu­
tion is suftkient to create a differem;e of approximately I V in the electrical potential 
hetween the Zn electrode and the electrolyte solution. A similar dissociation equilib­
rium is established for other metal electrodes. Because the value of the equilihrium 
constant depends on !:::.G} of the solvated metal ion. the equilihrium constant for the 
dissociation reaction and (I> depends on the identity of the metal. 

Can (I> he measured directly? Let us assume that we can carry out the measurement 
using two chemically inert Pt wires as prohes. One Pt wire is placed on the Zn electrode, 
and the second Pt wire is placed in the ZnSO.j solution. Howevcr. the measured voltage 
is the difference in electrical potential between a Pt wire connected to a Zn electrode in a 
ZnS04 solution and a Pt electrode in a ZnSO.j solution, which is not what we want. A 
difference in electrical potential can only he measured hetween one phase and a second 
phase of itll'llti('(l/ ('omposition. For example. the difference in electrical potential across 
a resistor is measured hy cOlltacting the mctal wire at each end of the resistor with two 
metal prohcs of identical composition connected to the h.:rminals of a voltmeter. 
Although we can not measure the half-cell potential <I' directly. half-cell potentials can 
he determined relative to a rcferelll:e half-cell as will he shown in Section 11.2. 

How arc chemical species atlected hy the electrical potential 4"! To a very good 
approximation. the chemical potential of a neutral atom or l1loleeuic is not affccted if a 
small electrical potential is applicd 10 the environment cOlltaining the species. However, 
this is Ilot the casc for a charged spedes stich as an Na I ion in an clectrolytc solution. 
The work required to transfer till moles of churge reversihly from a chemically uni lilrm 
phase at an electrical potential 4'1 to a second, otherWise identical phase at an electrical 
potential ,1>2 is equal to the product of the charge and the dilfen:nce in the electrical 
potential hctween the two locatiolls: 

(c!l , ( 11.2) dll'"" 

In this equation. tlQ·c· ; Felli is the charge transferred through the pOlential, :: is the 
charge in units of the electron charge (+'1. I, +2. ~ 2, ... ). and the Faraday constant 
F is the ahsolutc magnitude of the charge assodatcd with I mot of a singly charged 
spcd\:s. The Fantday t:onstanl has the llumerical value F 96,4X5 Coulomhs mole I 
(C mol I). 

Because the work heing carried oUI in this reversihle process is nonexpansion work. 
.((11',.,.,,= dG, whit:h is the dilTercnce in th\: electrochemical potential Ii of the 
chargcd particle in the t Wtl phas\:s: 

( 11.3) 

The electwt:hemical potential is <l gcnerali/.ation of (he chemical potential to include 
Ihe effect of an electrical polential on a charged particle. It is the SUIll of the normal 
chemical potential p. and a term thaI results from the nOlll:ero value of Ihe electrical 
polential: 

/' ( 11.41 

Note that with this delinition Ii --+ P. as </' --+ O. 

Comhining Equations (11.2) and ( I I A) gives 

(11.5) 

Be!.:ause only the different:e in the det:trical pott:ntial hetween two points cun he meas­
ured, one can set (/JI 0 in Equation ( I 1.5) to ohtain the result 

I' , (11.61I' I 

This result shows thaI charged particles in two otherwise identical phases have different 
values for the electrochemical potential if the phases arc at different elet:trical 
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'ctrochemical Cells, Batteries, and Fuel Cells 

Digital 
voltmeterDaniell celt. 

If-cells are eon­
:e in the internal 
wn in the external 
e atomic level 
:h electrode. 

Salt bridge 

CathodeAnode 

is imillcrsed in a solution of CuSO-j. whil:h is complddy dissodatcd to form Cu2 " (WI) 
and S01 .(WI) Thc two half-cells arc mnncded hy an ionic COIH.ltu;tor known as a salt 
hridge. The salt bridge I:onsisl., of an elcctrolytc such as KCI suspcndcd in a gel. A salt 
hridgc allows ,urrcnt to now hetwccn thc half-I:clls whilc prevcnting thc mixing of the 
solutions. A metal wire rastencd to ca..:h elcdrodc allows thc ele..:tron..:urrent to !low 
through the extcrnal part of the cirl:uit. Notc that hecausc thc wire is connc..:ted on one 
end to a Cu eledrode and on the other cnd to a Zn elcctrode, the two phases hctwcen 
whil:h wc arc measuring thc elcctrical potcntial arc not idcntical. 

Using the cxpcrimcntal setup of Figurc 11,2, thc elcl,trkal potcntial dill'erenl.:e hetwecn 
two half-cclls C;1Il he measurcd, rather than thc ahsolutc electrkal potcntial of ea..:h half­
lOcH. Howcvcr, wc nccd potentials of individual half-cclls. Thercfore. it is I:onvenient to 
choose onc half-cell as a refcren..:c and arhitrarily assign an clcctril:al potential of zero to 
this half-cd!. Om;c this is done, thc clectri..:al potential assodated with any other half-cell 
can he dctermined by I:omhining it with thc refcrcnl:c half-lOci!. The measured potential 
dill'crenl:e across the cell b asso;.;iatcd with the h<llf-cell of interest. It is next shown that the 
standard hydrogen electrode fullills the role of a rcfcren..:e half-cell of zcro potential. The 
measurcment or eledrical potcntials is discussed using this lOCI!. The readion in thc 
standard hydrogcn clectrode is 

(11.10) 

and the equilihrium in the half-cel! is dcscribed hy 

(11.11) 

Half-cell real.:tions such as Equation (11.10) are generally written as rcduction real:­
tions hy I:onvcntion as is done in Tahles 11.1 and 11.2 (see Appendix B. Data Tahles) 
even though equilihrium is estahlishcd in the half-cell. It is useful to separatc 
f.J.H.'(g I and f.J.H' (WI) into a standard state portion and .\ portion thaI depends on the 

al:tivity and use Equation (11.9) t 
prel:eding equation then takes the 

where fH 2 is the fugacity of the hy 

For unit al:tivilics of all species. t 

4/;' 'I'll,' BCl:ause f.J.II, '" I1G}(H2• J 

In Section I(j.1 the I:onvenlion 
Thcrcforc, we tind that 

Wc havc shown that thc standard hYI 
with zcro potcntial ag'linst whkh thl 
sdlCmatil: drawing of this clcl:trodc 
short tilllcsl:alc. this rcaction H"(all 
al~st cicctrodc. It is also ncccssary II 
It IS I:ustolllary to usc a Henry's law 
and 'Yi -+ I as ('i -+ O. Thc standard 
that shows idcal solution hehaviol' at 

Thc usefulncss of thc rcsult ,fJ/I' 
hc assigncd to individual half-cells h­
I:cll. For c~amplc, the cell potential 0: 
the ZnlZn- f half-I:cll if the H"( (ItI ) ; 
not dlrel:tly mcasurahle. ahsolute Vi 

Suppicmcnt;.' Section I 1.16 it is sho 
gcn elcctrodc is -4.44 ± OJ)2 V. f 
cncrgies can he m<:aslIrcd, chemists 
danl hydrogcn clcdrode assuming th: 

Zn 
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11.2 CONVENTIONS AND STANDARD STATES IN ELECTROCHEMISTRY 263 

Id use Equation ( 11.9) for the electrochemit:al potential of the electron. The 
equation then takes the form 

. _ I 0 I . 
JLH t + RTlnuH t f<PH'iH 2 - 2JLH2 + 2RTln./r12 (11.12) 

: is the fugacity of the hydrogen gas. Solving Equation (11.12) for <PH+jH 
2 

I 
fLit' 2fLI12 

(11.13) 

ctivities of all species, the cell has its standard state potential, designated 
ecause JLH 2 AGf'(~h, g) n, 

F 
( 11.14) 

n 10.1 the convention that AG'/( H+, aq) JLH+ 0 was introduced . 
. we tind that 

W(a0 

(11.15) FIGURE 11.3 

hown that the standard hydrogen electrode is a convenient reference electrode 
)Otential against which the potentials of all othcr half-cells can he measured. A 
drawing of this electrode is shown in Figure I 1.3. To achieve equilibrium on a 
;cale, this rcU\;tion H+(aq) + c~ ~ 1/2 H2(g) is carricd out over a Pt cat­
·ode.1t is also neccssary to cstablish a standard state for the aClivity of H+(aq). 
nary to use a Hcnry's law standard state hascd on molarity. Therefore. IIi ~ /', 

I as Ci ~ n. The standard state is a (hypothetical! aqueous solution of H t- (alf) 
ideal solution hehavior at a concentration of c" = I mol L -I . 
efulness of thc result <p'II' III, 0 is that values for the clectrical potential c,m 
j to individual half-cells by Il1casuring Iheir potential relative to the U+/H2 half­
:ample, the cell potential of Ihe electrochcmical ccll in Figurc I 1.4 is assigned 10 

1+ half-cell if the H+(aq) and H2(g) activities hoth have Ihc value I. Although 
y measurable, ahsolute vallics for half-cell potentials can hc dctcnnined. In 
1tal Section I 1.16 it is shown that Ihe absolute polcntial of the standard hydro­
xle is -4.44 ± 0.02 V. Bccause only changcs in cnergy ralhcr than aosolute 
ill be measured, chemists generally usc half-cell potentials relative 10 the stan­
'gen electrode assuming that4>'h'jll, = O. 

Zn 

Resistor 

!--------{v}-------{ 

Salt bridge 

'I,,, 

l' i 
H+ (aq) l' 

l 

The standard hydrogen electrode cOllsists 
of a solution of an ;u:id such as Hel. H2 
gas, alld ;1 Pt cawlyst electrode that allows 
the ~quilihrium in Ihe half-cell rem:tion tn 
he estahlished rapidly. The activities of 1-12 
and 1-11 arc equal to one. 

FIGURE 11.4 
In a cdl Wilsisling of a half-cell and the 
stanuanl hyurogen dcctrmic. the entire 
,ell voltage is assigneu to the half-cell. 
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FIGURE 11.5 
S.:hcmalk diagram showing how Ihe 
n:wrsihlc ,ell pOh:nlial is 1l1casllrcd. 

Measurement of the Reversible 
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 
(em!), is determined in an experiment depicted in Figure 11.5. The dc source provides a 
voltage tn a potentiometer circuit with a sliding mntacl. The sliding contact is attached 
to the positive cell terminal as shown, and the slider is adjusted until the current­
sensing device labeled I shows a null current. At this position of Ihc potentiometer. the 
voltage applied through the potentiometer exactly opposes thc cell potential. The volt­
age measured in this W.lY is the reversible cell potential. If the sliding contact is moved 
to a position slightly to the left of this position. the electron current will flow through 
the external cireLlit 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 !low through the 
external drcuit in the opposite direction. showing th.lt the direction of the cell reaction 
has heen reversed. Because a small variation of the applied voltage can reverse the 
direction or spol1laneoLls ~·hange. the criterion for reversihility is estahlished. This dis­
cussion also demonstrate" that the direction of spontaneous <.:hange in the cell can he 
reversed by changing the electrochemical potential of the electrons in one of the elec­
trodes relative to that in the other electrode using an external voltage source. 

'1 1 11 Chemical Reactions in Electrochemical 
I I.Lt Cells and the Nernst Equation 

What n:actions occur in the Daniell cell shown in Figure 11.2'! If the half-cells arc 
<:onnected through Ihe external circuil. Zn atoms leave the Zn eledrode to form Zn21 in 
solution. and Cu"' ions arc deposited as ell atoms on the Cli elcctrode. In Ihe external 
circliit. it is ohserved that electrons now through the wires and Ihe resistor in the direc­
tion from the ZIl electrode to Ihe Cn ekctrode. These ohservations arc consistent with 
the following electrOl:hemical, rea<.:tions: 

Ll'ft half-cell: ZIl(S) ~ ZIl 21 (al!l r 2e (11.16) 

Right half-cell: Cu2 
I «(/ttl t 2e ~ Cu( s) (11.17) 

Overall: Zn(s) + CU 21 (1Il/) :;:-:= Zn 21 (lIl/) + Cu(s) (11.18) 

In Ihe left half-cell. Zn is heillg oxidized to Zn2 '. and in the right half-cell. CUCI is 
heing reduced to Cu. By convcntion. the de~·trode at which oxidation oC~'urs is called 
the :mode. and the electrode at which redUl:tion occlirs is called the cathode. Each 
Imlr-cell in an dectro<.:hemical cell must contain a spc.:ie;; that call exist in an oxidized 
ami a reduced form. For a general redox reaction. the rcactions at the anode and cath­
odc and the ovcrall reaction call he written as I(,!lows: 

Anode: Rt'd l ~()XI": t- II,e (11.19) 

Cathode: Ox" f "2e ~ Red/,' ( 11.20) 

Overall: 112Red, t- /lIOX2 :;:-:= 1120X t" , t- /llRedel/o 

" 1.21) 

Note that eh:ctrons do not appear in the overall rcaction hct.:ause the electrons produced 
at the .mode arc consullled at the cathode. 

How arc the cell voltage and /lGII for the overall reaction related? This important 
n.:lationship .:an he determined from lhc eh:ctrochemical potentials of Ihe species 
involved in the overall rca<.:lioll of the Dankll cell: 

( 11.22) 
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If thi~ 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 reversible work at constant pressure is also equal to 6.G. Therefore. we can write 
the following equation: 

( 11.23) 

In Equation ( 11.23), 6.4> is the measured potential difference generated by the sponta­
neous chemical reaction for particular values of "z,," and lie,,", and n is the numher of 
moles of electrons involved in the redox reaction. The measured cell voltage is directly 
proportional to 6.G. For a reversihle reaction, the symhol E is used in place of 6.4>, and 
E is referred to as the electromotive force (emO. Using this detinition, we rewrite 
Equation ( I 1.23) as follows: 

(11.24) 

For standard state conditions, az,," = (/e/l" = I, and Equation (11.24) takes the form 
6.G'R = -2FEo. This definition of EO allows Equation (I 1.24) to be rewritten as 

RT liZ 'f
E -In~'-"- (11.25)

21" IICII'+ 

For a general overall electrochemical reaction involving the transfer of II moles of electrons. 

NT 
I. In (J ( 11.26) 

n/: 

where Q is the familiar reaction quotient. The preceding equation is known as thl.! 
Nernst equation. At 298.15 K. the Nernst I.!quation can hI.! written in the form 

iUJ:'i')J(, V 
I. Illl!IO{! ( 11.27) 

1/ 

This function is graphed in figure 11.6. The Nernst equation allows the emf for an elcctro­
::hemical cell to he calculated if the activity is known for eat:h species and if EO is known. 

The Nernst equation has heen derived on the hasis of the overall cell reaction. For a 
lalf-cell. an equation of a similar form ciln he dcrived. The cquilibrium condition for 
:he half-ccll reaction 

Ox"+ + IIC - ::::=:== Rcd ( 11.28) 

s given by 

{L(II'" + 1I'ii".- = J1.R,," ( 11.29) 

Jsing the cOllvention for the clet.:trochcmical potential of an clectron ill a mctal 
:Iectrode IEquation (11.9)1. Equalion (11.29) can he written in the form 

NT In £lox'" - IIFtPor/R('d = J1.Rnl + 
{L 'ke" - {L(Jr" t NT (I Rf'li - ----------- -In-­

IIPI/I" lIox'" 

'0 NT (/R,·"
IOOr/Ret! - . In--"'- ( 11.30) 

1/ /. £10."" 

~he last line in Equation (I 1 . .10) has the same form as the Nernst equation, hut the 
.ctivity of the electrons does not appear in Q. An example of the applicatioll of 
:quation ( 11.30) to a half·cell reaction is shown in Example Prohlem 11.1. 

EXAMPLE PROBLEM 11.1 

:alculate the potential of the H '/H 2half-cell when (/lI' = 0.770 and /11, 1.13. 

olution 

0.05916 V 0.770 
---- loglo'--= o.omn V 

I VI. 1.1 

4 n = 1 

2 

~I~ 
n 3 

I ~ 0
':::.0: 

2 

4 2 o 2 4 

IOg10 Q 

FIGURE 11.6 

The 0;.:11 pOlential H varies linearly 
with log Q. Til.: slop.: of a plol of 
(/': H")/( NTI P} is inversely propor­
lionallo Ihe number of ..,k:.:lrons Irans­
i'crn..tI in the rctlol( rcadioll. 
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The value of en and the activity coeffi­

cient can be measured by plotting the lel'!­

hand side of Equation (11.42) against the 

square root of the molality. 


Determination of ~ and Activity 
Coefficients Using an 
Electrochemical Cell 

The main problem in detennining standard potentials lies in knowing the value of ,'" 
activity coefficient Y ± for a given solute concentration. The best strategy is to carry ("'1 

measurements of the cell potential at low concentrations, where Y ± -.... I. mther than n,',,, 
unit activity. where Y± differs appreciably from I. Consider an electrochemical cell consisl 
ing of the Ag+/Ag and standard hydrogen electrode half-cells at 29H K. The cell reaction, 

Ag+(aq) T 1/2 H2(g) ;:::=::: Ag(.I) + H+(aq) and Q ((111,<;+ r- I
. Because the acti\ 

ities of H2(g) and H+( aq) are I. they do not appear in Q. Assumc thai thc Ag + aris,' 
from the dissociation of AgNO,. Recall that the activity of an individual ion cannot he 
measured directly. It must be calculated from the measured activity (/± and the defiJli 
tion a'~ a~+(/':..-. In this case, (Ii = (/1I,<;'lINO, anda± = (lA,<;' = (/NO,. Similarh 
Y± YA,<;' YNoiandmA,<;' IIlNO, = 1I1± = lI/,andEisgivenhy . 

NT It! In 
I:' - I:'\~ ,\.~ I I- III (/I~' I:' \g '\~ /' In(/Ii/III) I r InYI (11.411 

At low enough concentrations. the Dehye-HUckcl limiting I<lw is valid and 
log Y± -O.5092V;;;/IIl' at 29H K <IS discussed in Section 10.4. Using this rela 
tion. Equation (11.41) can be rewritten in the form 

E - O.0591610g ,o(lI1/mO) = E/'ii'IAR - 0.0,5916 X O.,5090~/II/') 
o ;;---,-0­

== EA,<;'!AR - 0.03011 v (III/III ) (11.42) 

The left-hand sid~f.!\:!is equation can be calculated from measurements <ll1d plotted a, " 
function of v1;n/m'). The results will resemble the graph shown in Figure 11.7. All 
extrapolation of the line that best fits the data to 111 = 0 gives EO as the intercept with till' 
vertical axis. Once EO has been determined. Equation (11.41) can he lIsed to calculate 'Y 1 

Electrochemical cells provide a powerfu I method of determining ,It'livity <.:oeffi 
dents because cell potentials can be measured more accurately and more casily thall 
colligative properties such as freezing point depression or boiling point elevation. Noll' 
that although the Debye-Hilckellimiting law was used to determine E", it is not nece, 
sary to use the limiting law to calculate activity coe1licients once EO is known. 

Cell Nomenclature and Types 
of Electrochemical Cells 

It is useful to use an abbreviated 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 l<lter 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 c<llled 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 become 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. TIle sepamtion of different phases th<lt 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 occur. 



C'e(( 5)' J.-n hc// :' 

T71.!'fa( C"!..'t:f/'<;/L!;·'" l:"/'7 

(J f .ftc r./ >n ~o.{! 

I (C' rrC:Jr)(/~ (;/ 1-0 /) An- Jr- ?~ ,lL"'" c-/q r/e ~ 

I( (0 YY("~1 /'''''/111.1 ~ a SCt {( b y/e-~c 
{eff; /.c·( i('- t"cr'( wi'e yr' C-'/"-/ c/~f/on 

= C:? II c.ree 

J, C'f (( - rr (( It/h(vc Ycc:~-rc /-;'01'1 het..J'7I,-?i..r.JJ 

,:- (" C-l' I/' " c4 
(?)Camri( " en (s) l2-n. JO\.( (a..r./ I c) /I CIA Jt{( (etcl, c) I Lv< /..r} 

? n liLY' Z I" + .5';-1£: 

211 (.d I 1n S?~t (cuI, c) If Hr(~,.q) J HLI<j) I p-tls) 

Ce{( e' XCT I",/t, ; 

AJ (J) JA1(t'i'(.s) JCCt-/~Cf, a.:t~ O,6o{o If re 2+(ctr, q 

.Ji

(;:; rC(1 / C'(~. ~ 0 -' Iv ) I /Y(J) 


/1 a (( - elf Ii ,( c(" c (t'e//1 J ,., £? //? /' ")
I 0 vt'rc-,(:,c, (' C~'f-f ~C'c-t' c r/'C'7." 

COl C7 c-i; (0)'.) : AJ {J} -tte<-{ar) ---j A} ~elJ} f e 

31' z.;­

c&'t1 t104 /t"d,) '. Fl' ( ~1) 't €' - ---, re (C? 7 ) 

~' !1J (j)'''' It( la, J r 

SHE-" ~ H;> /}-I T 

6C~..: 1,36l/ 

C'-". if '. 
/' 

0' 

-) 2n Is) = - () .11! V 



®~33 
Hlz t./(2_ (J) 1- Z~- - 7 21ft If} t- 2J<.'c -(~1) 

~CtI(.Jmt:"_ ( £0.= 0,27- V 

37"­

Fe. t~7}-r- e'_ - ---,. J=<.. zl'~ 'lJ 
E " -=- 0" ;Z~I V 

-Ie [/T I ; :;i"'£' 

II met r( /t7J/I/vc 

ek,t-yc rhcm,·c c~ L 

z-t-
ZYl (f{ a1)-f 2c: 

It}+- /:'11 1 1" ~ 

~,J- iel{ 1 ) T e 

c.. 

2n (J) E 
--1 

-I AJ1 /.1) £ 0.;: 

<-:;> Au /J ) F ()-: 

E tv_l.rl V 

- 0, -7-6 iK V 

t:Y) ;1-99'15 V 

J. 6'9'Z V 



272 CHAPTER 11 Electrochemical Cells, Batteries, and Fuel Cells 

TABLE 11.3 
The Electrochemical Series 

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 

Zinc 

Chromium 

Vanadium 

Manganese 

Magnesium 

Sodium 

Calcium 

Potassium 

Rubidium 

Cesium 
Lithium 
(most negative reduction potential) 

Least Strongly Reducing 

(The metal is most easIly oxidized.) 


11 .1 0 'rhe Electrochemical Series 
Tables 11.1 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'I and E'2 is given by 

E~.II = E'I - E~ (11.50) 

The potential E~.l/ will be positive and, therefore. AG < 0, if the reduction 
potential for reaction I is more positive than that of reaction 2. Therefore, the reill' 
tive strength of a species as an oxidizing agent follows the order of the numerical 
value of its reduction potential in Table I 1.2. The electrochemical series shown in • 
Table I 1.3 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 thO 
reduction reaction 

Au3+(aq) + 3e--j> Au(s) EO = 1.498V 

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 liNt 
will be oxidized in the spontaneous reaction. For example, the table predicts that 
the spontaneous reaction in the copper-zinc couple is Zn(s) + Cu2+(aq) ..... 
Zn2+(aq) + Cu(s) and not the reverse reaction. 

rEXAMPLE PROBLEM 11.8 

For the reduction of the permanganate ion Mn04 to MnH in an acidic solution, 
EO +1.51 V . The reduction reactions and standard potentials for ZnH, Ag+, 
and Au+ are given here: 

Zn2+ (aq) + 2e- -j> Zn(s) EO = -0.7618 V 

Ag+(aq) + e--j>Ag(s) EO = 0.7996 V 

Au+(aq) + e- -j> Au(s) EO = 1.692 V 

Which of these metals will be oxidized by the Mn04 ion? 

Solution 

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

Zn: 1.51 V + 0.761 V = 2.27 V > 0 

Ag: 1.51 V - 0.7996 V = 0.710 V > 0 

Au: 1.51 V - 1.692 V -0.18 V < 0 

If EO > 0, AG < O. On the basis of the sign of the cell potential, we conclude th:Jt 
only Zn and Ag will be oxidized by the Mn04 ion. 

11 11 Thermodynamics of Batteries 
• and Fuel Cells ­

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. 
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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 playa minimal role in 
charging the battery. However, only about 50% of the lead in the battery is converted 
between Pb02 and PbS04. 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 lead-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 Mn02 paste mixed with 
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powdered carbon to impart conductivity. KOH is used as the electrolyte. The anode and 
cathode reactions are 

Anode:Zn(s) + 20W(aq)-ZnO(s) + H20(l) + 2e- EO = 1.1 V (1l.57) 

Cathode: 2 Mn02(s) + H20(l) + 2e- - Mn20,(s) + 2 OW(aq) EO = -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 Who The anode and cathode reactions are 

Anode: MH(s) + OW(aq) - M + H20(l) + e- EO 0.83 V (11.59) 

Cathode: NiOOH(s) + H20(l) + 2e--Ni(OHh(s) + OW(aq) 
EO = 0.52 V (11.60) 

The electrolyte is KOH(aq), and the overall reaction is 

MH(s) + NiOOH(s) ~ M + Ni(OHhCs) EO = 1.35 V (11.61) 

where M designates an alloy that can contain V, Ti, Zr, Ni, Cr, Co, and Fe. 
Lithium ion batteries tind 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 ion batteries contain Li+ ions, and the 
cell voltage renects 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, 1M LiPF6 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 solidi 
electrolyte interface layer stabilizes carbon with respect to solvent reactions, and it is the 

Cathode 

cover 


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 potential of a lithium ion ballery 
versus the energy density per unit mass 
for a number of electrode materials is 
shown. The dashed lines indicate the voll­
age range in which 1 M LiPPI> in a 
1: 1 mixture of ethylene carhonate and 
diethyl carbonate is stable with respect to 
reduction or oxidation, 
SOl/rei': Goodenough j, B, and Kim Y 

enelll;"lrv of MOler;"I .. 22 (2010). 587, 

FIGURE 11.12 
The cell voltage in a lithium battery is 
generated by moving the lithium between 
a lattice site in LieoOz and an intercala­
tion position between sheets of graphite. 
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most widely used anode electrode. Using a carbon anode and LiCo02(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 LiCo02(S) 
have not yet been developed. 

Rechargeable lithium batteries have the following half-cell reactions while dis­
charging the battery: 

positive electrode: LiI_,CoOz(s) + xLi+(solutiol1) + xe--+LiCo02(s) 
(11.62) 

negative electrode: CLix -+ C(s) + xLi+(.WJlurio/1) + xe­ (11.63) 

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

(11.64) 

and the fully charged battery has a cell potential of -3.7 V. The structures of 
LiCoOz(s) and CLi x are shown schematically in Figure 11.12. CLix designates Li 
atoms intercalated between sheets of graphite; it is not a stoichiometric compound. In 
a lithium-ion battery the lithium ions are transported to and from the cathode or 
anode, with the transition metal, cobalt (Co), in LixCoOz being oxidized from C03+ to 
Co4+ during charging, and reduced from C04+ to Co3+ during discharge. 
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