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334 Physlcal Chemisiry: "rlﬁ:é'f end t'rob-er
electromotive force of the cell This is commonly abbreviated a8 cm.f.
and expressed in volts. Theem f. can be inteppreted in term: cf the
difference of electrode potentials by writing
emf. of the cell = Reduction potential of the right-hand-side clect-
rode — reduction potential of the left-hind-side
electrode
ic. emf. = Ex — Ec (15.1)
Note: This is in accordance with the thermodynamic coavention that the chanje
in any thermodynamic Guantity is the dilference betweea the final state (products)
and the ioitial state (reactants).
Reduction potentials® ive the tendency to gain electrons, e
M** 4 rcm = M(s)
Zn** + 2 = Zo ,
AgCl + ¢~ = Az +CI-
The e.m.l. of @ cell cannot be measured with &n ordinary velimeter
26 the current drawn polarizes the electrodes.  An unkaown e.nnfl it
appesed by another known e.m.f. until the two zre cqual, which is indi-
cated by the galvanomcler through a tap key (Pogreadoril compeasalitn
method). lowever, these days VIVMs (vacuum tube veltmaters) are
availab'c, which draw very low currents and can be used for measuring
(2 e.m.f, directly, A pl meter is actusily a VIVM.

e.g.

15.4 CONVENTIONS REGARDING CELL REACTIONS AND E MY

An electrochemical cell consists of two clectrades. The em.f. ol ine
cell depzads upon the rzlztive tendencics of oxidetics apnd reduction ot
the two clectrodes. The conventions regarding celis end cell reactious
ere:

I. 1nan electrochemical cell, oxidation occurs at the zpade (or
pepalive eleclrode), and reducticn at the cathocc (or positive
clectrode),

The cell is drawn in such a way that the reaction takiog place at
the lefi-hacd-side clectrede is oxidation 2nd that on the rignt-
band-side electrode is reduction, i.c. ina cell the left-hand-side
electrode acls es the negative electrode acd the right-faod-side
clectrode acis as the positive clectrode.

3. Thee.m.l. of the ceil is given as the electrode poiential of the
right-hand-side clecirode (Ex) micus that of the ieft-hasd-ride

sThe cizcirnde potential arites due 10 charge scparation between the elecirade and
the solution  lis magnitude and sign depzd upou the easc with which the ioo (to
which it is reversible) is recuced. =

-

T AT AT __.._____,_»:__:‘._-7_7,

—— e =

w

F=Tree—

e A b L e T e

clectrode (E1), i.c.
Eeent = Fr = Ei .
According to JUPAC convention, the electrode pofential is
always taken s the reduction potential for both electrodes.
4. The cell reaction ean be detcrmined by writing the oxidation and
reduction reactions with equal numbers of electrons and then
adding the two reactions. It may be noted that, to equalise the
clectrons in oxidation nod reduction reactions, the half reactions
arc multiplicd by suitable integess.  Bul the electrode potentials
do not chunge for these half-cell reactions.
If the e.m.f. of the celi (Er — Ev) is positive, then the cell reac-
tion is spoutancous in the forward dircction, i.e. ozidation takes
place it the LHS electrode and reduction at the RHS eiectrode.
Mote: fihe e.m.l. of the cell s negative, it means that reduction occurs at the
left-hand elecirode and oxidation at tke right-hand electiode. For sxample, the
e.m,[. of thecell ]
. Fe|Fe''(a = 1)1 Za"(a=1) | Zn
Ez,, = E*(Zo*, Zn) — E*(Ie**, Te) = — 0,763 — (=0.440) = —0,323V

walt

TLis means that the cell reaction
Fe -+ Zn** (a = 1) w= Zn + Fc**(a = 1) does niot proceed.
Hct, if the positions of the electrodes are interchanged,
Zo | Za** (@ = 1) [ Fe'*(a = 1) | Fc
so that Eg,,, = = 0.440 — (—0,763) = 0,323V and the reaclion

Zn + Fe'* (g = 1) = Zn** (a = 1} + Fe is spcntanecus.

_ Trus, for 2 spontancous ccll reaction (E® = 4 ve), the electrade
with the higher eicctrode potential is written on the right-hand-side (acts
as catbode and raduction occurs) and the oae wilh the lower electrode
poiential js writicn. on the left-hand side (acts us anode aud oxidation
occurg). The clectroqhemicnl cell may be represented as

Zo| Zo'*(a = 1) | Fe**(a = 1) | Fc

155 STANDARD ELECTRODE POTENTIAL i

1t is not possible to determine the potential of a single electrode becau
ao electrochemical cell must contaia two half cells suitably connected ::
cachi other. The problem can be solved by selecting an arbitrary re.
fererez clectrode. For this purpose, a hydrogen electrode bas h-e.n sc)lr‘ck‘
ed a2 thcls!andard electrade and is assigned cero potensial. -]1 conrk‘ (‘
qua platinum foil coated with platioum black, dipped into an nT‘fu;:u:
soly ctivity in which bydrogen gasat | atm

O of M iogs of“unit_acl in
pirch-" {taken £5 uunit fugacity) is consiantly bubbled. The potential of
all Sther electrodes are measured” with Tespect 1o this reference

- elecirade.
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i (2} If, in 2 c2l, tbe stzodard Eydrogen electrods acts as2s 259de, iz,
? czidatica occers,
' iHg) = H(q) +
then redoction will occrr 2t the ctber electrode and jis eletiride
potcotial is pozitive.  The e.ouf. of the cellis pumerically equal to
sdoction potectiz] of the other electrode, ie.
Ewenn = Fr — Fi
Ly = £z (ErL={()

(%) If itz flacdard kydrogen elecirode 2015 252 catbode, it reductios

oCcCTsE,
H7(zg) + ¢ = {H, (3)
thex the potentiz] of the other elecirode is negative.
Zewit = Er — Er
Equn= —E¢ (Er =0
Siace
Eent = +ve
P EL= —vye
All sizodzed elecirode potentials are tzken 25 reduction potentials,
Exawrre 151 Write the E2if coll reactions sed the crerzll e2ll reactions
for the followizg g;'_e:‘..:_?,tc:iu! cellss gz ored T .
2} Pr1H, (e [BC () 1 C** (2) | Cu - pobbod/Z
;ST R)CEICESOue) | 5087 (a) HpsSOL) [ Hit) 2 f
F7 T () Pi] COs | E4CeOu H(a) | M2Os, M=*%, H* | bt -
Seliziem (2) Tze oril reactions cen be writtea by writicg the cpidating
Esifreazzion (L HS. electrode) zod reduction balf pesctios (R.H5,
gizcirods) s
() Ozifatica bzlfrezction: Hfp) = 2H%z) +2,~
Redeionbalf reection : Co¥lgy)+2¢ = Cufly)
Co**(22) +Heg) = Culs) $2H*(2;)

Cell reection £
(2) Ozifatioa balf reaction: Cils) = CéV(eg)+22

Peduction kalf reaction : Hg;SOAg)-}-Zg’;Zqu}.,'.gO‘:-(‘qj

Crll rezction P CeE)FHpS0d)=Cot (ag) 490~

+2H )
fc) Ouzidation b2!f reaction :  [HyC:O¢ = 2C0,+2H*+2e7]#5
Pedecion palf reaction : [MaO¢ 4 EH 4 5e = Mo’ +4H,0] #2
Cell reectios o M0+ SH GO CH = 24453
FICCO+21H0
Exauriz 152 Caleslete the stzoderd e f. for the following:
@} Zz | Zz* (a=1) | Cu**(c=1) | Cu

(8} CrlCe¥ (e=1)} Cu™la=1}{Cu
G Prji(a=1), L1 Fe** (2=1), Fe** (a=1} | P

P-3/9

Jpm——

b-/ - 7
S przsl Coemistny: Frigcizics eod Froblemy SE,{ 7!
!

CH) Thes, PP -

seepectinely, 0 is the numbcr of electrs,,

e,

o T
SO e
S

Tha stantard wnslpcde prlentials el
FH/ R, Ty = — 0,765 ¥, PHCW?, Cu) = 0,337V,
HCr, i = — G718, Eis, 1 1 — 6,235 ¢,
L {ear, Fg) = Q3T V.
Solutlon Thw ern f, of the el s,
fzm‘ = f;-l"'ﬂi
(e} Za | Zo'*(a=4} § Ca** (w=1y | Cu
Fr = EACHY, Caj = 0331 Y, £ = I3, Za) = 0,753 ¥
Bty = 0,337 = (~0,763) = L1 ¥
(B Cr | Cr =) ¥ Ca** {a=1) | Cu
Fr = EUC, Caj = 03379, Fi = BACH, Coj = 06,774
Fawts = 33T ~ (5,775 w 1400
(e Bt | B (a=i), 0y | F&&" (a=i}, Fer" (u~1) | #4
_I.':-: EX W, Fe "y = GIN A, fy » K%L, 1) = 6,235 Y

*
o Kastt = 077}~ 0,535 = 0225 v,

156 NERNST ERQUATION: DEPESGENCE OF EMLV. ON
CONCENTRATICN ‘
Tez et of a el depends on bk the stindard e,
#t the zabities (concrateation) of the species inyof
rexciion. Fafz gesecal meacting of he fype
Ghrbis v Il 4 mif

thefant. of the ool B given by the eqzating
RT - o ¥ g ™ =
Bloi BP vy sl 2
w1 feiaf® (aap* (1225

il (£} as well
ved in the ceff

bz apzcies £, 12, I, and M
Hzered i the chemjeal

WEATE . G, G asidd g nre the wAivities of §
£ fe the was consant

ik v fras
SLENVOR 1S Sapiesnd in trn BaTesil rractinns,
agld F i 'l!,.‘.' Fatzday (44500 ) Meze 17 represents the *landard
E.ie / L’{i it f.‘,*.‘gn'.’.‘.f, Gl the el when aff (ke rerciants and preducty
2re 5 thar dandicd states Lunit #Avity). This tqusting iz called ,;,,',
Yt eguting o

Equation (123} ray be weittes 25

g L3 ET (13 (s
E = ool K] vz fi ’.-'.‘ .’f‘J‘- (153
nF (5x5* (a3) ti23)
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subtituting tho values ol - constants (e = 8314 3 Bt ol (b) The cell may be represented as AY > 1 |
g 206 K, 1= 90300 € ol 1), thia above cquatlon beconmes Ag | AgBr(s), Br~(a=0.40) i Cu'(a=0.32), * ] |
Y i ?"1%"[”"3)': (15.4) Cut!(a=0.48) | Pt T
I A LU P LY O .m.L. of the cell is given b S &t
If the sofutions behnve deally, the acilvitles® may ba replaced by (c) The c.m.f. of the ¢ ss-v[:n y : i
concentrations, l.e. Bt 0.0501 i e |
' (M]” : £ ! ‘
g =09 o (LI (152 Fran] ) .{
"
00891, 032 __ .
/l;uuw.u 143 What will bo the ..l of the ¢cll = 0,058 — - an log 1 = 6D i
gl Zn*t (@ =~ 0.00) 1 Jert (u = 0,005) | Fo e G \
glven that £2 (2", Zn) — =0,763 V und L (e, Pe) == ~0.44 V | S
el ';"“"]'("‘l)r ‘-"IL’:“C'E"".’:‘::;:_ Thus, e.m.l. of the cell = 0,045 V.

Je' 420" v Feln)
Coll reactlon, Zn(a) |- Po'* vt Ve(s)4 Zn**

The standard c.m f. of the cell
) o (1Bt Ta)oe Eo (LY. ' ) )
£ e B (e, De)= L7 (40", Zn) Thermodynamic functions, such as free eocrgy, entropy and enthalpy

= =0A40—(=0,703) = 0323 ¥ changes, for cell reactions can be calculated from the e.n.f, and its
temr=rature dependence.

157 THERMODYNAMICS AND E.M.F.

Thus, e.m.[, of thocell s 0.314 V.

o AlxaupLe 15,4 Conlder the cell reaction
Ag()4 Cut (e = 0AB) Br(a = 0.40) = AgBr(s) f Cu*(a = 0,32)

The cell e 1. Is .
g =200 1 ), h Free energy change
n rett) AG = —nFE ikt
o= 2 B0 = 0323 Y, Qg = 0.08,  Brpgny = 0.005 Diflerentiating AG with respect to temperature at constant pressurc,
we et
0.0591 0,01 ! 3 ﬂ(’f
e 0323 ===~ 10§ T o5 . ] ( 0AG ) o ox ‘i S
0323 08 o g “5-), =~ (37), &(4/; NP 1
- 0314V, i uu:(%ﬂr‘i)__“ bz - < AT
-} ' e -8

5\ ASmnF (%}ET), @ﬁ%)f, “asa)

A
3N given that the standard ean.f, of the cell with the above cell reactio Now AG = AH—
708 K Is 0,058 Y, e . il i ,
(n; Write the reactlons occurring ot the anode and cathode, So that Al = "'FE'*"'”( :‘?’) - "F[ T(%) —EJ (15.8)
(1) - Construct the cell, ‘ ‘ i ’ fad
(¢) Calculute the e.m.K, of the cell Note: Llalf cells and ccll reactlons can be written with difr::renl numbers of
) s electrons, It must be appreclaled that the cell potential remains uncha udm .
Seluten  (8) At the anode (oxlaatlon occurs), ! froe encryy changes, Por example, in the cell TR e
Zan | Zott(a = 0.01) | Ag* (@ - 0.005) | Ag

Aglo) | Br~ wd AgBr(s)4 o~

At the cathode (reduction occurs), cell reactlons may be wrliten as

S

NTLLN el
Cu'-f e~ v Cut b Zn w Zn'*4-2e” }
f Somme———— ¢ e Zn+2Ag* o Zot+
'";rl:;':l:tl:::l:ml:n:l.l depends upon the activity of the lens towards which It ln | . M"'”;’ w24z Case I T 1
et Y n ¢use of dilute solutlons, metlvliles wro .aqual to the 4. S léh" or e .
+e=

Aot wAg } iZatArt miiZottAg

«-n-r-n.-f.«'-q - -?,_‘q //9

g g st et Bt B2
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valuer of comstants (R == 5.314 J K-t mol-t,

T=B1K F - %490 C mol 1), the above cquation becomes

0.0451 (a1 (au)
E e ol o L
o n LN PAT (m)* as4)

IF ¢ so'ations bebave ideally, the acivities® may be replaced by
cosCEniraliozs e,

e _ 0O [P M) "

E=E —= o3 m'_ﬁl‘_ (18.2

\/-"’Eumu 1S3 What will be the e.mf. of the cell

7= 1 Z2'" (a = 9.01) 1 Fe'* (a = 0.005) | Fe
Gvea that £ (Za'", Zo) = —0,763 ¥ and E¥ (Fe', Fe) = —0.45 V
Selstics  The half cell reactions are
Zc 1) v Zottide-
Fe'"+1e" e Fely)
Cell reaction, Za(s) # Fe'* v Fe{s)42Znt*
Thestazdard e (. of the cell
E" = E" (Fe'-, Fe)—E*(Za**, Zn)
= —0.430—(—0.763) = 0323 ¥
Teecellem (. is

a,
£ g 0051, E(Zn"l
= (Fe*)

2 =2E =033V, S(zary = 0.0, "(R") = 0.00§

0.0531 0.01
E =033 e log 5605 =
= 0323 — 0.009
= 0314V,
Toxs,enf of thecell is 0314 V.

,\/é.um.: 154 Coarider the cell reaction
s

Ag(s)+ Cul7l2 = 0.42) +Br(a = 0.40) = AgBr(s) + Cu*(a = 0.32)
pvea that the siandard e f. of the cell with the above cell reaction at
Z$EK 50052V,

(2) Write the reacticas occurring at the 2a0dz and cathode.

(¢} Cosstrect the cell ¥

{c) Calculate the e.mf. of the cell.

Soluzicn  {a) At the asode (oxication oecurs).
Agfs)+Br o= AgBr(s)+e
At the catbode (reduction occurs).
Ca' +¢” w= Cu*

“The electirode poiestial depeads upoa the activity of the joas towards which j¢ iy
resensitle.  However, in case of dilute solutioes, activities are equal to the

P-5/9

e S S S - R e

H) Theo. P-5/g

SN TN a T

Electrochemice!

Ceils 3y

14 \
{b) The cell may be represented as " Y
Ag | AgBr(x), Br(e=0.40) § Cu*(a=0.32), E =

\ Cu'(a=0.45) | p; }
: \
(c) Thz em.f. of the cell is given by \\—-’f

0.0591 [%cun ]
E=E — Io
! [T | L
00591, 032 \
T °% 0.5 x 040 1

= 0,053 —

= 0.058-0.013 A
=0045V \‘
Thes, e.m.l. of the cell = 0.045 V. 5

15.7 THERMODYNAMICS AND EMF.

Ttermodypamic functions, such as free €ocrgy. entropy and enthalpy
ehacges, for cell reactions can be ealeulated from the e.m.f. and its
temezrature dependence.

Ftee energy change

AG = —nFE (15.6)
Diffcrentiating AG with Tespect to tempsrature at constant pressure,
we et J/\
eAG oE , p[ ~ 5
(-T—r )’-—IF _‘?' &’(J‘ﬁ ~ P
80) |y _ =S4T
T ), J (np T _ 5
2E =

il " ’
S, AS=npF TI—.-)' 'éf. (15.7) ;
Now AG = AH—TAS or AH = AG+TAS \A%)P \

electroes, 1t oast be appreciated that the cel]
. Perexample,inthe cell

Za | Za* (a = 001) | Ag* (a = 0.005) | Ag
o=l reactices may be writien as

Z3 w Za' 42 }

Za42A10 w Zotr42Ag

2A5'+2c" - 2Ag Case 1
or i -
iZa w §Z0ve g e }
Zo+Ag* i
Aprde wAp i f w jZa't4Ag
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ARCls) v Agt 4+ CI-

Overall reaction:

Eceny = Ep~ gy Wy
= 0.2224 — 0.799p
~ 0.5766 v
. _RT
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log K,, = 3303 % (5313 S )X (= 0.5766 v)
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Ky = 56%10m

1511 DETERMINAT[ON OF ACTIVITY COEFFICIENTS FROM
EM.F.

Em.f. measure

Ments provide the
aclivity coeffici
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enient method of deteremining
°nis of ions. Consider a simple cel,
Pt | B, atm) | HCl(m) ARClls) | Ag
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. Qs €, -
Eeeny = go— 2303 RT log —H9 %cin
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The activities of colid Ag and ApCl are taken constant
of hydrogen at 1 21m is also unity, ¢o that
E= g _ 0.0591 log Y G(cny
HHy = ¥, THY oy =y M-
For HClL m, = ry_ m, 560 that
E=fg*_ 0.0591 log m? — 0.0591 log v, 5.
the activity coeflicient y, 5_ m v,
where 74 iscall d the mean activity coefMeient,
L= f° 20,
or E=Fg*
Thus, knowi
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EXAMPLE 15.10 For the cell at 253 K

Pt [ Hy (1 atm) HClm) ¢ AgCi(s) Ag
the e.m. 1, is 0.450 V when m s €qual 10 0.0134 mof gy,
mean activity corfiicient. (E* = 0.2224 v)
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1 Ha(g) + AgCi(s) o= Ap(s) + H* 4 -
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1512 JUNCTION POTENTIAL
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