E/ecfrochemisfr:/

Branch of chemistry c/ea/inﬂ with the relation
*
between chemical energy and electrical energy,

and inter-conversion of one form into the other.

fedox - Quick [Recall
Oxidation = ?'aﬁ’r loss of electrons (LEO)

Feduction = ﬂdfn of electrons (GER)
Oxfc/t'sfny ayenf’ = the species reduced
ﬁec/%inﬂ aﬂem" = the speces oxidised

T = G -7 Z2n" + Cu (redox)

Oxidation NMumber Rules

@ Free element : 0N, = O

@ Monatomic ion : ON. = charﬂe

@ yo --.(ompounds c+s 0 (-7 in hydr:de:)
@ 0 in cOmpounc/S ;s -2 (peroxfc/e -/)

@ F a/ways -/ grovp r = 4/ s rLLr = 42
@ Sum of O.N. in nreuvtral cOmpounc/ = O
@ Sum of ON. in ion = cha»:ge of ion

; let OV, of Mn = x
/] + x + 9(-2) = ©O =7 X

Example : in KWn09
+7

¥



Galvanic

Galvanic

Chemical -7 electrical
Spontaneovs redox
d < O

Two half-cells with
sa/f—% bridge

Arode : -ve
Cathoda & +uve

Eg Danriell cell

(produces currem")

vs E /ecf'ro/:/ﬂc Cells

Electrolytic

Electrical -7 chemical
MNMon-spontaneous

C/Cf V4 O (Forced)

One cell with one

e/ecf‘rolyf'e
Anode : +ue ,
Cathode : -ve

Eﬂ molten NacCl

(needs external EMF)

S{qr; Convention

Anode : electrode where OXID/"TION occurs
Cathode ¢ electrode where REDUCTION -« occurs

In a ya/uanfc cell electrons How From

anode -7  cathode f’hrouﬂh external wire.
Inside the cell, cations move towards cathode

and anions move towards anode.

Galvanic Cathode = + , - Anode =

<z REMENVBER?



Danriell Cell
+ 14DV
R

N

Salt bridge (Kci /) Kr03)

AMODE CATHODE

(,a (+7

ZnS (az? CuS (az)
Zn Cu

[}
Half-cell FKeactions

2+

Anode (oxidation) - Zn -7 Zn + 2e-
Cathode (reduc.) : Cu°" + 2¢- -7 Cu
Overall r 2Zn + COT . - 22+

Cathode = (-/—7, Arode = (-) n GAL\//"/‘(IC

<‘(opp05ff'e n e/ecfro/yh'c?)

Cell Notation

Zn 22T (7 ) co’t (1 m) Cu

anode e/e(f'rolyf'e e/e(f'ro/yf'e cathode

(single bar = phase boundary, dovble = salt bridge

Cu

cell



Standard H:/_droqen Electrode (SHE)

Feterence electrode aya:hsf which all other

electrode potentials are measured.

Pr Hz {9, / bar) H* (az, / M)

Conditions
* @ [H+j =/ M (a27
@ P, = / bar @as?
@ Temperature = 298 K (25 c/eﬂ c)
@ Pt electrode (p/aﬁhlked p/af’/hum7

2 H G M + 2¢- -7 H, ( bar

NITIO/

M
T\
1

.EO(HvL/HZ) = 0.00 V (on convention) ==

Use

Connected to another half-cell as caf'hoc/e/anoc/e.
e

Measured EMF dfrecf’/y ﬂ:’c/es EO of the other

electrode (with proper Sign).

NMote - modern " ZUPAC convention = FREDUCTION

potentials on/y. (St;gn matches electrode role).



Electrochemical Series

/‘lrranﬂemenf of electrodes in order of their

standard reduction potentials at 29§ K.

Electrode EO / V

Li+ / Li - 3.09

Kt / K - 293 stronger
Ca2+ / Ca - 2.87 reducing
WNa+ / Na - 2.7/ agent
Mg2+ / Mg - 2.37

A3+ / Al B aCe

202+ / 2n - 0.76

Fe2+ / Fe - 0.99

H+ / Hz (SHE) 0.00

Cu2+ / Cu + 0.39

2 /) I- + 059

/{g*/— / /{9 + 0.50 stronger
Br2z / Br- + 1.07 oxidising
crz / ci- + /.30 agent
Fz /| F- + 287

Higher EO =7

Sf‘ronyer

reduced more easi/y?. F2

strongest rec/uc/nj agent.

oxd/sr'ny ayem" (yefs

Sf'ronﬂesf' oxfdam", L

(%4



Cell EMF

EMF = potential difference between cathode

and anoc/e at 2ero current.

1o) _ o 1o)
cell cathode - anode
<- both as FEDUCTIONVN potentials
IF EO__cell V4 (@) =7 spontaneous cell reaction
A EO___ce// < O =7 non-spontaneous
Worked Example / =
Danriell cell : Zn 2»" (7 m) co’t () m)
Find EO__cell.
Given E%Acv®/)cv) = + 0.39 V
E(2,°")20) = - O0.76 V
Cathode = Cvu (hl;gher EO) ; Anode = 2Zn
0. 76)

° = (+ 0.39) - (-

= cell

v

< - matches voltmeter

+ /.0 V

Y.

Positive value =7 spontaneous.

Cu



Gibbs Energy & cell EMF

&

Max vsetul work obtainable +rom a ﬂa/uanfc cell

= - d&6  (at constant T, P).

(o)
= cell

d°

<-n = electrons franSvCCffe.d
96500 C / mol

P ad
- n F

!

N
m
¥

Sign matches + EO 7 O =7 d6GO < O =7

spontaneous reaction.

Elw'librium Constant

From f’hermodynam/cs

d° = - R T In K

COmb/'m'nﬂ the two

- n F E° = - R T In K

cell *

At T = 278 K, converting In to log

/oy K = (n Eo(e,} / 0.059/ <-at 298 K

Larye EO == very /a»:ge K == goes to completion.



Worked Example 2

Calcvlate K for the Daniell cell.

i

Given E w = + /.70 V n = 2
Step / o write the formula
*
log K = n E° p / 0.059/ O
@

+ Step 2 ¢ suvbstitute valuves

log K = (2 x 1.70) /] O.059/
2.20 / 0.059
225 37.22

!

Y

Step 3 ¢ tace antilog

37.22 37

K /0

<-very large K

/.66 x /O

¥
¥

Lnterpretation
K 272 7/ =7 reaction IS essenh'a//y. complete /
near/y all Cu2+ is reduced to Culs) and all Zn

/s oxidised to 2Zn2+.



Nernst Eguation

e

Cell EMF c/epencls on 'concenfraﬁon of ions.

Mernst gave  the guantitative dependence.

= - P T /) »n F) In Q

= cell = cell

M

<-Q = reaction Zuoh‘enf’

At T = 298 K , conuerﬁnﬂ In to /oy 2

O
=~ cell = cell

M

(0.0¢9/ / »n) log Q 2298 K Form

For a sirgqle electrode

M+ o e -7 M

M ot/

+ (0.0597/)n) log [A7"]

feaction Quotient Q

For .: aA + BB -z « + dD
Qa = [c] [0]" /) [A] [BJ°

Poure So/ldS//lZude are taken as /.



Worked Example 3

Danriell cell at 295 K with [2n77] = 0.7 M
[co®™] = 1.0 M. Find E

cell’

Step / ¢ cell reaction & Q

D b Gull = Fa b G (h = 2)
Q@ = [2"] /) [co®]

= 0.7/ 70 = 0.
Step 2 1 apply Mernst
E, = //0 - (0.057/ /) 2) lsg (0.1

= /.70 - (0.0295¢) x (- /)
i gmnanp, /O + 0.029%¢6
L
E = Jondy Y3 V <—(5/£9h+/7 higher than EO)

Interpretation

[CuZ*f—j 7 [ZnZv‘—j =7 reaction shifrs Forward

by Le Chatelier =7 EMF h{gher than at / M:] M.

IFf [2n24+] 7 [Cu2+] then E < EO (suppreSSec/).

At ezutYrbrtUm QA = K ; E = O.



Conductance of Elecfro/z tes

Fesistance
X = rho (L /) A) (rho = reS/Lsftl/t?'y)
Units - ohm (Ohm) / rh.o in ohm cm.

Conductance G
G = /) /R unit B LY (Slér’rllenS)

/' S = 7 o&wm’/ mho

Conductivity («kappa)
appa = G x (L /) A)

/ / §,})%//‘7 = cell constant

bl

Units - S el
or S m’
*
(/) S m-/o.= o 10-2 S em-/

Factors A-@Qcﬂnq Conduchl/ify

@ NMature of electrolyte - Sfronﬂ 7 wea«k

@ Concentration of ions (more ¢ -7 more Kappa)
@ Temperatore (T vp -7 cona/uchwfy up/

@ Size + charge of *ions

@ Viscosity of solvent

Metals . Kappa decreases with T (opposife trend).



.

Molar Conduch'c/h‘l

Conductance of solution conf'alhlhﬂ / mole 2315

electrolyte placed between electrodes / <m apart.

\

Lambdam = p(appa x /000 / C <-¢ in mol / L

<-kappa in S cm-/

Alternative form (V = uvolume conf’aininﬂ / mol)

Lamloc/am = Kappa x V '

Units . - S em® mol

Worked check

Kci 0.4 M, «appa = /.29 x /O S <m’”’

Lambda = (1.27 x 10°7) x 1000 / 0./
= /29 S <m® mol”’

*

Ezuiua/gnf conducf’/uif’y (out of WNCERT but vsetul)

Lambdaez = «appa x /000 / n <

n = number of ezut'ua/ents per formoula  unit.



Variation of Lambda__m with Dilution

L]

Lambda_m

Lambda------ weaK
(ey CH3CO0H)

stron

(ey Kei)

Szrf(c)

Two behaviours

@ Sf'ronﬂ e/ecfro/yfe i ﬂ(ac/ua/ increase

Keason - inter-ionic attractions reduce omn dilution.

@ Weax e/ecfro/yfe ¢ steep increase
Reason - c/eﬂree of dissociation rises Sharp/y

with dilution (more ions +ormed).

A
Lambda (or Lambda__m) - molar conducf’tl/t?"y at

intinite  dilution (//'m/f‘/'nﬂ molar conducf:l/ff'y).

For wea« e/ecfro/yfes Lambda__m cannot be found by



Debﬁye - Hucb(e/’ Onsaqer & Kohlravsch

For STROM> electrolytes

Lambda__m varies linearly with szrf'(d.

Laf'ﬂbda = Lambda - A Szrf—(c) <-A = constant
= = = <- (solvent + termp)

Lambda__m got by EXTRAPOLATING to ¢ -7 O.

Kohlravsch's Law

”L/mh"rhﬂ molar conc/uchl/h'y s the sum of the

g 8 a 5 o o 7
contributions from individual ions.

Lambda = v, lambda , + v _ lambda|

<-v = stoichiometric coetficient of each ion

Use

Find Lambda +for weax e/ecf’ro/yf’es *fnc/frecf'/y.

Lambda (cH COOH)
= Lambda (CH CO0Na) ,
+ Lambda (HCI) - Lambda (MaCl)

(comb/'ne Sf’ronﬂ - e/ecf’ro/yf'e data)



Wea« Electrolytes - a/p'ha & Ka

Wea electrolyte only partly dissocates

HA <=» H' + A

Deqree of dissociation

a/pha = Lambdam / Lambda . <- ratio of conductivities

alpha lies between O (no diss) and 7 (comp/efe)..

Ostwald's Dilvtion Law

HA <=7 H’L - A

initial c . [®) (@)
chanﬂe -c a +c a +c a
eZUm (/-a) «c a | c a

K =« a/phaz /) (7 - alpha) <- Ostwald's law

a

When alpha << / - (/ - alpha) -7 /, so
-

K ¢ alpha’

a /

alpha = Szrf(f(a/d

Smaller < =7 /a»:ger alpha (dilution shifts +orward).

~



Worked Example 9

For 0.00/ M CHCOOH at 295 K .

Lambda = 99.9 ; Lambda _ = 390.5 S wm’ mol

/

Find alpha and Ka.
Step /- deﬁree of dissociation

alpha = Lambdam / Lamboda = = 999 / 390.¢
= 0./28

alpha = O0./2¥

Step 2 - app/yv Ostwald

K = ¢ alpha® / (4 - alpha)
(0.00/)(0.728)° /) (1 - 0.728)
= (0.00/)(0.0/635) /) O.972

= /639 x 10° ) 0.972

¥

‘e

Ve

K = /,38 X /o’r <- weak aud - matches Iit.

pKa = - log Ka = 9.73 .

Note o at higher ¢, alpha drops -7 Ka stays constant.



Farada:/'s Laws of Electrolysis

/st Law

“Mass deposited or liberated at an electrode s’

c//'recf'ly proportional to the Zuanﬂfy of cha»:ge

passed.”

m  proportional to Q = I t
A ot DuibBada T = (m £ +) /) (h F)
/
<-2 = MJ)nF) = electrochemical ezur'ua/enf

Faraday Constant

=

Y
N
X

Y

9% <00 C / mol

<- cha»:ye on / mole of electrons

7

SZmbo/.S

() m = mass deposited (97

() m = molar mass @/mo/?

@ n = e/ecfrons per ion (eﬂ Cul2+
@ L = cwrrent (A)

@ +t = time (s)

() @ = I + = total charge (C)

-7 n=2)




Faradaz's 2nd Law

“When the same guantity of electricity s passed
fhrouﬂh different e/ecfro/yfes connected in
Series, the masses c/eposh"ec/ are proportional to

their ezuiua/enf’ mdSSeS.”

E / E

2 / 2

¥

m//m

<-E = M / n (ezull/alenf’ mass)
2 J

Quick  check

Pass same Q through AyA/OS' and CuS09 solns

bl

/ mc / B '
= (08/)7) /) (63.5/2)

JOF /) 3/.75 = 3.90

v E/‘lj

M

So 3.90 9 of /{9 deposff' for every / 9 of Cu.

Industrial vse

Used in - e/ecf’rop/ah'ny (/Aly, Av, Cr, i)
e/ecfro—reﬁfnfny of Cu and Al
extraction of Na, K, Al by electrolysis

e/ecfro/ys[s of brine (CI12 + ~aOH)



Worked Example $

A crrent of I = /.5 A s passed fhrouyh Cu.SO,7
solution for  + = 10 min. How much copper

s c/eposh"ec/ on the cathode?

Given - M(Cu) = 63.6 ﬁ/mo/ ; n = 2 ,
F = 96500 C/mol .

Step /o charge passed

—

Q = I+ = /.5 x (O x 60)
= /.5 x 600 = 900 C

Step 2 ¢ apply Faraday's /st law
(63.5 x 900) / (2 x 965 00)
= 750 /) /93000

!

™ = 0.296 9 of Cu <-approx 0.3 g

Cheek :  moles Cu = m/M = 0.276/63.5 = Y.66¢-3 ;

electrons needed = 2 x Y.66e-3 = 9.33¢-3 mol oK.



Worked Example & (Ag plating)

How /onﬂ must a current of L = 0.0 A pass
fhrouﬂh /‘lﬂ/VOz to deposit m = /O 9 ot Aﬂ 4

Given M(Aﬂ) = /0¥ ﬂ/mo/ , n =/,
F = 96500 C/mol .

Step /o charge needed
Q (m x n x F) /| M

(O x / x 96500) / 108
965000 / 108

¥

!

Y

Qe 5935 C §.99 x 10° C

M

Step 2 ¢ time from Q@ = I t

f = Q /) I = 8§93« /) 0.0
/7 70 s
= J78570 /) 60 = F4Y—rr 298 rin

!

298 min Y hr 8 min <- CORRECTED

<-answer 7 -

“.
M




Batteries (Galvanic Cell Types)

Primary cells

feaction occurs only ONMCE - canrot be recha':ged.

Once reactants ovsed up, cell is dead.

() Dry cell (Leclanche) - 2Zn /) Mn02

arode : 2Zn can " cathode - ﬂraphh"e rod ;

electrolyte : paste of MHYCI + 2ZnCI2 ;

—

E/MF /.5

@ /l/fercury cell - Zn(Hﬂ) / Hﬂo

EMF = /.35 V ; constant durfnﬂ Iife (watches).

Secondai cells

Can be RECHARGED by reuersmﬂ ‘the current.

Reversible chemical reaction.

@ Lead-acd - 2.09 V per cell (car)
(2) Nicel-Cadmivm - /.25~ V (longer 1iR)

Fuel cells

Conh'nuously Supp/iec/ fuel (HZ, CH30H) +

oxidiser (02). Convert chemical -7 electrical

© 'S

d/'recf'ly without combustion.

Used in Apollo  space missions po//uh"onfwfree.

/



Lead-Aud Storage Baﬁerz

Construction

Anode : spongy lead  (Po) )
Cathode ;o PpO, (grid)

Electrolyte : 357 H,S0, (ag) ; density /.25

Dischwe reactions
Arode : Po + 507 -7 PoS0, +  2-
Cath : Po0, + S0 + 9H" + 2¢-

-7 PpSO, + 2 HO

]

Po + PO, + 2 HSO0, -7 2 PoS0, + 2 HY

<- OVERALL DISCHARGE

EMF per cell = 2.09/ V <-car battery
<-6 cells =7 /2
Charzfnz

Feverse current =7 d/'.fchafye reaction s reversed

2 PoSO, + 2 HO -7 Pb + Po0, + 2 H,50,

]
Density of H2509 rises again (1.2 -> /.30) - way

to check state of charﬂe.



H2 - 02 Fuel Cell

Construction

Two porous carbon electrodes containing Pt or

Pd caf'alysf' e/e(f'ro/yfe = agueous KOH.

/

H2 bubbled at anode, 02 at cathode.

Electrode reactions

Anode : 2 H, + 9 OH -7 9 HO + Ye-
Cath : 0, + 2 HO + Ye- -7 <9 OH

2 HZ + 02 -7 2 HZO <- overall

© < - (standar

E°, = + /23 V : (stardard)
Advantages

@ Hlﬂh ewcvcfcfency ( 70% vus 909, Ic enﬂfne?
@ Mo pollution - product is only " water

@ Continvous power - HFuel supplied externally

@ Quiet operation (ro moving parts)

Used in Apollo space missions (also c/rt'nb(/nﬂ

water for asf'ronauf.<7, modern H2 cars.



Corrosion / Rusting of Iron

Corrosion = vunwanted electrochemical oxidation

of a metal by Su'rround/'nﬁs.

Iron in moist air forms a f'l"ny ﬂa/uanfc cell on

the surface (water drop/ef' = e/ecfro/yf'e)

Mechanism

Anode : Fe -7 Feo' +  2e-
Cath = 9 H + 0, + Y9¢- -7 2 HPO

2

Feo  + (0, , H0) -7 Fe0 x HO

Z7 =

Crost - hydraf’ec/ iron(ZII) oxide)

+ /.67 V (uer7 spontaneous)

= cell

*
Conditions needed
@ Water (mofo’ure)

2) Oxygen (air)
@ Electrolyte (H+) - audic rain ; salt

/

P revention

a) Barrier coating : paint, oil, plastic
b) Galvanisation : coat with 2Zn (sacrificial anode)

¢) Cathodic protection : connect to /My / Zn blo



Summary Card - Key Formulas

() cell EMF
o _ o o
= cell - = cath - ~  anode
@ Gibbs  energy
o

T\

= cell

de° = - n

@ Equiliorivm K
/oﬂ K =

n E°, / 0.05

@'/Vernsf' (295 K

E = E°

= cell cell

- (0.0597)n) log Q

@ .Conducﬁwi":/

G (L/A)

Kappa = 5

unit

Y
S e

@ Molar conducftl/h‘y

Lambdam =

Kappa x /OO0 / <

(7) Faraday's /st law

(m ) /) (n F)

Y

mm

@ Po-acad EMF & F£oel cell
Po-aud - 2.09 V/cell

/

F = 96500 C/mol , R = 8.3/ T K-/ mol-/

i

T

Hz'oz Fuel

-

/.23 V

295 K



