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Voltmeter
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~— H,(g) (1 atm)

Standard hydrogen
electrode (cathode)

Zn(s) —= Zn**(aq) + 2 ¢ 2H%ap +2e” —= Hy(g)

Fig. (1-1) : A galvanic cell consisting of a Zn/Zh(1 M) half-cell and i
standard hydrogen electrode. Electrons flow fromzimc anode to the S.H
(cathode). The measured standard cell potenti2B &C is 0.76 V.

Zinc atom, Zinc fon. SHE as.

cathode

Hygas 4
bubble

Chloride
ion, CI-

2H* 4+ 2¢= — H,
Reduction, cathode

Fig. (1-2) : The Zn(s)‘ Zrt* (ag, 1 MD H (aqg, 1M); H (1 atf®t in which the

following net reaction occursZn(s) + 2H (aq)d 3- ZA" (aq) + H g In this
cell the standard hydrogen electrode functionhiasathode.
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Fig. (2-1) : Summery of the terminology used in voltaic 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 compartmerthé anode

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 grajgef potentia
of 0.95 V is obtained. (The water and citric acidhe fruit allow
for an ion conduction between electrodes). Thid iselmore
complicated than the one in above figure.

Br— 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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™ H,50, —
4 (electrolyte) \
Lead grid packed
Lead grid packed with with PbO, (cathode)
spongy lead (anode)

Fig. (2-4) : A lead storage battery and a cutaway view of
one cell. Each electrode consists of several grids withrgel
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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(b)

Fig. (2-6) :

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

b) Two nails were placed in an agar gel that coet
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 rest of
each nail is the cathode, at which water is redtedd, and OH
ions. The OHions turn phenolphthalein pink.

(CreaS) — (g 030) 398 5 AlAd haasa a1 (V-Y) JS
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(b)

Fig. (2-8) :
a) A strip of zinc metal is immersed in an aqueoasper sulfate
solution. The redox reaction takes place at theahsstiution
interface and directly transfers two electrons frdmatoms to
CU*" 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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Oxidation hall-reaction recduction half-reaction
Znls)—> Zn**aq) + 2 e~ Cu*'aq) + 2 € —>Culs)

Zn(s) + Cu?*@aq) Zn**(aq) + Cu(s) |

Fig. (2-9) : An oxidation-reduction. A strip of zinc is placed in
a solution of copper (Il) sulfate (left). The zingacts with the
copper (Il) ions to produce copper metal (the brawlored
deposit on the zinc strip) and zinc ions in solutio
Zn(s) + Cd* (aq)d 3- ZA" (aq) + Cu(
As copper metal accumulates on the zinc stripbthe color dus
to the aqueous copper ions gradually fades (middéeright) a
CU*" ions are reduced to metallic copper. The zinc lcagueou
solution are colorless.

Uy—Uu)y

— 52uSY) il Je i) iat) S Jelil i o San s
Pl B ) eall e (J) Y

Zn(s) + CuSQ (agl - ZnSP (aq) + Cu
{5 ealide IS

Zn(s) + Cud* (aq)O O- ZA" (aq) + Cu(s)

dissolution, corrosion (oxidation) deptien (reduction)
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Cut*ag) +2 ¢ —= Culs) Zn(s) — Zn**ag) +2 o

(a) (b)

Fig. (2-10) :

a) A galvanic cell that uses the oxidation of zimetal 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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Zinc Copper(II)
sulfate sulfate

Fig. (2-11) : The Daniel cell consists of copper and :
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

7inc

WD 1O)

electrical circuit.
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Zinc
anode 2L

i

- ZnS0, solution

Zn is oxidized
to Zn"" at anode.

Zn(s) —=Zn™ag) + 2¢-

- O]

Z0(s) 4 CoP(ag) -

Voltmeter

Copper
cathode

Ki—

Salt bridge

CuSOy solution

Cu® is reduced
o Cu at cathode,

Net reaction

Fig. (2-13 B) : A galvanic cell. The salt bridge (an inverted U

tube) containing a KCI

conducting medium between two solutions. The oot the
U tube are loosely plugged with cotton balls tovpre the KC
solution from flowing into the containers while @Ming the
anions and cations to move across. Electrons flatereally
from the Zn electrode (anode) to the Cu electradéhpde).

solution provides an electty
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Cathode
compartment

Anode
compartment

[Cu+ + 2¢—

!
Zn— Zn** + 2¢ | ¥

oxidation | b

Net reaction:

Cu?t@aq) + Zn(s) —— Cu(s) + Zn?tGaq)
_ —

Fig. (2-14) : A simple electrochemical cell. The 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 ttwé solutions.
When the two metal electrodes are connected byndumbing
circuit, electrons flow from the zinc electrode, ex zinc i
oxidized, to the copper electrode, where coppes ifsaom the
solution are reduced.
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(73)



(74)
Electrochemistry Al S plaassl)
ot il | WV : (gl | Jucd

I A s Or e LY A

Anode Cathode
o A
K,S0, salt bridge !

Cathode
compartment

Anode
compartment

| Bt .
Zn—— ZIn*t + 2e | P !Cll“ + 2e—(u

oxidation |

Met reaction:

Cu**@ + Zns) —> Cu(s) + Zn**(aq)
- —

Fig. (2-15) : A simple electrochemical cell. The 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 ttwé solutions.
When the two metal electrodes are connected byndumbing
circuit, electrons flow from the zinc electrode, evta zinc is
oxidized, to the copper electrode, where coppes ifsom the
solution are reduced.
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Copper

Zinc atom, Zinc ion,
ion, Cu?*

Voltmeter

Metallic
/ copper
(5% agar)
Salt bridge

Copper
atom, Cu

Zn —Zn’" + Cu?t +2¢” — Cu
Oxidation, anode Reduction, cathode

Fig. (2-16) : The zinc-copper voltaic cell utilizes the reaction :

Zn(s) + Cd* (aqp 3- ZA" (aq) + Cu(. The standard potential of th

cell is 1.10 volts.

is

Circuit (pathway of
Electron flow Sal£ bridge elecgical charge)

. /J\A‘_\\Q tl! _(Eathajde
| E
i

Oxidation Reduction
Zn—Zntt+2 e Cut"+2e¢ = Cu

Fig. (2-17) : Electrons produced by oxidation leave a galvanic c¢
the anode (-), travel through the external circuit, and reenter that
the cathode (+), where they cause reduction. The circuit is cowh

o[l at
cel

plete

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 cell described 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 galvaalic c

=4
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Fig. (2-24) : The zinc/copper voltaic cell utilizes the reaction
Zn(S) + Cd (aq)0 0. z# (ag) + cu(- 1he potential of this cell is 1.10

volts.
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Fig. (3-9) : The standard hydrogen electrode.

Fig. (3-10) : The standard hydrogen electrode. Hydrogen ga
atm pressure bubbles over an inert platinum eldetrthat is
immersed in a solution containing exactly 1 Mibns at 25 °Q.
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f [
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The potential for this electrode is defined as dydrV.

Ssatl
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Fig. (3-16): A glass electrode that is used in conjunctioth\al
reference electrode in a pH meter.

- Reference solution

Ag wire coated with AgCl - A c 3 e " of dilute HCl

T Thin glass membrane

Fig. (3-17) : A glass elect ode consists of a silver wire coated
with silver chloride that dips into a referenceusimn of dilute
hydrochloric acid. The hydrochloric is separatednfrthe test
solution of unknown pH by a thin glass membraneeWa glass
electrode is immersed in the test solution, itsteleal potential
depends linearly on the difference in the pH of sbitions on
the two sides of the membrane.
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Jae ) (adadl J Y 2eag c(EO

cell

=+0.057¥) &

(Ee,=+0.2676v)

Pt(s) Hg(L) Hg, C}, (s) KCl(ag, IN) || CU” (ag, 1N) Cu(s
calomel electrode (anode) - oxidation copper electrode(cathodegduction
2Hg (L) + 2CT (aq)d Eﬁ@ﬁ‘d‘jﬂ;&ua Hg C} (S) +2e Cu?* (aq) + 26 Q:Bj g~ cu(s)

Cu?*(aq) + 2Hg(L) + 2C1 (aql ggf@g.ﬁ@m Cu(s) + Hg &l (s)

p Al dBdad) £l (uladl) lad aga Gilua (S (@
Elen= Ecu - Eca

cell
0] —_ o o
ECu - Ecell+ ECal

Ee, =(0.0570)+( 0.2679
E2, =0.3246 V

¥-¥) Jho

a) Write the chemical equation for the cell reattio
resulting from the following half-reactions :

Hg' (aq) + 2é] > 2Hg(L)

2Hg(L) + 2CI (agq)) 3> Hg CJ (s) + 2

(168)



169 ;
Electrochemistry ( ) Al Sl pliassl)

] el 2R i il i

SHH D) e o s Ly das)

b) Write the cell diagram and draw a schematicupect
of the cell and its contents, label the anode atdodle,
and indicate the direction of electron flow. Assuthat

the cell contains a salt bridge filled with a K&l g

Jall

Answer :

Hg? (aq) + 260 > 2Hg(L)
2Mg(L) + 2Ci (agq)d > Hg CJ (s) +2

Hg3' (ag) + 2C1 (agJ 3~ Hg Cl (s)
b)

Hg(L)[Hg,Cl,(s) HCl(ag] Hg (NQ } (ad) Hg(L

Circuit (pathway Salt Electron
_of eiect;ical charge) bridge flow 4
E i \,“ // ‘1\ B g

Anode ; / : Cathode
R ey g B ‘w
14

i 4

- R Hg(l)
Oxidation Reduction

(VA-¥) Js&
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Electrochemical Series
S(E°) el W e il Al URdY) dsen i
Dhail) JIRY) el 5 gea 2l 8 palll e Sl Jglaal)
Bans) Jolil 48 die g Anlaa) (8 w5 (ol (VY s
V) JIEAY) Jglas (B siSe b Lal g glud gl dad (b
BN Gy L
(reduction potential))l 3a¥) asea Ao el Jslaall i i
(oxidation potentiglsaus¥) asea e ol Jolaal) casi i 4ins
ol JIEAY) aseal AuSlaa 3 gm dseall i 4
Jlaal) ety 3auSY) daid Lallis o dulag) SICY) QLAY
Aol 3ausSi agga o JIFA) agea e Adligall
dadlal) 3 o8N Aludu gl Aol Aludu o) (AuilasS g eS))

Lod

Al gl
G e alle aine 8 JIRY Jglaa 1Al caaie) sl

No| BN
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G painl) G gl Fia) laga Cie (peaie Cudac 13)
3> sV paiadlg ((cathode)dagall Jies i A1 340 g
: O ¢l (anode) ) Jias sl 41) J|

0o 0o
(Ecathode> E anode)

Ghill & Cpagougd qld s ol e @Ay o3 sl
By (g bl b pa QB 3 g A3 jla oty () cpa all
bl G gungl) Qld aga dad o) o Lyl Uy o
) ol i) cbbuall Shgad i g T jha g gl
(1 atm) osS bl baall Sua alall dpuldll Cag okl
adle ) ran A G L ) ganall (a5 uell il 5 yig

(A M) 32 s G lasa 0585 G 5 o0ed) Sl
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CUaY) aiai g o) Al 1A 2 sea alll) (a5 gl
LAl a5 gl akad (e ST A graay Ll g <) ass )
() o e ) AA) 3 s

s Guay i) Jbasl it o J)RAY) sgs gl Y
ligl) S5 da uk— Loy gl ) uad Gl
oAl A e g cqulally ddnaall

) i Ailian 5 Sl AL Jgan A J) FAY) 3 sea aran g
(25 °C) 55l Aajn s aansll Wit dyigl dllad
G b cnd Gl 5l Jil ) el sl (e ol
saa sl (5 g Adlad 3an g Ll i ) o d38s aSlly aal
ool AL dpall JIRY) 2l e e n (@ = 1)

b el ol S e Alladl) aay sty (E°)
Asidd) Qs 8 L)l Ll Y) (mol/L Y sall) Jall
O A ddide dillae o deadin) Ulllas o I Tk
)Y gall juat andfii SlIA 4G Y gall Ty 88 (5 glud dulladl)

A ]}}bd}ﬁgﬂb\_ﬁ\_jm
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Apilias 9 gl Adudud) Jgaa (B Lasiia bal) puag (S LalS
iy (i) dlle (BawsY) clig asty) (gdUaY Al cuils
(s SV sl ) Al SISV sl (e JIHAY) 2 5en i
Ley a8 AN A ggaall Lubifia Lo puaind J) Y g dadd ()

AU g Sl) &y o) o) puaainl)

e Jd
Ry (B3, = - 0.763V)) (ypem AU (ouldll ) 521 263 Ao
@ (Pt Fe', FE™) J5ayls 5281 il J) 58y s
OB b ST cpa Al J1 A aea o L ((0.771 V)
S Joniy (o sty Sl 5aus] Al Gaany (ppem LAl
e Jeasy (FE™) chuaall il Lan oJoladl 4 il
Al die Al laie ) cilig SV Lkl J)
Jela b oyl ¥ ol Jalall) ol cadad e G yid
le el () g (o sl i Ataga s ) AY) 5 5008y

P G
Zn(s) O O Zrf* (aq) + Ze (oxidation’
2x| Fe" (ag) &1 0. Fé (aq) (wetion)

Zn(s) + 2F&" (aqy 0. Zff (aq) + 2F¢aq)
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W lanti Js dgSl il gl e O 5AY) Jghan 3aile paiss Y
Aad) delal () 3Y) Allad dpasl) Clluad)
S Jalad AlA (Guilia ) Ailians g gl AdA) st g
dlec siic Caaat axian (pe Ll LaalilS ;) dgilita A 18
A Y J Ayl dlee saie Gaaafday g 3auSY)
SeSI ol Aa Laiy colo jeSI T jaima j et 4 pililal
Gl g JSIYL 2 SUSH (g2 5 ¢ aJa Hdan (e Ll Lead a5
A5 e il
(o OUling Legd W) 33uSY) 2ga (5 sbow bl J1 358Y) 2ga
BN
D e g Jla

Li(s) O Lifaq) +e E = +3.04¥

3auS) aga

Li*(ag) +© O TP Li(s) EB= -3.04¥

EERIA
(IUPAC) 4snkill 5 4y yaill ¢l Y gall slaiY) oamn sl a8l
v Jaily BLERYY (1953 s ) olseS sl (3 Aelaial &
e a5 5ol AL J ghaa olisy J15ERY) 3 sl calail

AP 3 s ula

” 1lasS 5S4l bl i aie gl o

g

aie Jinl juaic gf4a) ) akivg (electrochemical serie

(174)

9




Electrochemistry (175) duily o<t sluaxsl)
ot | ol | 2R bt el k| Jucd |
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Badl) sdic dpllas Y palal) oY Adglas (e ALl i
JI 3R 2 e LAAT 135 Jpdaal) B A g i gyl oy gl
(E,=0.337V, E, =00.799) JaS dadll 5 Ll aill 4 bl
3 ey Gliall sl o) aa dlagie il AR 0 4SS 2ie
Aol 3 A (e a5 3y Jslaall b Al S
53y el bl (kUi (ol il ol e
4l 5 il 288 g (il 5lS) dom ge i gl A o Alglaa
Ul e Targall dakaie ) deaall dakaie (30235 )
e Ll Jia Sayy (S ulaill) diaeall Jooa 5l
L ) pal
Cu(s) O @- Cd' (aq) +2e oxidation
2 x| Ag'(ag) +e0 O Ag(s) reduction

Cu(s) + 2Ad (ag)d - Cti (aq) + 2Ag(s)
(Cu) Llall (adad Liiwae 13) cdle Ll (s doaad o 085 5
i) i gl o) aad (AQT) i) il gl Jsdae 33 sl
J a8 Gelaaill sy Wl g e uladll adad e sy
Y sl mranl dcail) il gof J slae @l G gla dcadl) il
Lia cpaaal g off (A Gl Gl gl 5 dadll gl e (5 5ia,
de gluaa 4o gl & ddadl) il gal Jallaa Jadia 3 ) ghadl) (e AllE
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dod A0l ) e (pdaal) SlA Aadl) s gl J gdaca gl (pa

Mhuu&‘—wi Gl gl e s g
ull) (i gyl coati a8 bt A yiliaS g S Al

(a=1,T=25°C)
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25 °C aie lhad¥) (anad Al J) HAY 3 pga
Standard Potentials at 25 °C
Electrochemical Series(dxbas g ¢S dlulul))

Species Reduction half-reaction E°, V

No/N3 gNz +H +e0 0 HN,(g) -3.40
N3 /N, 3N, +e0 O N, -3.20
No/N3 gNz +H" +7e0 0. HN, (aq - 3.09
Li*/Li Li*+e 0 Li - 3.045
K*/K K'+el @ K - 2.925
Rb'/Rb Rb +e0 0. RE - 2.925
Cs'/Cs Cs +eld 0. C -2.923
Ra'/Ra Ra®" + &0 - Ra -2.916
Ba’'/Ba Ba® + &[] . Ba - 2.906
Sr/Sr SP" + &0 0. Sr - 2.888
Cd'/Ca Ca+®00 Ca - 2.866
Na'/Na Na'+e0 0. Na -2.714
AcT/AC Ac*+ 380 > Ac -2.6

La’/La La*+3 0 La -2.522
Cce’/Ce Cé"+ B0 0. Ce - 2.483
Pr*/Pr PP+ E0 0. Pr - 2.462
Nd**/Nd Ne* + 380 O Nd -2.431
P’ /Pm P + 0 0. Pm - 2.423
Snt'/Sm S + 30 0. S -2.414
Eu'/Eu Ev + 30 0. Eu - 2.407
Gd**/Gd Gd* + %0 O Gd - 2.397
Tb*'Tb Tb*+ 380 0. Th -2.391
Y¥IY Y¥+380 0 Y -2.372
Mg~"/Mg Mg®+ 2e 0 . Mg - 2.363
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Dy**/Dy Dy*'+ 3e 0 . Dy - 2.353
Am*/Am Am**+ 380 0. Am - 2.320
Ho>*/Ho Ho™ + 380 O- Ho ~2.319
Er/Er Er*+ 380 O Er -2.296
Tm™/Tm Tm*+ 30 3. Tm _2.278
Yb**IYb Yb*+ 380 . Yb -2.267
Lu®*/Lu Lu**+ 380 3. Lu - 2.255
Ho/H iH,+e00. H -2.25

H*/H H*+e0 0. H(g) - 2.1065
Sc/Sc SG* + B0 - S -2.077
AlF /Al AFZ+ 380 0. Al+ 6 - 2.069
PU/Pu P + 30 O Pu -2.031
Th*/Th Th*+4e0 O, Th -1.899
Np**/Np Np* + 380 O Np - 1.856
Be”*/Be Be* + 20 . Be - 1.847
U /U U*+3e00 U -1.789
HfO,, H'/Hf HfO,+ 4H" + 4e0) 0. Hf + 1,0 -1.7

Hf*/Hf Hf*+ 480 0> Hf 1.70

Al°*IAl A+ 380 0. Al -1.662
Ti/Ti Tiz+ 280 O Ti -1.628
Zr*1zr Zr*+ 480 0. Zr -1.529
SiF/Si, F S +4e00. Si+6 -1.24

Yb*/Yb** Yb*+80 O YO -1.21

TiFe /Ti, F TiFZ + 4e0 0. Ti+ 6 -1.191
VIV V¥4 280 0. V -1.186
Mn“/Mn MnZ+ 26 0 0. Mn -1.180
Sntt/Sntt Sn* +e0 0. SW -1.15

Nb>*/Nb Nb* + 380 - Nb -1.099
WO, /W WO? + 4H,0 + 660 0. W + ®OH -1.05

Pad+/Pa, HO PaC" +4H +5&l 0. Pa+#20 -1.0

Po/H,Po Po+2H +2Z2003 H,Po > -1.00
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Se/Sé Se+&00. Sé -0.92

TiO%/Ti TiO* + 2H" + 4e0 0. Ti+H,0 -0.882
H;BOy/B H,BO,(ag) +3H +Zél . B+RB,0 -0.8698
H,BO./B H,BO,(s) +3H +3éld. B+H,0 -0.869
SiO,/Si SO, (quartz) + 4H +2& 0. SiH20 -0.857
Ta,0O4/Ta Ta,0, + 10H +10eél 3 2Ta#50 -0.812
OH/H, 2H,0+2e0 3 H +DH -0.809
Zn“*/Zn Zn*+ 20 O Zn -0.7628
Zn“*/Zn(Hg) Zn* +Hg + ZeO 0. Zn(Hy 0.7627
TITI TH+€00 TI+I -0.752
Cr*/Cr cri+ 30 0. Cr -0.744
Te/lH,Te (aq) Te+2H +2d10. H Te(dq -0.739
Te/H,Te (9) Te+2H +2e] 3 H Te(y -0.718
SbG,/Sb SbQ, +2H O + 3] . Sb +@H" -0.67

Tl, Br/TI, Br TIBr+€0 O Tl +Br -0.658
Nb,Os/Nb Nb,O, + 10H + 10é] 1. 2Nb +5,0 -0.644
u™u® uU“+e00 U - 0.607
As/AsH; As+3H +3ed 3 AsH (¥ - 0.607
TICI/TI, CI’ TICI+€0 0. TI+Cl - 0.5568
Ga '/Ga Ga* + F0 O- Ga - 0.529
Sh/SbH Sb+3H +®0 - SbH, -0.510
H.PO,/P H,PO, +H +eJ 0. P(white) +,0 - 0.508
HsPOy/H3PO, HPO; (ag) +2H +2& - H PO (ag)+,0 | -0.499
SIS S+®E0D & _0.447
Fe'/Fe F& + B0 0, Fe - 0.4402
Eu/EU’ Ev* +e0 0. EF - 0.429
Cr*, CF/Pt cr'+e0 0. CF - 0.408
Cd*/Cd Cd + 280 O- Cd - 0.4029
Se/HSe Se+2H +2él0 H Se(3q - 0.399
Ti**, Ti¢'/Pt Ti*+ 80 O, Ti* -0.369
PblL/Pb Pbl, + ZeJ > Pb+P -0.365
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Pb, PbSA'SO,~ PbSQ + 2e] 3. Pb §OF - 0.3588
Cd™/Cd(Hg) Cd** +Hg + 2e1 - Cd(Hp - 0.3516
PbSQ/Pb(Hg) PbSQ +Hg+2€ 0. Pb(Hg - 0.3505
TIH/TI TI+e0 o Tl -0.3363
Co’'ICo Co*+ 20 . Co - 0.277
Ni“*/Ni NiZ*+ 28 0 3 Ni - 0.250
Mo**'Mo Mo®+ 30 0. Mo -0.20
Sr/Sn Sr** + &0 O Sn -0.136
Pt */Pb PK* + 20 O Pb -0.126
Ag, AgBr/Br- AgBr+el . Ag +Br - 0.0713
Ti**, Ti**/Pt Tiv+ a0 T -0.04
D*/D,, Pt D'+e0 0. 1/D, -0.0034
H*/H,, Pt H*+e00 3 H, +0.000
Ge'IGe Ge +®0 0. Ge +0.01
S, Srt/Pt sr*+ &0 0. S +0.15
Cu", Cu'/Pt Cu* +20 3. Cu +0.153
Ag, AgCI/CI AgCl+e . Ag+Cl +0.2224
Hg, HgCL/CI Hg,Cl,+ 2el - 2Hg + ZI + 0.2678
Cu”/Cu Cu*+ 20 0. Cu +0.337
Fe(CN)}", Fe(CN)’/Pt Fe(CN) +e0 - Fe(CN) +0.36
OH/0,, Pt 0, +H,0 +2e] 0. DH + 0.401
Cu’/Cu Cu +el 3 Cu +0.521
1/1,, Pt l,+2e0 0 2 + 0.5355
Te¥/Te Te" +480 [ Te + 0.56
MnO,, MnO,“/Pt MnO, +& 0 O- MnG; + 0.564
RK/Rh Rh2* + 260 [ Rh +0.60
O/O O, +2H + 20 0. H,0, + 0.68
Fe' F&'/Pt Fe" +el 0. F& +0.771
Hg,”"/Hg Hg} +2e0 0. Hg +0.788
Ag'/Ag Ag'+ed s Ag +0.7991
Hg“*/Hg Hg™ + 280 O Hg + 0.854
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Hg~", Hg'/Pt Hg* +e0 0. Hg +0.91
N /N** NO; + 4H" + 3e0 - NO + 1,0 +0.96
Pd*/Pd Pp* + 20 O. Pd + 0.987
Br/Br,, Pt Br, + Zel] 0. Br + 1.0652
Pt/Pt P2+ 280 0. Pt +1.2
O/0” O, +4H +4edD. B0 +1.229
Mn“*, H /MnO,, Pt MnO,+ 4H' + Zed 0. Mi* + B,0 +1.23
TI°*, TI/Pt TI*+ 260 O T +1.25
MnO,/Mn** MO, + 4H + Zell 3. MR’ + 8,0 1.28
cr?, CrL,O,~, H'/Pt Cr,0% +14H + 6e] - 2C¥ +R,0 +1.33
CI'/Cl,, Pt Cl,+ Ze0 0. LI +1.3595
Au®", Au'/Pt AU+ 280 B AU + 1.402
P, H'/PbQ, Pt PbQ, +4H +2d]1 0. PB +R,0 + 1.455
ClO5/Cl, 2CIO, +12H + 10éJ 0. CJ +B,0 +1.47
Au®*/Au Au™+ 380 O Au +1.498
Mn>*, Mn“*/Pt MnO? + 8H' + 5e0 0. MrA* + #,0 +1.51
Mn’*, Mn**/Pt Mn*+ 80 O Mn® +1.51
Ce™, Ce'IPt ce"+el 3. C& +1.61
Cl*/Cl 2HOCI + 2H + 2e] - CJ H,0 +1.63
SO, H'/PbSQ, PbG ,Pb | Pbo +SG +4H +2& 0. PbSO +H20 +1.682
Au'/Au Au*+e0 0. Au +1.691
oYo0?/pt H,0,+ 2H + Zed O» M,0 +1.776
Co’*, Ca'/Pt Co”+%0 0. CG' +1.808
S,05 /SO~ S,0f +2ed 3. B0 +2.00
O/O” 0,+2H +2ed 0. Q .0 + 2.07
H/H,, Pt H,(g) + 2ed O 2H (ay +22
Hg,Cl,/Hg, CI Hg,Cl,(s) + 2ZelJ - 2Hg(L) + 2Cl (aq + 227
F/F, Pt F,(g) + Zed 0. 2F (aj + 2.87
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LLE il Ll Gaddl Al J) 5AY) 3 sea Cuali LIS m
ioad ala) JIpio Ledld o el 30.S30 3aldl)
Jsan) bS5 Sl Aluludl Jsan ey (I A1 Jal saS
A (32S] jaliall Jeul) & il Jal gadl (5581 8 (F-Y
(B =-3.049 (5 sl a4l sl 2ga Cam (L) a5l

JalaS Balal) 568 cal) LalS J)3AY) Mo dad culd LalS m
J s

Balall 4,0 culS LS QU J) FAY) 3 e 2 ) ) LS m
ol 528 Lgiya8 ala ) 32uSW Lealld (e el J)5aadl
s (V58 eabiall Jeul) 3208 5al) Jal sall (5 5815 (3208

(En = +2.87) (5 5b 4l) 3ia) sga Cam oF, 5l

LS e JalaS Balal) 3 68 ) j LalS J) AN aga dadd 31 LalS

QU ombd o g ging (Al 5 oS Add) ol 6l o m

iex ) Jiary casgal) Jiay SV JIAY) dea 53 aladll

Yl s 9 bl Ly ddall duwan B el
Dbl dgall I Jiar s carad) Jiad jaaY)
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O VAl Al Gany (sl 5 sausT Al Caany (AN k) dasy
» Al A8NRN (@8 5 J) AN 3 gen a8 DA
EO

cathode > EOanod
P Al Y Lo gea ulS g ¢ 5K 5 (alia )l Liad Lial oS ld

(B2, e = 1:3595 V, E,. ., = -0.1260)

Cly/2Cr

Ec, (-0.1260 V) < E, (1.3595Y
_anode_ ;—ca\a(E_J

b l
Po(s)0 1 PEB"L,0- PE™ (@) + Ze  cl,(g) + 280 [ [8UFEN 0~ 2C1 (ag

Pb(s) + Ch (g)d [ @_'Yﬁa'tfeq@gl ~ PB* (ag) + 2Cl (aq)

Elen = EOCL - Bpy
B,y =1.3595( -0.1240 =1./8Y¥
Ol A )lee 4l Cia gally adasll ) H5AY) dea A CilS 1)
bl 138 uay (Ldall (5 sl 4l Jia0 g (5ll) (a5 el
\bj) .Sl (2aa g (C'.\Uﬁi 5 ) g ujr_ oS \'Aj) d\};‘){\ Jew
e Ala g (5SS (g0 ST Ll Al 5l A s ) goa e OIS
J ;.Qd ‘.Jdi c.:ja\ mgy Lfi ‘L.):’.;}JJ—"@J.. ‘U_AY.L:\_L:\J Mi
‘ﬂh @my (\ ‘1_\‘) ds..ﬂ\) c:\ﬁA\.’J\
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Strongly
oxidizing

+
0 H"/H,

Standard potential —>

Bly
reducing

Fig. (3-19) : The significance of standard potentia. Only
couples with negative standard potentials (and éngniag below
hydrogen) can reduce hydrogen ions to hydrogen dasg
reducing power increases as the standard pot&eitalmes mor
negative.
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(e Jld
NP PAUP RV | PV S| W N [ POy p—
sl 3y iy Y(EL L., = + 0.337V) ) il
OY (HY Opnsois sl 5 5a o (5% (g3l 5 alillas (1)
p shall e ST paail) J) A sea

Cu(s) + 2HCIO [ (no reactign

Cu(s) + 2H (ag)d &> (no reactipn

O aal) lladly o ladll )5y aga dad cailS 1Y)

) 380 aea (52l Cpa g el (sl 4 lie 4ld (Laall

Bogua Ao s 1)) JISEAY) i gy (Ldall (g sy

g ol Al By gua (Ao LS 1)) auslil) Jgug (2l gl

(s isel) (s (LS ey N (0SS 0 ) g8

slall Jie 48 s (o Gan el Jae g o @iy
Agalall Caglall 8 mlaal

(@l J
) 5al rea 53 Zn (€l ea il U Jus e

Alllas () o5 sasgd) 0l ey (E5, = - 0.7624V )
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JI35a) aga OF (HY caasoms Cligl ) pa o 5S35

Zn(s) + 2HCI(aq) > ZnCl (aq) + H {g

Zn(s) + 2H (aq)d &> ZA" (aq) +H |g

s B Y JIFAY) g ol La Jalaa b Alalaal) <y ua 1) m

(i Jkd
Zn*(aq) + Zed 0. Zn(s) °E =-0.7624
2| Zn* (ag) + 2é1 O- Zn(s) °E =-0.7624

+ add 3 ,LaY1 8 J1 Y aga e 5uSY) aga (alis w

Zn* (aq) + ZeJ F1'PTL  Zn(s) °E =-0.76%4
Zn(s) O TP, Zn** (aq) + Ze °E =+0.7624

Oe iy ouldll axiadll aga g ulidl) Jaggall dga g (3 AN

all) o AMAY 3 a8l uliBa oa AR aga g L) 2ea

(5 Al iial) 3 goal) B a8t (pulfia g f ¢l 14 Agan
Aol Ja g i) M Je i)
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Lol G
L;“‘L‘sj‘ Mu\ el Ezell
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2Ag(s) + Cd" (aq)0 3> 2A§ (ag) + Cu(s) oF = -0.442
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Ll e k) Je il
2Ag* (aq) + Cu(sp) - 2Ag(s)+Cl (aq) °F = +0.442
(oSad Jelail) aga dad 8 Jeliill Se die ail Jaadl
A Jld
s aglul) dula) ehal
Cd(sj Cd" (ag,a= 1H Cu (ag,a=[) §u(
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Cd (s)Cd" (aq,a=1) Ci (aq,a=|1)Cs)(

;__—\/_____J _\,—____/
cadmium electrode - anode copper electrode - cathode

!
Cd(s)0 0 WM 0. cd* (aq) + Ze u®* (aq) + 7en UM, Ccugs
——

Cd(s) + CP* (aq)0 g PEATEFIO 0. C& (aq) + Cu(s)

p ABMal) aili AdAl) aga sl
Egen_ Ec. - E

Cd

E°, = (0.337)- ¢ 0.4029
E°, =0.7399 V

A-Y) Jmd
A0 A ) 20 SR 3 el Ll

(ET/ZI = 05360V’ §|2/2C|' = 13595V1 ﬁnoi. = 1520/0)
1. ClL(g, 1 atm)+ 2l (aq, IM) 0. 2Cl (aq,1M) % | (s)

2. MnQ, (aq,1M) + 8H (ag,1M) + 5CI (aq,IN)3- Mh (aq) + 4H O(L)g+ ,Cl (drip
oelll S Jelalll Aalee o JIAY) 5 32008V el i (|

.(Y ¢) )
REEECIR NI AN | JRFENTSREN J (S
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s (V) Malaall Lucitly
Cl,(g,1 atm) + 21 (aq, 1Mp & 2CI (aq,1M) +,(s)
21"(aq) 0 QOO 1, (s) + Ze
Cl,(g) + 2e0 [ BAiff°n . 0. 2Cl (aq)
EO - EO EO

cell cathode ~

Eten= Ecy, - B,

cell

Ecey=1.3595 -0.5360

cell

Ec.ey= 0.8235 V

cell

anode

s (V) At L
MnO; (ag,1M) + 8H (ag,1M) + 5CI (ag,IM) . M# (aq) + 4H O(lt)gCIZ(g,latn)

5CI (aq,1M)O Q_"Eﬁﬁg@g C} (g,1atm) +Se
MnO; (aq,1M)+ 8H (aq,1M) + 5& [LEIN. 0. Mif(aq) + 4H O(L)
Eca= B =

cathode ~

Een= E;:/]no;‘ - E?:l2
E% = 1.5200 - 1.3595

cell ™

E = 0.1605V

cell —

anode

ala ganko
sl haagall gl draaad) uad daal L il Ll () 6<) Ladic
3853 a8y Blamall JIJAY) dgga ad Jo g Aalaall o
Leallas a8y Addll JIFAY) dsea a8 VY Ludd Alaladll
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Fe(s) + Nf* (aq)0 O- F& (aq) + Ni(
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k(S e dAalal adle Ll (<

s om0 aga ol Tale 40al ) agal (7
(Ep.=-044V, B, =-0.250)

13l 5 OV of Aal Jelail) da (2
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D (YY) Ailaa 5 e A sigh (s ) psanadl (]

(+) Ni electrode

) Fe electrode
) Fe electro “cathode™

“anode™

(Y:-T) ded
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Fe(s)U 0. Fé" (aq) +@
; JIEAY) Jelél Gaay (JSull) Jagall ki ie (¥
Ni*(aq) +2ed O Nid
P gLl A ASH Jelal) (Y
Fe(s) + Ni' (ag)d - F& (aq) + Ni(
b ) A s il (2

cell_ El)\ll Ee
-0.25 - (- 0.44) = + 0.19

ceII

Lod

(+ 0.19 V) 2 gally L8l aga oY ¢ AN 48 Jelds (o
AY-%) Jho

Gl e AigSe (Aulily) Ailies S LKL Tadsai au
(Sl s Jslae (A G gouedl e Gas o) el
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AilasS 5 5eS Adal Lasanad Jiad ((YR-Y) — (Y)-7)) Jead)
ol g o g pnell kel e Adl

(+) Cuelectrode
“cathode™

(-) HyPielectrode
“anode”

Pt da i

SHE as
anode

g

ol H, gas
“ bubble

Voltmeter

KT T
Salt bridge

Cu* + 26 — Culs)
Reduction, cathode

H, = 2H* + 2¢”
Oxidation, anode

Fig. (3-22) : The standard copper-SHE cell :

Pt‘ H"(aq, 1 M); H (1atn) Ci (aq, 1 M) C(s
In this cell, the standard hydrogen electrode fonst as th
anode. The net reactionts(g) + cuv** (aq)0 & 2H (aq) + Cu)s

D
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SHH D) e o s Ly das)

Voltmeter

H, gas at | atm —=* :

S
a8z :
Pt electrode %ﬁ S,
M HCE W Cuse
Hydrogen electrode Copper electrode

Fig. (3-23) : A cell consisting of a copper electde and 4
hydrogen electrode.This cell is operating under standard-s
conditions. SHE acts as anode.

+ Cathode
Cutt + 2e~ = Culs)
o

H,— 2H* + 2e-
P LSRR “m.\ ”
==

Pt black - ~ Cu(s)

1 M HCl(aq) 1 M CuS0O, (aq)

Fig. (3-24 : The standard Cu/SHE cell
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Voltmeter

034V

+ Salt bridge

- =— H,(g) (1 atm
-,B‘ i

Copper ~
(cathode)

% - Standard hydrogen
J electrode (anode)

Cu?*(ag) +2 ¢~ — Culs) Hy(g)— 2H*@ag) +2¢”

Fig. (3-25): A galvanic cell consisting of a €igl M)/Cu half-cell and
standard hydrogen electrode (S.H.E). The S.H.B.pgece of platinum fo
that is in contact with bubbles of(d) at 1 atm pressure and witfi (&) a

1 M concentration. Electrons flow from the S.H.Bndgde) to the coppgr

cathode. The measured standard cell potential &€25 0.34 V.

Voltmeter

N 3 -A—rc'——x\
( e, L] KHthar)

!, Cu cathode Anode

o Salt bridge e
!I 7 ﬁCations Aniuns—lk. bl
- |
.

E N

Cutiaq) + 2e” — Culs) | | I : G
l l 2 HyO aq) + 2¢
|_— Porous —__|_ .
g plugs a
L B -Platinum
| e ag) HeD'(ag). - electrode
L TM25°C (1:M) 25 °C.
Net reaction: il . Ny

2 H,O) + Hy(g) + Cu?taq) — 2 HLO* () + Cu(s)

Fig. (3-26) : An electrochemical cell using the €(Cu half-cell and th
standard hydrogen electrode. A voltage of + 0.34 produced. In this ce
CU?* ions are reduced to form Cu metal, angdisioxidized at the standa
hydrogen electrode. The reaction at the standaddolggn electrode (anod
is :

H,(g) + 2H,0(L)0 - 2H,0 (aq) + B.
Cathodic half-cell reaction isCu®* (aq) + 2ZeéJ 0. Cujs

=
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SHH D) e o s Ly das)

+ a8y die Al edle i)
s (O o) hd) maal) dic
H,(g) OO 2H (aq) + &
: (k) ) Jageal i
Cu** (aq) + Zél 1. Cujs
: AlAl IS Jelat)
H,(9) + Cu" (aq)0 3> 2H (aq) + Cu)s
P e EEENVEQETITEN

geII: E(()Zu - EOH
° =0.34 - (0.000) = 0.3¥

AY-¥) Joo
Gl (e diSe (Rglls) AilhaSy S LIAT Gadsai
paes Jslae A Gamondl Sle ey (I) pralad
8 Omaplall oulall JI Y aea g8 BB oy sl
o ki JS e ialal) el (Sl (B, = - 0.7642V)

AJAl uldll sgadl a5 Al o,k
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SHH D) e o s Ly das)

Jall
el 408 Guaia Loaad Jiad ((F1-%) — (YV-7)) Jeay

Cpaovedl s Gua Al s

Fig. (3-27) : The Zn(s)‘ Zrt* (ag, 1 Mu H (ag, 1M); H (1 ati®t in which

the following net reaction occurgn(s) + 2H (aq)d - ZA (aq) + H {g
In this cell the standard hydrogen electrode fumgias the cathode.

Zn— In?* + 28" 2H* + 2~ = H,
Oxidation, anode Reduction, cathode

Fig. (3-28) : The Zn/z* (1.0 M) //H' (1.0 M), H, (1 atm)/Pt cell in whic
the reactionZn(s) + 2H (aq)] 3> ZA" (aq) + H {g

=)
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Voltmeter

Zine g
{anode)

+
f <— H,(g) (1 atm)

Standard hydrogen
electrode (cathode)

Zn(s) —> Zn?*(ag) + 2 ¢ 2H*agq) +2e” — Hy(g)

Fig. (3-29) : A galvanic cell consisting of a Zn/Zn(1 M) half-cell and &

standard hydrogen electrode. Electrons flow from the zinc anode
S.H.E. (cathode). The measured standard cell potential at 25
0.76 V.

Voltmeter

Iy —H,01 ban)

[
| |2H;0 @ + 20 —
‘ Ho(®) + 2 Hy0(0)

Platinum
electrode

Net reaction:

//__—_—__—_—_‘\‘ﬂ
Zn(s) + 2H;0*(aq) —— Zn?*(aq) + H,(g) + 2 H,0()
— >

Fig. (3-30) : An electrochemical cell using a ZfZn(s) half-cell and @

standard hydrogen electrode. In this cell, the electrode is the anode 3

the standard hydrogen electrode is the cathodecdlhgoltage is + 0.76 V.
Zinc is the reducing agent and is oxidizing t&*ZrH;0" is the oxidizing

agent and is reduced to,.Hn the standard hydrogen electrode, reac
occurs only where the three phases-gas, solutrmhsalid electrode- are
contact. The platinum electrode does not undergachamical change, af
in the cell pictured here the cathodic half-cedlat®on is :

2H,0" (aq) + Ze0 . H (g) + 2K O(L
The anodic half-cell reaction iszn(s)d O Zrf* (aq) + 2.
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Design a galvanic cell that uses the redox reaction
Fe(s) + 2F& (aq) - 3Fé& (aq

Identify the anode and cathode half-reactions, and

sketch the experimental setup. Label the anode and

cathode, indicate the direction of electron andfiow,

and identify the sign of each electrode.

Jadl

Anode (oxidation) Fe(§) - Fe (ag)* 2e
Cathode (reduction) 2| ¥e (agg® O FE' (ag)

Overallcell reaction Fe(s) + 2Fe (af)d- 8Fe )(aq

Platinum
(cathode)

Fe(s) — Fe *ag) + 2 ¢~ Fet*ag) + ¢ —> Fe*{ag)

Fig. (3-31)
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A simple voltaic cell is assembled with Ni(s) and
Ni(NO3),(aq) in one compartment and Cd(s) and
Cd(NOGy).(aqg) in the other compartment. An external
wire connects the two electrodes, and a salt bridge

containing NaN®@ connects the two solutions. The
overall reaction is :

Ni**(aq) + Cd(s)0 - Ni(s) + Ct (ac
a) What is the reaction at the anode/
b) What is the reaction at the cathode?
c) What are the directions of electron flow in théernal
wire and of ion flow in the salt bridge? Compldte tell

diagram by indicating the anode, the cathode, &ed t
directions of electron flow and ion flow.

Ni |
Salt bridge =
NO3 Na* ﬁ

&

= f

!I E d.h N i2+ i| iu

NGy NO; g _f

Fig. (3-32)
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a) Anode :Cd(s) 0 - Cd* (aq) +2e (oxittat)
b) Cathode Ni*(aqg) + 2el] - Ni(s) réductbn)
c) The completed voltaic cell is shown below (Ki+33)

%
i
i
oF
i

Cd (anode) Ni (cathode)

!‘:’ Salt bridge O g
~, NO3 Na*‘:L.. =

Fig. (3-33)
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The cell illustrated in the following drawing (Fi(B-34))
generates a potential of (E° = 0.51 V) under stahda

conditions at 25 °C.

3 N
_ Saltbridge
NGy e

Fig. (3-34)

The net cell reaction is :

Zn(s) + Nf" (agq, 1 MO 0. ZA" (aq, 1 M)+ Ni)s
The half-cell potential for Zn(s)/Zf(ag, 1 M) is (- 0.76
V).
a) Determine which electrode is the anode and wisich
the cathode.
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b) Show the direction of electron flow outside e,
and complete the cell diagram.
c) Calculate the standard potential for the hallf-ce

Ni**(aq) + Zed O- Ni(3

Jadl

a) Zinc is the anode; nickel is the cathode.

b) The cell diagram is shown in the drawing below

(Fig. (3-35)).
c)—0.25V
Zn (anode) Ni (cathode)
| @ Salt bridge © o
l._ | o NO3 Na* \}
[ I |
.;_!."_Znif‘HMII Ni?‘-:1m1" -'
Fig. (3-35)
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Consider the following galvanic cell (Fig (3-36))

a) Complete the drawing by adding any components
essential for a functioning cell.

b) Label the anode and cathode, and indicate the
direction of ion flow.

c) Write a balanced equation for the cell reaction.

d) Write the shorthand notation for the cell.

Cobalt %L Aluminum

Fig. (3-36)
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Led (Al Cu pulaill g AQ Auadll udad (ha ddlga A il
(Efypg=+ 0799V, E. . = +0.337) : Ayl 015530 agg
By e LS Ui avanaill g v il A8y jay 4040 s
Al ) Jeldnl) g J) 35 g

Ja
bl el AGIA el ¢Sy

Cu(s)( Cd* (aq, 1 I\/w Ag (ag, 1M) Ag)s

Cu(s) + 2Ad (aq)d - Cti (aq) + 2Ad(s

d( 1:11“ ‘? é 1 A< f.: ‘“\.'A 2 ;‘&“ ﬁ.ﬁ_ﬁa: H\’
.((V/\-V) ¢ (VV-V))
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Voltmeter

K+ (5% agar) NO; _
| Salt bridge

.............

Cu(s) — Cu** +2¢ Ag' +e — Ags)
Oxadation, anode Reduction, cathode

Fig. (3-37)

Copper Silver
atom, Cu ion, Ag*

R >
: \‘.\ ¢ Silver atom,
Copper ™ e Ag
ion, Cu=* Ty P . i’

Fig. (3-38) : The standard:u(sj Cd" (ag, 1 M) AG (aq, 1M) Ag)s
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AA-Y) Jht
Gilail e bl adal) Jelall el Jelill cssi
- i) dle Ll
H,(g)O G- 2H (aq) + &2

Co*(aq) + €1 - CO (ac
(cell diagramydall sae i ST Dl alasin) (gl 38l (@
sl (schematic picture)idhadads 5 y5a  au s
G olad) daa g Jangall 5 22adll (label) ale s (lgil ginag

.(direction of electron flow} s »SlY!

Jall

P adall IS Jelad) (|
H,(g) O 3 2H (aq) + Ze
2[Co” (ag) ¥+l 0. CH (ad)

H,(g) + 2Cd" (agqJ - 2H (aq) + 2Cd (Rq
DAl Sae yi (@

Pt(s) H, (gj H (aqu Ct (aqg), Co6 (aa) Pt
((FA-7)) 85 A LS lall puuigl) ppanatll
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Circuit (pathway Salt Electron
of electrical charge) ~ bridge flow

/—) \ 4 ‘\—lF! Cathode

Anode

J—-I -

Oxidation Reduction

Fig. (3-39) : The narrow red outlines the electrical circuitnied
by the movement of electrons (through the extemat) and
ions (through the cell and salt bridge).

VA-Y) Jhio
:&\ﬂ‘ Jelatl) Jiag ‘_“;M dlalal) 4a180) e.m)i
Fe(s) + Cd" (aqd O- F& (aq)+ Cd

SIS Je il & Jeladl) dai i) (]

(Ep=-044V, E, =-04W)
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e callss Al Aal Lewy iy (§0-F) JSAIL avaatll (|
A g o gaadlS ulad
(-) Fe electrode —» «——— (1) Cd electrode
“anode cathode

(¢:-¥) gss

- 3asY) Jeldl Chal

Fe(s) O Fé& (aq) +&
: JFAAY) Jolil Ciad

Cd* (aq) + 2éJ - Cdis
s Al <) Je Ll

Fe(s) + Cd" (agJ - F& (aq) + Cd
b ekl A aga Gl (2
SR S
° =-0.40 - (-0.44) =0.0¢

cell —
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Jslas (3 (MQ) psmiiall culad (30 45 S Aplils 418 o )]
@ oaball ki a5 (MO(NOg)y) pssirall &l i
PH(NQ), ol i i sl
okl 1Y) s b Lle

(Ey,=-2.37V,E, =-0.130)V
Aaa il s lall 8 g S AS bl an )l e o ([
Aalall K Jelal) g cakad JS wie &alal) codle il s (oo
A bl 2gad) (&

(-) Mg electrode
iim de!!

(61-Y) Js&
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s (popiiall) draall die ausY) Jolil Cial

Mg(s) O - Mg™ (aq) + &
s (el ) hugall die J) AN Jeldl Cial

Pb™ (aq) + 2éJ . Pbjs
s Adalt A<l Jeldnt)

Mg(s) + P6" (aq)0 - MG (aq) + Pb(
s bl AR Mga Gl (7
cel = Epp = Byg

cell —

oq—=-0.13-(-2.37)=2.2¢

cell —
(¥Y-¥) Jh
sl Jelal) Jia Al dplalall 4l ) (d
2Al(s) + 3CU* (aq)0d O- 2AY (aq) + 3Cuys
JI a5 32y Caal Jelat (i (o
Pl JI A 5 gea b Wle uldl) Adal) sea (7

(Ex=-1.66V, E, =03%)
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(£Y-¥) Js&

L 01N IS Sl (o
2AI(S) + 3CU* (aq)0 @» 2AY (aq) + 3CulS

oxidation reduction
2Al(s) O - 2AR*(aq) + 66, 3CE" (aq) F6el. CH(s)
2AI(s) + 3CE* (aq) westsion . 2A (aq) + 3Cu(s)

s ekl A aga Glea (7

Eee= By - Ey
°.=034-(-1.66)=¥%

cell —
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¢ raliall L@l ) 5581 3 sea of Caale 13)

Ey,=-2.36V,E, =-2.86 V,E =-1.66VJE =-0.14 \;£0.00Q
E;,=0.8V,E, =-0.250 V, E =1.0652 VZE = 1.3595V

JaY)s sy Jeldi das Sl ddull adlelal) el
Nl el Jelail) Ja o A o cldll 4020 aga vl

1 T Mg(s) + Ca (@) &> My (aq)Ca(s)

y 2R 2AT (ag) +3Sn(d) - 35n (aq) + 2N(s

S H (g) + 2Ag (adq) > 2H (aq) + 2AY(s

/R Ni(s) + Br (sJ - Ni(aq) + 2Br (a|

S TUUUURPR Cl (g9) + 2Br (adq) > Br (L) + 2Tl (nq

Jall

. Jo8) ddaladl

Mg(S)D [ Mg™ (aqg) + e ,/ Ca (aq) w;ﬁ@ (ja(s

E, =

cell E(():a - E)Mg
—_

cathode anode

E° =-2.86-(-2.36)=-05V

cell —
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Mg*(aq) + Ca(s)l - Mg(s) + Ca (a
. dueilid| Al

2A1%(aq) + 3Sn(s)J - 3Sii (aq) + 2AI(s)
oxidation- anode reduction - cathode

3Sn(s)J > 3SA (aq) +6e , ZAl (aq) FEdL AIE)
Ecer = E&J - Ei_n'

cathode anode

E°, =-1.664-0.14)=-152V

cell ™

Jelidll g o Gyt Jelils Gl Ll 28 s Aad 5 L3
- 4uSc L?_ML]\

3Sit* (aq) + 2AI(S - 2AT (aqg) + 3Sn)S
;e bl | |

H,(g) + 2Agd" (aq)d > 2H (aq) + 2Ag(s)
oxidatig@ - anode reduction - cathode

H,(g)0 - 2H (aq) + Ze , 2Ag (aq) +Z8-  2AY(s

(o] —

cell — E;g - E(I)—|2
— —
cathode anode

° =0.8-(-0.000) =8V

cell —

N Je il I3 e ally Z 2gn 3L
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Ni(s) + Br, (s) 0 - NF* (aq) + 2Br (aq)
oxidation - anode reduction - cathode
Ni(s)J > Ni**(ag) +2Ze , Br(s)+28 0. 2Br (pq

ceII EO - Ev)\n
%,_J —
cathode anode

=1.07-(-0.25)4.32 V
Ll Jelalld cllAl e gally 4] aga 5 LS|

EO

cell

 duty | |
Cl,(g) + 2Br (agq) - By (L) + 2Cl (aq)
oxidation - anode reduction - cathode
2Br(aq) - B (L)+2e , Cl(g)+280- 2Cag

ceII = EOCI E(I)E}r2

—
cathode anode

=1.36-1.0F0.29V
N Je il I3 e ally Zl 2gn 3L

ceII

FY-¥) Jhio

P Sl delall (8 JSll b aga Gl
Fe(s) + Ni* (aqJ &> F& (aq) + Ni(

( ceII_Olgv E:e__044/) Ui-’m‘:
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cen = ENi - Efe
EVi = B + Ee
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EC. =-0.25V
¥E-%) Jud

(E=-044V,E, =+0.3%) . 5 cude 13

- dhass Al

(1) sl sy S Jglae b 23l (g s pac e ()
(1) 2] Gl S Jlae 8 Geadl (ol st (Y

Jadl
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oo Al ST aaalla (B, < By) of L o((£7-7) S3)
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S (aq, 1 M) + 2Ag(sd - Sn(s) + 2Ag (aq, IM

Jadl

e uaad o8 Al e basgall g daall aaad 8 addal
CulS 135 oA e Jelil) b Ll 4iad il 134 A8
(el Jelailld i gally 4tasd

s Adalaall Cpag
S (ag, 1 M) + 2Ag(sd 3- Sn(S) + 2Ag (ag, IM
ld Sy dadll Ly (dage) JIa) A Sy ppauadll ol

(M) Y
(6] —
EceII - Qathode_ Eanode
—
Sn Ag

E° ,=-0.14-(0.8) = - 0.9%

cell —

(S e 4Y) dasy o Gl Jelaill of ey 134

(219)



Electrochemistry (220) Al el elaasst)
o b o] 2R bt ;| Jucd)
SHH D) e o s Ly das)
: Glad) JelWddl) usSe ga gim\ Jelaal) Q\é giml..\\g

Sn(S) + 2Ag (aq, IMJ 0. St (aq, 1 M) + 2A9(S

s Je ) 13gd 404 aga 5%

0] —
cell — E?:athode - EOanode
—_— ——

Ag Sn

E° = 0.8-(-0.14) =+ 0.9¢

cell —
V- Jhio
= A0l Al ) AN 3 gea Caale 13
(Es,=0.80V, E, =-0.14%)
: Sl Je i) el (S
St (ag, IM) + 2Ag(s)) - Sn(s) + 2Ag (ag,)M
() S Jelall ) ey s sansY) edte s (s (|
Jelal) 13a Ja o ai odled Jelall Gy 4l sga il (c
Nl s
Jadl
(1
2Ag(s) O TP, 2Ad (aq) + 2e Sn (aq)F2&EMTPHE. $n(s

cathode

Sré+ (aq, 1IM) + 2Ag(s)esteser.  Sn(s) + 2Ag (ag,1M)
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cell — Eathode
%/_/
Sn (B, =-0.140V) Ag(Epg=0.80V

E°, = (- 0.140 V) - (0.80 V)

cell —

E.,=-0.94V

cell —

el (b (il A 13 o pmonall oadl A030 2 o e

anode

Sr** (ag, 1IM) + 2Ag(s)] -  Sn(s) + 2Ag (aq,IM
Dol duSe s Sl Jelail) Ll g o Sl e

Sn(s) + 2Ad (ag,AMY 0. St (ag, 1M) + 2AY(s
Gl J5aaT La () 1Sl A 8 paadll o) ()
s Jelal) gl Adal) aga dad M () 5ST 5 (i) duzadll

(O J—

cell — E(éathode E
H_J
Ag (E3,=0.80V)  Sn(E,=-0.140Y

° = (0.80V) - (- 0.140 V)

cell —

o= 1094V

cell —
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Consider the following galvanic cell (Fig. (3 - 45)

a) What is the guantitative change in the cellagut on
increasing the ion concentrations in the anode
compartment by a factor of 10?

b) What is the quantitative change in the cell agd on
increasing the ion concentrations in the cathode

compartment by a factor of 10?

Ag .

Fig. (3-45)
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Consider the following galvanic cell (Fig (3 - 46))

a) What is the guantitative change in the cellagut on
decreasing the ion concentrations in the anode
compartment by a factor of 100?

b) What is the quantitative change in the cell agd# on
decreasing the ion concentrations in the cathode

compartment by a factor of 100?

Cu—

Fig. (3-46)
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(6]
Ecathode> annode
%r_/

Cd Zn

s SN el g ) HAY) 9 BansY) cile s (o

Zn 03 Zn* + Ze idation
Cd* (aq) + ZéJ 0. Cd(S) rechrct

Zn(s) + Cd* (agqd 0> ZA" (aq) + Cd(s) owadlireaction
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cell cathode ~ anode
Cd Zn
Ec,=-0.4029 - (- 0.7628
Ec,=+0.3599 V
¥ +-%) Jho
W P EG RERY

Cd(S) Cd" (aq, 1 M) KCI(1.0 N) Hg Gl ($) Ho(Bt(s)

| S —

EO [—

cell —

E’,=0.6830V, E, . =0.2678 ;  cuae 134
Jall
cd(s)|cd” (aq, 1 |v|)|| _Kcli(.0 N) Hg Gl (9) Hg(l_|)t|?s)
Yo T T T G T
Ezathode Eoanode
calomel Cd

0.6830 = 0.2676 - E 4

EO

anode —
Cd

6] —
ECd_

Cd

=0.2676- 0.6830

-0.4154 V
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Ni(s) + 2AgCl(s) O O Nf* (aq) + 2Ag(s) + 2Ch()
Jall
Ni(s)|Ni* (aq) [ Ag" (ag) Ag(s)

FY-¥) Joo

Ni(s)|Ni**(aq , 1 M)| Fé" (aq , 1M), & (aq , RK(s)

Jadl
s BausSY) Jelds

Ni(s) O &> Ni*"(aq) + &
: JIFAAY) Jelds

Fe' (aq) + 2e] O- Fejs
p Aglall sl Je il

Ni(s) + F€" (aq)0 - Ni* (aq) + Fe(
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Cd(s){ Cd" (aq,a= jp Ct (ag,a51)Qu(s
LS AR Jelis s (|
JIFRY) asea of Cuale 1)) ol LAY 2ea al (@
(Eey=-0.4029 V, E, = +0.337)
Jadl
(!

Cd(s)/Cd* (ag,a=1) // Cu (ag,a=1)(§)

anode cathode

! !
Cd(sp1 P, & (aq) +2e Cu?* (aqg) + 26 BN, cugs

Cd(s) + C&* (aqy PyerlFgasio oy (aq) + Cu(s)

) A g Gl (2

gell = E(():athode_ EOamode
H_J
Cu Cd
ES,= 0.337 - (- 0.4029
E ., =0.7399V

cell
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Ni2*(aq) + Fe(s)O - Ni(s) + B& (a
(2xoaall) 253V 5 (Jasgall) 2 53SN (0
oY) Je clia &l o (<
A5 SV s o) G (2
Gl iV 3815 ol cude 1)) AN jea cuaal (2
1 Al JI RN 2565 (1 M)
(E}, =-0.44V,E, =-0.25Y)
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Jay) ddee saie daad oAl kil g : (daygall) 25K
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Ni*(aq) + Zed - Ni(3
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Aata
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5ol 4l Giamy G dead) Sy aoall il i L
A el s plall (8 il g iKY ade deai
JAd) Aol gy g A e ol g Clialddl @ (2 o (¢
;A (£V-%)

(+) Nielectrode

_) Fe electrode
() Fe electro “cathode™

“anode”

(£V-Y) Js&

s daa ol Lﬁjhﬂ&ﬁﬁi%\ﬂﬁﬁ%ﬁl\%gbﬂ(a
s Gyl Addlaa Gaudaty

RT I[Fe”]

Ecell = Ezen' 7F P|:Ni2+:|

RT
EceII = (Egathode_ E)anode) -——In (J‘
e e ZF

Fe
E. =(-0.25-(-0.49) -0
E.=0.19V

cell —
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¥o-¥) Jhio
DAl 4plal) el
Cu(s) Cd" (aq)| Cl (ad) GI (¢
o Al ) Y 3 seal) ) Caale 130
(E,=+0.337V, E, =1.359%)
(SN Jelal 5 Iy g 30 cte s s (d

R I PN EVENFEREN (W

Jadl

Cu(s) Cé" (aq) H Cl (a) £1 (9)
—
copper electrode - anode E?ilége chlorinelectr?de - cathode
Cu(s)ay d’@%ﬁ’@sm - C#* (aq) +2e Cly(9) + 20 B\ﬂ@c@u@@ 2C1 (ay

Cu(s) + Ch (gp ¥ J@C@‘\?ﬁh C8* (aq) + 2CI (aq)

=

cl, Cu

ES,,= 1.3595 - 0.337
ES,,= 1.0225 V

0 —
ECeII_ cathode ~ — anode
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(bl Al aga ) (@

Jall

CI (ag)Cl, (9) || Cu(sEU” (aq)
chlorine electrode\—fanode E)a'lctig ) copper electrod;{— cathode ’
0 ridge X .
2CI (aq)d @‘;ﬂﬁﬁ@ 0. Ch(gy +2e Cé* (aq) +281T) )@ﬁﬁﬁ’g 0. Cufs

o -/

Cu?* (aq) + 2C1 (aqg) @_‘Vﬁvrg"gﬁi@;@?ﬂh Cis) + Ch (9)

EO —_ EO

Cell — “cathode ~ Anode
—
Cu Cl,
Ec, = 0.337 - 1.3595

S, =-1.0225V
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FY-5) Jho

A b4l Cade M8 G Gulad fAamd il e ddlge 43
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el s el syl 418 Jia (]
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Cu (s} = Ag (s)

1 M AgNO,

Fig. (3-48) : The copper/silver voltaic cell utilizes the reactior
Cu(s) + 2Ad (aq)d O- C& (aq) + 2Ag\s
The potential of this cell is 0.46 volt.
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Onn 5 gl adad aga (1
J(e.m.F)Alall 00 ,eS daslall 5 g8l dad (o
Aalal) saed U Jelall g J) a5 5ausY) cdle s iiS) (7

Jall

p O gt b aga Gileaa (
E. = -0.0591pH
E, = -0.0591x (b
E, = -0.2955V

p ALAL) Aty ygl) dadlal) B Bl il (2

EceII = Ecathode - Eanode
— —
Hg,Cl, H

E.., =0.242 - - 0.2956
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E. =0.5375V

cell
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(€+-¥) Jlmd

(P, =1) Cemsonell adad e B3 e Bl (@, e clS 1Y)

o) O ISH o o plat il il Sy e
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Jstaall s s el (W) dad aual (25 ©C)
Jall
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0.480= 0.242 Eoen
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D AR @i Jglaall s g gl (e sl

E, = - 0.0591 pH
-0.238 V = - 0.059pH
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-0.0591
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Cul . Cu* (aq) + Ze
2 x [ Ag'(ag) + €1 0. Ad

Cu(s) + 2Ad (aq)0 O- Ct (aq) +A

D i i Aalae Gday
Cu(s) + 2Ad (aq)0 - Cti (aq) + 2Ag
Ecell = EAg - ECu
0.425{ B 00591 g[A;TJ E B, +——— 00591! 0§ Cﬁ])

0.425{ B, ¥——— 00591| o Ad | j E E, 00591| o cﬁ]j
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.+ _(-0.0811
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log[ Cu*" | =~ 2.7445
[Cu]=1.80x 10
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Fe” |
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Fe*
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1
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E =0.771+0.0591 ldg % 10°)
E=0.771V

4. [Fe"] =1x 16

L
E=E, . +0.0591lo Fe']
T RS RS : Fe2+]
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Ni(s) O O Ni?* (aq) + 2e Cu?* (ag) + Zé1 - Cu(s)

Ni(s) + CU/* (aq) DVIZI—> Nf" (aqg) + Cu(s)
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Egell = Ezathode_ E)anode
Cu Ni
° =0.337-(-0.2p
© =0.587V
15 Al usa 4Bl B el Gl (7
AG’=-zE,F

AG’=-2x (0.587)x 9650C
AG°=-113291J
AG°=-113.2kJ

(293)



Electrochemistry (294) 4l 4g<l) pliasst)

(e o0 el 331l A gl i

I Ay o s Ly A

(0-0) Jlwo
P8y pall e s
Zn(s)‘ Zrt* (aq, 1 M)H Ag (ag, 1 M) Agls
Al J) 5N 3 sea of Cadle 130
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Ag Zn

E =0.799 - (- 0.764) = 1.568
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Zn(s) + 2Ad (aqd 0. ZA" (aq) + 2Ag)s
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Cu(sj Cd* (aq,1IM) | PBH (aq,1M) Ph(s

an\g)de cat\ﬁode
Egell = EZathode_ EOanode
—— ——
Pb Cu
° =.0.126-0.337
E,=-0.463V

cell —
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AG°=-z E_, F
AG°=-2x (-0.463)x 96500
AG°=+ 89359 J
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Cu(s)+ PB" (aqd - CuU (aq)+ Pb
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Pb(s) + Cd" (aq) - PBH (aq) + Cu

A Jma il OsSag

Pb(s) PB" (ag,1M) Cli (ag,1M) Ci(s
S Jelall 1) sl WM sl osS
AG® = - 89.4kJ

s AR Je il A B o) 55yl Glua (2

AG°= - RT InK
InK = - AG
nK = 89.4x 16 J

© (8.314J/K.mol)x 298
K=e%% = 460x 16
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Zn(s) + Cd* (aq)0 O- ZA" (aqg) + Cd(

(S Jelall 5o Sl 5 2 Y (e JS e s (|
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Zn(s) O 0. Zrt* (aq) + 2e oxidation
Cd* (aq) + 2eJ .  Cd(s) reduction

Zn(s) + Cd* (aq)d O- ZA (aq) + O@) overall reaction
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cell — E(c)athode - E)anode
—_—

cd Zn
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° = 0.36V
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AG’=-zE, F
AG°=-2x 0.36x 96500
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AG® =-69.48(kJ
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