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Fig. (2-1) : Summery of the terminology used in Jtaic cells.
Oxidation occurs at the anode, and reduction ocairshe
cathode. Electrons move from the negative elect(adede) to
the positive electrode (cathode) through the ezlewire. The
electrical circuit is completed in the solution g movement of
ions-anions move from the salt bridge compartmerhé anode
compartment, and cations move from the salt Db
compartment to the cathode compartment. The compatt can
be separated either by a salt bridge or a porougha
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Charles . Winters

Fig. (2-2) : A grapefruit battery. A voltaic cell can be mdulg
inserting zinc and copper electrodes into a grajgtef potentia
of 0.95 V is obtained. (The water and citric acidhe fruit allow
for an ion conduction between electrodes). Thid =Imore
complicated than the one in above figure.

Fi— Insulator

Graphite rod
(cathode)

MnO, and carbon black paste

— NH,Cl and ZnCl, paste
(electrolyte)

—— Zin¢ metal can
tanode)

Fig. (2-3) :Leclanche' dry cell and a cutaway view.
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Fig. (2-4) : A lead storage battery and a cutawayiew of
one cell.Each electrode consists of several grids withrgela
surface area so that the battery can deliver thke burrents
required to start an automobile engine. The elbd#ois
aqueous sulfuric acid
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Fig. (2-6) :

a) A bent nail corrodes at points of strain andtiVa¢ metal
atoms.

b) Two nails were placed in an agar gel that coegh
phenolphthalein and potassium ferricyanidg[FK(CN)]. As

the nails corroded they producedFens at each end and at the

bend. F& ions react with [Fe(CN)* ions to form
FeFe(CN)],, an intensely blue-colored compound. The res
each nail is the cathode, at which water is redtedd, and OH
ions. The OHions turn phenolphthalein pink.

t of

BE-8Z Y5 ACKH "+ V, WX5 XBF
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Fig. (2-8) :
a) A strip of zinc metal is immersed in an aqueocasper sulfate
solution. The redox reaction takes place at theahsstiution
interface and directly transfers two electrons framatoms to
CuU"ions.
b) As time passes, a dark colored deposit of copetal appears
on the zinc, and the blue color due to®Can) fades from the
solution.
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Fig. (2-9) : An oxidation-reduction. A strip of zinc is placed in
a solution of copper (Il) sulfate (left). The zineacts with th
copper (Il) ions to produce copper metal (the brawlored
deposit on the zinc strip) and zinc ions in soltio
Zn(s) + Cd" (aq)%® ZA (aq) + Cu(
As copper metal accumulates on the zinc stripbthe color dus
to the aqueous copper ions gradually fades (middteright) a
CU*" ions are reduced to metallic copper. The zinc lcaueou
solution are colorless.
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E_ (41014 A )J# )6 A p 78
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Zn(s) + CuSQ (agps®& 2ZnSP (aq) + Cu
y JLp"8
Zn(s) + Cu" (aq)%® ZA' (aq) + Cu(s)

dissolution, corrosion (oxidation) deptien (reduction)
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Fig. (2-10) :
a) A galvanic cell that uses the oxidation of zietal to ZA*

ions and the reduction of €lions to copper metal. Note that the

negative particles (electrons in the wire and asimnsolution)
travel around the circuit in the same directione Tiesulting
electric current can be used to light a lightbulb.
b) An operating Daniell cell. The salt bridge inrpéa) is
replaced by a porous glass disk that allows iorffote between
the anode and cathode compartments but preverisnixing,
which would bring C&" ions into direct contact with zinc and
short-circuit the cell. The lightbulb in part (&) ieplaced with ja
digital voltmeter.
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Fig. (2-11) : The Daniel cell consists of copper and zinc

electrodes dipping into solutions of copper(ll)faté and zin
sulfate, respectively. The two solutions make confiarough thg
porous pot, which allows ions to pass through tmmete the
electrical circuit.
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Fig. (2-13 B) : A galvanic cell. The salt bridge (an invertec
tube) containing a KCI| solution provides an eleetity

conducting medium between two solutions. The ogiof the

U tube are loosely plugged with cotton balls tovprd the KC
solution from flowing into the containers while @Mling the
anions and cations to move across. Electrons flatereally,

| U

14

from the Zn electrode (anode) to the Cu electradéhpde).
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Fig. (2-14) : A simple electrochemical cellThe cell consists of
a zinc electrode in a solution containing’Zions (left), a copper
electrode in a solution containing €uons (right), and a salt
bridge that allows ions to flow into and out of ttw@ solutions.
When the two metal electrodes are connected byndumbing
circuit, electrons flow from the zinc electrode, e zinc is
oxidized, to the copper electrode, where coppes ifsam the
solution are reduced.

7
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Fig. (2-15) : A simple electrochemical cellThe cell consists of
a zinc electrode in a solution containing’Zions (left), a copper
electrode in a solution containing €uons (right), and a salt
bridge that allows ions to flow into and out of ttwe solutions.
When the two metal electrodes are connected byndumbing
circuit, electrons flow from the zinc electrode, e zinc is
oxidized, to the copper electrode, where coppes ifsam the
solution are reduced.

7

14
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Fig. (2-16) : The zinc-copper voltaic cell utilizes the reaction :
Zn(s) + Cd* (aqys® ZA" (aq) + Cu(. The standard potential of th

cell is 1.10 volts.

is

Fig. (2-17) : Electrons produced by oxidation leave a galvanic cell at
the anode (-), travel through the external circuit, and reenter that|cel
the cathode (+), where they cause reduction. The circuit is comhplete
inside the cell by migration of ions through the salt bridge. A salt
bridge is unnecessary when the two electrodes share a common
electrolyte. The narrow red line outlines the electrical dirfaimed

by the movement of electrons (through the external wire) and ions
(through the celand salt bridge).
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Fig. (2-18) : Practical setup of the galvanic celllescribed in
above figure. Note the U tube (salt bridge) connecting the |two
beakers. When the concentrations of Zpn$@d CuSQ are 1
molar (1 M) at 25 C, the cell voltage is 1.10 V.

Fig. (2-19) : The cell potential is measured with an electrpnic
voltmeter, a device that draws negligible curreattbat the
composition of the cell does not change duringnieasurement.
The display shows a positive value when the (+#hieal of the
meter is connected to the cathode of the galvaglic c

=4
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Fig. (2-24) : The zinc/copper voltaic cell utilizes the reaction
Zn(S) + Cd (aqy@® z# (ag)+cu(- 1he potential of this cell is 1.10

volts.
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?6 O ?6 @1 SsaY' '8 Ois "G
&5+ a6? 6G

3J d?G% I W> S
@% F G "n8 L5+ =>'8t F#$98 S]
3F# $% ;

(K:SO)K '"9 $ 9,
ONaNO) K “J $ *
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Electrochemistry

[ @% F G I[1 L5+ a6H<N ;/89
3 1/ N
(AgNQ3) 3 $ *
O(CuSQ) 1 &# $ 09,
a6? "LM#TG =>8/[ 8 AC 3F#9
AZn) L5+
y> ?2@ _(4\)6 "AX! A[ B(C 78 p94T
Zn (s)¥.949%8  Zrt* (ag) + 2

Cu™ (aq) + Ze4559%8 Cu s
)2 $* @ -2(" 62) (Zn) kI' <6 7D(&
0 CV <6AY] 1 ZL _ (
M ?2%> V 2?26 @1TG =>8t- I
4 76

0 6& )4 ZCoj

0&6 #1 6N" 6J# *+)2 6& of 8
4 >& " @LF#%$% %, M M
y (# _2(X >*" 692A sH
* @k#t Zn NL pH ,)# &
B* @ A9L4")(CUP)I&H# $*8 ,)# T=
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Electrochemistry

V
A 1] 6,) 9 ) #X"(cathode) 6*"@ 6

y
A'8)#X)** oll ) (kata-)
4 8- .)#X )** oll) (-hodos) -
(cathode) D , 6,:1 Rkata-hodos) XI1
0P 8QOA\ &-1 Z"
y A, 1])2 (anode)XJ 6,
}2)#X (ana-)oll
04 8- .U*~ #X ,)#X(-hodos) -
Z" (anode) 6,% Z(ana-hodos) XI1
OTXJ 80<6\ &* - |

/| 238/5, A *uxXJ TD O9 2
B# L=>%![1 , A 8 8=> % g
F$& 'G>[1 6 A 0 '"G #2M "#C ' (
D'G eE
) #X") @X J 9 A,<6plHBG,- 6l"

y A 1] 6,) (electrode) 6'*@
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Electrochemistry

, J#X" (electricity) 6, -
4 8- .)#X" (-hodos) 6,

8$ * @- .8 4 T @p 1120+

0
k6l =X WX > X'UZ>1X 2
(electrode) 6, M #X" < 6T %6GmM 4C
y $&61J M #X" # - J1 U 7
0pZ m4 OPp 'm4 G
p3H 7 *6' 6L pIH78-9' A, k3
Wz RA] )2, + " >6& )2 Y ) (X
78 9 (half cell 6L sJ*U 38K t# <
O9IH 7 " : 6L

>$"Y " a6? @66+ WBR @F
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Electrochemistry

A% ! 7 "%5+" W& C
Cell Representation

We( GL J")2 1 .<+U*BIB #*2+496

H<6 C4 U(ZUH 25)'# J

C «49"AZ8 09"( H '# ®I6 Z@
o1 |

A% ! " C(*

J' <6 >( () . Al A 20 B
<6 8(P{Fe* Fe) >6& 7(X z
>6& A Z q 6')6& ki4
$ 9, UWow6& ,G ZnSQ, NL $ 9,
CuSQ | &#
$V Z8 6L $*8°Z <6 >((,) 6N AX4M
TPtFé", Fe'0 1 ,*)2 " Z 6L
(salt bridge) &6 I#1 8 )&6 416 ™
oj O T Z8 6L )J* 6N
(KCl) AfA ?2>6& &6 _I#1 c )2
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Electrochemistry

: (s, g, L) & sN I HV AX4" Te
{aq, 1 M)Y3 8
) ?6 Fn &6 I#1 4 <6 1# Tz

0(4\ 6 2B(&"
V 76 Fn & _I#1 <6 ) 1# B
> 2@ 6 (# B(&)
F9) > 6L M*:2 )
y)6 ,1&* N L )IIH |
Zn(s) ZnSQ (aq, 1M} CuSPQ (ag, 1 M) Cu(s

y JL _Jp"8
Zn(s) Zrt* (ag, IM)| CE (ag, 1)) Cy(s

y/8FC
Zn(s) ‘Zn“(aq ,AM) || Cu*(ag,1 M |Cu(3
zinc electrode - anode g?i'ége copper electrodecathode
Zn(s)wf(s/z%‘/;ds};;%\b/@ Zr?* (aq) + 2e Cu?* (aq) + 2e%% y;%’%%@p C.u(s
6L ) (ZnSQ, CuSQ)A & ,"78f CG
# 0(C W4~ amM , #9114
8 % V 76 @' "G 9 -% [
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Electrochemistry

&' E # < 6HC & YH® ' / , O
) : 6 464 P9 H ?2" X ?
> ?@ $G "1'8<6 N#X =~ Z 2:9" 646
2J %# u %l g ( pIH> ?(Z< 4%
s5 [B5G =Y5&t Y #E; =0) $Lg , [>8
y TDbRAPOZ ( plH
WC OZ( $*5 6N <6 #"G plHB
0(C 4 ," THC
latm) Z(C c(H ZYj# Z ( |q D

@X ? Y5 ab6HIPv @F
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Electrochemistry

BR\8P
y) . ") 6L  (
Cd|Cd" (ag, 0.01M) HCl(ag, IM) H (g, 1 aximt
"G " ,09+9 (XJ (CcG 8
06L6 )6 A
X

plIH 9 # (Cd) K pH (XJ

0Z (
Cd(s) ‘Cd2+ (agq,0.01M) | HCl(ag, IM) H (g, latrPt
cadimium electrode(anode)- oxidati%ﬁége hydrogen electrode (cathodepuetion
Cd(sp2399% Cd* (aq) + 2e 2H (aq) + 2e 938 B (g)

Cd(s) + 2H (aqpYFAI9"  C& (ag) +H ()

32'( n-8B5' 8

Cd (s)%® Cd* (aq) ¥2e idation reaction
2H" (aq) +2¢48® H (g) redoctireaction
Cd(s) + 2H (ag)¥%® Cti(aq) + H, (9) overall reaction
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Electrochemistry

39 % @1 Y5 a6H Y|). =5 g

Cd |Cd* (aq, 0.01M) HCl(ag, IN) H (g, 1 ayit
|lg (HCI (ag0>6& ) 8 DGD "z 7T
Pi(s)) p6J "G99 plIH (Hx(g)) Z (
AF#$% @1 . abH w5 |jSFA
oZ WX A )2 "G9 plHn] % %T
H,(g, atm), Pty)6 ,|Y M# dd G 03"

P
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Electrochemistry

(Electrode Representatio®$ Y

<6 M"* 9X*s,8M ,1.pll A[ (J1
0JL A]}

(C8781 '8<6 plIH$ * 99X 1.( X

L V U Z7 TG[I&#t $ oIl $*

7 TG[ 92 1&# $*B?u (reduced form]

7V p" (oxidized form) (4,, V @ Z
@% @A 9%+ r [ xXMBX9 3X p*! UX
«? V oj 5, M"#B ,-b M |
M2 Y) @>6& p31 AJ)8
(31

> 6&)2U Y I &p 3H 7 | &# pll2.
y)6 Al C\I&# $*8<6 &
Cu'|Cu
<6 &>6&)2U Y I &3H 7
y)6 LAl ) # I&# $* 8
cu’”

Cu
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Electrochemistry

<6 &>6&)2U Y "G3pl 7
v)6 LAl )# C\l&# $*8
Cu®*, Cu'
)8 «L, 6N *\ AJ "M*8fCG*FC
>6& )2U Z 6, 7\
A U2 NbE& )2 Y p 317 %(H

P.

Y6 K pIHA[-9|MX6L 8 U Y6
ME[" K ° $*8<6 & >6& )2 Y
y)6
Cd*|Cd , Hc
, OB6N2-9 K ° :6J2 MB U3 8 fCG* #
31 7G[ *U'8 UI?
<6 >6& )2= ") 7 "= IH8n #-

| g< +> &"pll & M!") $*\ U|qpll
A[UWG ?2U%(X7 p 31 iHRe A[)?2

7 Z( |qA[|Y M&l<6 "G9
7  Z( $*8<6 &>6&)2U Y
y)6 , (# M6["

H*|H,, Pt
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Electrochemistry

e L Z(

| g "G9 A

®6& )2 Y p3l 7G[ UX
A ["$% Cs6L (1'0Hqg

@ P

K( f CG*F
% 6N A)S
M *20 H

[[8 $% & p6Qg8 A[ -9' 78 g =IH\
A[" g ?~ "} <6pll
({electrode diagranpll <IL  pll

(Cell Representation)

oX

kj "

8 pll A[ (J1
QJL A]} <
06L )AIHA N"

6[\ 04 <+ ?u

A
7 '"FCopll A[")2$,) 11
y
5

Y #'L' @ n TG =>

C1.<4"

Y

6L A[ (J1
6 6L $*
1.<6 (
p4C 911
<+ (C8

'§T G a6HS

3@ n L5+ =>'§L5+ a6? @,
p ' # \7 T&t 091 (C8 L
<+ L V 7 "F &®@”cy 3
p ' # 4\7 ' TNL O2?u O
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Electrochemistry

<+ L V 7 "F &mz¥)

78<6 %®oll )82 # kj DO 4
6L 7 ') 4 ]g 9 WX9 7G J 6&
y) &# <6

Zn|Zn*" Cu*|CL

, <6 > A[<+v 378 X $ZWM
\ >  6& "7 B2  6&6 9
6L A["7;2 U@.24 mol/L) 4\ (0.15 mol/L)
y

Zn‘Zn2+(O.24 mol/l) C&'( 0.15 mdl)|Cu

#K 'L >8 # 1 ?, 6 ? 5P
3 G"B6H 8 Y

A[" 1.)2%+UL'> \s6L & c )2
72 () 8 IL 4 A[ 04
y7 ' 6L A["

Zn‘Zn2+(O.24moI/I)H Cd*( 0.15mdl/)|Cu
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Electrochemistry

"+ Fn'"G z$> @1 5)/6? I 5%
5 " a 6HH|H,P) Y5 a6H >

3(cricl,, Pi)
>6& ," (& 4 <+ ?u <+ (C8 L*

y)6 , 6L A["7 |Y )IY]

Pt, H, (0.5 atn)| HC( 0.5mol})l Gl (latmpt
(HCl)> 6& (C> 6& * Z+' )2f CG*F

$ *\9 4# ) 4X Z(p IHM

)4X 6 pIH , >6& )2 Z Z(
W38>6& ,*)2_"Z (6 $*\94#
Fn f i sSWXZ75 M" % ?JM
[cell diagram) "+ V6+ 'A | "+
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Electrochemistry

! +V ( P *
Measurements of Electromotive Force for A Galvabed]
)2 = 9 '$* + X )
A? $*\ T MX9" D <+ *u r
$** 9 < MI"= 92 $ *" O>6&
OXJ < MI"= 9"

6L )OIT('6 | 1 O * 6ZAN +

v' * o6l 78f CG*#2 # _ ( :6H/ L

<6> THS$ * 6ZKLA"UOZ" +v&H"

QO?2upll < =1H (C8()) ,
Y71&Y M'# B @I 5% NAS
(! 7( M* 67? @ -
)2 >4 (V2 0 ()2 |,
M, K$+ Yg abHM t$ Y g a6H 6L
(electromotive force e.m.f) "+" 1 B'?
D$ B'T?
y) K87*H-9I ) H-9lI"
|:E
R
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Electrochemistry

y/8FC

0O (1 X2( _YE
X\ (1 1 yR

y7;2 *6! 6L C)2

R=R, +R
y/8FC
%»nG O ZL _ ( 1 (RexternalQ'Re
0T * 6!
06L6 67( 1 &(Rinema) YR
y 4" (1) H7™"
= E
(R. +R)
1 Y" ") '
A? A& "Y' =IH\N7|8 Y I'* 6?2(
iH #" (e.m.f) X2( 17,2 6L
0 sl12 J < # )2AJ)'<C
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Electrochemistry

1Z N +"[\
(Voltametric Method) 0 2 ( $

[ "+) T 1.Q! 211 X] 11
1. 0OPO9(!11 D_( )2 2
$ XJ WX )HG" ;2 GL <6 19I"(#
y #
(# , 3G "p94 6L " Zp& 8
=H\(#: @ ,")2 Y'B(& =IH\
@ ??G E FH8/ z ?E /01 <6
0"+"
X2( 1 U z7mer)2 " | *E
6L6 6?2( 1 <6 pBLAY 4 v
06L6 X2( 1 AH8,1 (! 7
| 1 k6 J"% 1.78 H 6" k3
OH( 6L6 X2( 1

(Potentiometric Method) !  $

o(' 211 1" U xX2( _ 111"
W X6s(*2 ( H<6U'Bl c¢c ( X"

11 ¢ )2 (Poggendorff compensation principle)
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Electrochemistry

) 17 ' 6?Ad '1 6L A N"
X"=6l 6L T1 ?2~0j )2 H##

(L4 6L o | <6 T ! 6L Qe.m.f)
OTQf KA PQ(potentiometercell) _ ( )2

W8 H "X  ( )2ba8 6L AN"
G) * 6 6' & L4 _ I#l <6
6L (Z78+ # U N  KkOJF& I#l <6
. W KL ' gGAB)> | > X(E) '1
(Zz X "1 6L We( ! 6L AN"
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Electrochemistry

<B(AB)> | > XM *8e # 1 4 11 #
0 I#1
(S) 64 n& (E) 6L6 X2( 1 H X
0 *6 )2 " %<C (ab)64 > .<6
y7 7'@ (#

E. < AB

E, < AB'

E _AB

E B

OK6X0'1 (Estandara yES
0 | (Eunknowr) yEu
E, AB

y)6 | X2( 1 H
E, _AB
E, AB
g =25 ¢
AB
) 14 $ XJ <6 #96Y" #8k3 c
0 11 )28,
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Electrochemistry

(Measurementof EE M. B) ]/ [P *

* 64 67 89IH A N"'
P, T &0Ov C< (galvanometer) * 6!
| H =8 0 7 '<6 % * 6
TnOOOM4*  <+m'8 ) (1 )2}
78 Yvoltmeter) |1 ) 78 oH M*;2
(6 1H 8&&N_ H I+s A X
Ol ¢ <+5!6 % M*;2 M'" H"°

[ $>
@ 5% 9YaG,
)11& (! o - "78
2, (! 9% X ?5"
"HlI H> E 6L
P94 0 @)
L1 1" 78
HXS$"
06?") (&"

%'$ T ?2/8 ? 6 eN#UM%#;, a X

1 <6 p 6Y MO

T?
% ( 16 H

"# p8*? X

D+ U
M H°
% BXC 78<+ 2j

E X2 (
%TnO0O$ ' HY,;
(voltmeters)

(high impedience

=+

N—”
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Electrochemistry

( !'1 1AX 4 1 1 U j
U ( Hfbalance)l "G / & % (potentiometer)
0 U(Z UG Vj
TnoOd 1AX 4T #'o9Q !l 1 J
v( #9W X &< 6 U * 6Z
AX 4" ({poggendroff compensation principle)
X2 ( "H78<0D#XZ 8 '"H 67
) 6L6 ! X2( 1 4,X 6X
( M*211 1 .wPA9H) T nO0Xd H®
oY AX 4") "1 6L 2 1+
{Westoncell)f ' 6L 2 X )
7' 6L UIL Oh WA] K
j %X " 38{ @F
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Electrochemistry

C Al Hv & A])ZZ * _9)
7 p Z \'pll 04\ \ 6L ) 9IH
-9 9% 9,0 -9 f 6L #IX<IY - ¢

K ° $ 9, $6M H2 [
Y6 7 2p4 4\ pll 8 CdSQ.8/3H0)
14%< 42% w "K ° * 94# K -
$ 9,$6 19. E \pll )2, E H2U [t
x
> 6& 2UE X X ) @ > 6&
<6\ 7 # A1IX $ 9,k6 09])
L Z * 8 ] A1l & D
e Y "G9 7( X 76" | YM*2 6 4

y)6 , 6L A "=IH\$G "7 " QAN

Right Hg SQ +2e&4® 2Hg+ SO
Left Cd¥%& Cd' +2e

Cell HgSQ +Cds®& 2Hg+Cd $O;

T~
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Electrochemistry

K~ $*87;2K " $ 9] >6& 78
$VZpa" 6L A ")2"# $ 9 ) #H
y)6 , p94 6L A "7 69" >6&
Hg,SO, + Cd +¢ H G4& 2Hg + CdSEH O

A 6 "7 'X9] q7 ' 6?72

X~ $ 9, 69" FC>\
3 | I'%X "9 %
4 *5
(reproduciblel = 1 ,*(# X4 (Z-
(Z Y %
OH(v X (Z78<+ 2j+-
DX ? "+ =$L=9 eNAFn
7' 6?2(Z((&" j HG fo#' 8 (H
y'l & Z (#
E=1.01830-4.06 10 (t-20)-9.5 70 (t)20
@{1.01807 V) 4 (25°C)(# (! 2
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Electrochemistry

"+ YT ?i5Y V6+ 38 @F

L2M% @- 2M (I_ IZP * \
I 6L O )2 "1 7 67 0j "
Al)2 E X2( "HI H) E
c!" (C8 c!", ,XFC DgR®
7 62 "7, g 4 A] )2 , Gn?\
4 #j M NL ()2 ' (W)
@ab)f 1*A,)2 (1 4*! 1A (ab)

>

e

(@b)A ,) 2

p "#(E) 87

"7; 2(X)
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Electrochemistry

11*) (c) 11# < (@) I1# M# Z)2A
) #X  @Qab) 1 o (S)n & A N | "
fac)>.op'# (E) 8 ! 6L6 Th00)Or8§

(ab)>.<6 (S)AN n& (E) H '@ M*2
_ H8 *6l P, #<IX%) Il#<C
y*, M*2 (balance)l "% I11* *8<+ ]

E, < ab
E, < ac

y7;2

(@)

E, _a
X

(@)

E,
Ex =Eu -
M'H (ac) (@b) A,>. 6X (Ew)78FC
014 X T+ (Ex) H7:2
yuXx9. 3
Ex) H 98(Ew) H7 "78:
6'7 78p6l | HY8<6 >J& 78
AX 4 * el 7 78 U fb) 1
<+ Z& 7 4(c) I1# ( (& < CU'4C
0 [nG' 87 '
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