——=electron flow

A el
Oxygen Hydrogen

e

porous barrier
Zn(NOz)z Cu(NOs)s
== Zn2t cozt =

=—Platinum foils—»

% B .
EAn:é/e Ca\tsr:'odeE

Cuzt — C

reduction

+«.d compendium of

From Luigi Galvani to - i ‘ ; 1 the people behind early
Jaroslay Heyrovsy. ... o ! ] electrochemical research.

e,
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Electrochemistry

Interchange of chemical and electrical energy
Two Aspects:

——electron flow —ju=
r"/ d external circuit
|
In Cu

porous barrier

Zn(MNO =) CufNO=)2

—= Fet CO2* S

IJ I:I 2 -

oo T

Znis) —= Zn<t Cu<t — Cuis)

oxidation reduction
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Common Electrical Terms
Electr|C|ty presence and flow of electric charge

Electric charge Charge on a proton 1602 x 10 ¥ ¢
Electric current The movement of charge ampere=A=1CI/s
Electric potential The force trying to move the charge volt=V = J/C

-

Electric field The force acting upon other charges in the vicinity

s - —_—
! S
] f |
"
L W BORGP :
i B V- i
Y - r v 4
$ -} 4 . Ly
E i
L2 /
7 2 ” ”
/ -
1
"
=
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Redox Revisited

Electrochemistry (movement of electrons): redox reactions
Best understood by the half-reaction scheme

Electron transfer between atoms:

simultaneous electron transfer = redox

Loss of electron (oxidation)

/ i A
B WEE N

Gain of electron (reduction)
Low energy

E= High energy
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Electrochemistry: Producing Current

Production of current:

copper (II) ion

copper

Anode: Ocxidation ... lost electrons go to wire
Cathode: Reduction ... electrons come from wire
Electrons move through an external wire & salt bridge
Current maintained until reactants consumed
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Galvanic (\Voltaic) Cells

Devices using spontaneous redox reactions to create an electrical current

Metallic conductor Metallic conductor
(electron - deficient)

(electron - rich)

(A7)
B Salt bridge /
(Provides
electrical
communication)

“ s
Reactant 1 Reactant 2

(contains species capable (contains species capable
of losing electrons) of gaining electrons)
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Galvanic Cell Terminology
Object Losing Electrons:  Object Gaining Electrons:

- CU”@DT (E"\" SO
ZiNC
Plele

ROd
(Anode) ¢ H (Cathode)

.

| Salf Bridgey

Oxidation Reduction

~4r:

CuSO,

ZnS0, Reducing Agent Solution

Solution | | i
In — In°" + 2e Cu** + 26— CuU

-4 \A/ ‘!1 (’
| ’

| N~ v
- 4 o s ; r of . )
TaT () . . LN ‘n‘y‘ |~ . {s — | A
|

LY 4
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Cell Nomenclature

Oxidation written before Reduction

I Oxidation | [ Reduction |

Reactants listed
hefore products

Concentration
Change in Junction between of aqueous

state half-cells solution
(salt bridge)

Zinc anode Copper cathode

Porous
disk




Using Cell Notation

For;
magnesium undergoing oxidation at a magnesium anode
hydrogen undergoing reduction at a platinum cathode

+ 2 e
2 H )

Mg + 2 H oq) D Mg™ o) + Hy g

Cle)

Mg | MO ug || 2Haq | Ha | Pt

1‘ Active electrode Inert electrode

Inert electrode: does not participate in the chemical reaction
Active electrode: participates in the reaction
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Standard Hydrogen Half-Cell

E=0.00V

1.0 Molar Solution
298 K

1 atm

Copyright Larry P. Taylor, Ph.D.  All Rights Reserved

H,(g) at 1 atm ——&—» H

v

Pt wire ——H” =

Pt electrode

H,(g) outlet

Pt electrode

bnl"

half-reaction at Pt surface:
2H*(aq) + 2e " = H,(g)




Establishing Reduction Potential

For: Cu* , +2e» Cuy Half-reaction

(aq)

Tables of half-reaction reduction potentials have been prepared
Oxidation (reverse of reduction) potential has opposite sign
Can be used to determine any cell potential
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Electrochemical Series

Standard )
Half Reaction Potential (V) Half-reactions ordered by =

Most negative: anode

E
o
=2
©
o
3=
N
o
>
o
—
@
o
c
O
-
7

juabe Buionpal Jabuons
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Determine Cell Voltage
Use tables to find Redox Potentials for each half-cell

Cus*+2e¢ —>» Cu, +034V
Zn=+2e —» Zng -0.76 V (Zinc is anode)

Cu is reduced and Zn is oxidized

0.7
Copper Zine
Salt bridge
{cathode) 3 — — (anode)
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The Copper-Silver Cell

e Anode: Cuy = Cu* )+ 2€ (0.34V)
Cathode: 2Ag* o + 262 2Ag, (0.80V)
Flow of anions «&— —=> Flow of cations
Cu anode | — NO5 Na' Ag cathode | + Net: CU(S) + 2 Ag+ (aq) 9 CU 2+(aq) + 2 Ag(S)

7

Salt bridge (NaNO3)

Cug [Cu* (g 1AL (aq, 1my1Ag(5

Porous
plug

1 M solution of 1 M solution of
copper (I1) nitrate silver nitrate
(Cu(NO3),) (AgNO3)

+ E: reaction spontaneously occurs

Anode: Copper Consumed
Cathode: Silver Deposited
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Calculate Cell Potential

What is the voltage of an electrochemical cell that consists of:
Mg electrode in 1 M Mg(NO,), solution and an Ag electrode in 1 M AgNO,, ?

MgZ"‘ (aq) + 2 6' 9 Mg(S) '2372 V

EO =y _ EO
A" t€ DAg 0796V — c cathode anode
E0.,, = 0.7996 V — (-2.372 V)

cell

Anode: Mg#* .y +2e = Mg,  E%y = 3172V
Cathode: Ag o) P A", T 1€

Reducing Agent: Mg?*

Mg?* o
Oxidizing Agent Ag

@) T2Ade P Mg+ 2A0%

M92+(aQ) | I\/lg(s) | Ag(S) | Ag* Cle))
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The Nernst Equation

Relates E° cell to:
AGY (Gibbs Free Energy) and / or K (Equilibrium) Constant

Electrical Work = volts x charge (Coulombs) = Energy (Joules)

K F: Faraday’s Constant

F: Charge on 1 mole electrons
F:9.684 x 10* J/Vmol

AG? =RT InK = (RT/nF) In K

At standard temperature
ES = (RT/nF) In K
EO.., = 0.0257V/n InK

EC. ., = 0.0592V /n log K

ceII

cell —

AGO EO cell

cell

AGP= -nF E°

cell
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Using The Nernst Equation

What is the AG? and K, for the following at 25 °C?

2AQ Tt Fey & 2Ag g+ Fe g

AQfaq + 12 Agy 0.7996 V

Fe*t.  +2e = Fe -0.447V
(aq) _ )
The most negative value is the anode E® o = E° cathode = E? anode
Fe(s) 9 F62+(aq) + 2 e- EOCG” = 1247V

2A0 g T 26 > 2Ag

2AG" g T Feg P 2Ag + Fetiy

E°=080Y

reduction
cathode

silver ion
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Using The Nernst Equation

E0 =0.0592V /2 log K,
E0, = 0.0296 V' log K,

1.247V =0.0296 V log
Log K, =42.2
Keq = 1.34 x 10%

cell

E°=-0.44 Y

Copyright Larry P. Taylor, Ph.D.  All Rights Reserved

AG® = -nFE°,
AG® = -2 (96,485 J/Vmol) 1.247 V
AG® =-240.6 kJ /mol

EC positive = spontaneous
DG negative =» spontaneous
Keqg > 1 = spontaneous

silver ion



Nernst Equation Problem
What is the AG? and K, for the following at 25 °C?

2 CU )+ SNy & Sn¥,y + Cu*

(aq) (aq) (€le))

Cu*,y + e Cu*,, 0153V
Sn* g,y + 2 =2 Sng -0.1375V
The most negative value is the anode E® o = E° cathode = E? anode
EO ., = 0.153V —(-0.1375) V

cell
(aqg) +2e D Sn(s) Eoce” = 0.291V
+ 2+ -
+ 2 CU (aq) 9 Sn(s) + 2 Cu (aq)

Sn?*

2
SN (ag)

copper () ion, copper
(I ion
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Nernst Equation Problem

=8
=8

cell

cell =

Log K, =9.836

Keq = 6.78 X 10°

Copyright Larry P. Taylor, Ph.D. All Rights Reserve

=0.0592 V /2 log K,
=0.0296 V log K,
0.291V =0.0296 V IOg Keq

d

AG® = -nFE°,
AGY = -2 (96,485 J/Vmol) 0.291 V
AG? =-56.2 kJ /mol

EC positive = spontaneous
DG negative =» spontaneous
Keqg > 1 = spontaneous

copper () ion, copper



Correlating Cell Potential to Reaction Quotient (Q)

For the reaction:. mA+nB =2 xC + yD

Q = [CJ[D]
[A]"[B]"

Where Q will have values changing from 0 to K, as reaction proceeds

At temperatures different from standard,
expression must be reevaluated
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Correlating Cell Potential to Reaction Quotient (Q)

At room temperature, is the following spontaneous:
Cog+ Fe?* g 106my 2 CO™ (g 015mt FE (g

E° cell — E° cathode E° anode
EC . = -0.447V—-(-0.28) V
E%, = -0.17V Negative E° =» reaction as written is not spontaneous

Q=015M/1.94M =0.077
E .y = EY%—0.0592V /2 logQ

cell

E.n = -017V-0.0592V /2 log0.077

Een = -017V-0.0592V /2 (-1.11)

E. = -017V+ 0.033V

E .1 = -0.014 V Negative E_,, = reaction as written is not spontaneous
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Correlating Cell Potential to Reaction Quotient (Q)

What is the standard temperature cell potential for:
Al | AI3+(aq,O.15 v |l Cu?* (ag, 0.025 My | CU(g)

= = E° cathode E° anode

E%., = 2.00V Positive E° = reaction as written is spontaneous

cell

Q=(0.15)?/(0.025)3 =1,440
E e = E%y—0.0592V /2 log Q

cell

E.n = 200V -0.0592V/6 log 1440

E.n = 200V-0.0592V/6 (3.15)

E.i = 200 V- 0031V

Eer = 197V Positive E,, = reaction as written is spontaneous
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Concentration Cells

Two identical chemical half-cells (same metal / ion components)
Different concentrations of dissolved ionic component

o~ 0.0296 V | N6 e = 0.00V e
Voltmeter Voltmeter 1
Anode Cathode Anode Cathode
u (=)

B s B c Saitbriccem,. 't jeu

20"

{7
(L ’

cu?*
Cu Cu“ v Cu

0.10 M Cu?* 1.0 MCu2*t 0.55 M Cu®*

Oxidation half-reaction Reduction half-reaction
Cu(s) Cu#(aq, 0.1M) + 2e Cu?*(ag, 1.0M) + 2e Cu(s)

Overall (cell) reaction
Cuw?**(aq,1.0M) —=Cu?(ag, 0.1M)
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Concentration Cell
Both sides the same electrodes; cells differ by concentration. For:
ZN | Z0%* g 010wy 11 2Ny | Z0%* (aq. 050 my

Since both cells use the same half-reaction, E°_, is 0.00 V

Q=(0.10)/(0.50) =0.20
E.y = E%, —0.0592V/2 logQ

cell

E ., = 0.00V-0.0592V/2 log0.20

E.n = 000V-0.0592V/2 (-0.69)
E.i = 000 V- (-0021V)
E.n = 0021 V Positive E,, = reaction as written is spontaneous

For a concentration cell to be spontaneous, Q must be <1
Anode Is the least concentrated solution
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Concentration Cell Problem

What must Q be for the cell below to resultin a E_,, of 0.10 V?
What would the anode concentration be for the same cathode concentration?

ZN | Zn%* o 010my Il 2N | Z0%F 4q 050 my

E i = E%—0.0592V /2 log Q
0.10V = 0.00V-0.0592V /2 logQ
0.10V = 0.00V -0.0296 V Log Q
0.10V = -0.0296 V log Q

log Q =-3.37

Q = 0.00042

Q = [0.50] / [Zn?*]

0.00042 = [Zn?4 /[0.50]
Zn2+=2.1x 104 M

Copyright Larry P. Taylor, Ph.D. All Rights Reserved



Configurations Without A Salt Bridge

Gravity Cell Porous Membrane
Density separates cells Ceramic desk separates cells

Zinc anode Copper cathode

(e-)

Forous.

finc I ] disk

finc Sulfate

Copper Sulfate

Copper
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Batteries

Battery: electrochemical cell (or cells) that produces an electric current

@@3‘3@9@@ 0000 @fﬁ
000090 000000 N
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Baghdad Battery

ground wire

electralyte
AN

asphalt
seat

end
about 1"
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(CathOde) Fositive terminal

Ment caps

Electrolyte solution
Cdilute sulfuric acid)

Cell connectars

FProtective casing
Positive electrode
flead dioxide)

Megative electrode
lead)

Anode:
Cathode:
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+— Electrons (e-)

Dry cell o
battery

Electrons {e-)
Light bulb
(load)
Separator
Carbon and

manganese

dioxide mixture T

Electrons (e-)

e
e Cyoce

' -
{anode)

Electrons (e-) —»

Anode:
Cathode:
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Alkaline Cell Battery

MnQ, cathode

Zn—KOH past e (anode)

e Steel case

Brass current
collector

Zinc more stable Iin basic environment

Anode:
Cathode:
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Micro Silver Cell Battery

Anode Top

Cathode Can

«Zinc+Electrolyte
Gasket

Air Hole
Diffusion paper

Barrier Teflon

Carbon Net Teflon Film

Anode:
Cathode:

Copyright Larry P. Taylor, Ph.D.  All Rights Reserved



Nickel-Cadmium Battery

‘e LTi=1

- Ve

_ positive tab

,:I' separators

.
.I'Il

ressed
powderad

. negative
¢ glectrode

“lelly roll” —

positive

insulating alactrode

washer—"

Anode:
Cathode:
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Anode:
Cathode:

Copyright Larry P. Taylor, Ph.D.  All Rights Reserved

Lithium Battery

Cylindrical lithium-ion battery

Top Cap Gasket  pTC  yent

(Positive Terminal)
Cathode Tab

Top Insulator

Anode

Steel-Can
(Negative Terminal)
Separator

Bottom Insulator
Anode Tab
©2006 HowStuffWorks



Battery Engergy Comparisons

Nickel Cadmium
Cylindrical
Frismatic

Lead Acid

T
"-'- .t
L . et

- e

1A
-

E
i
=
L,
=
iy}
= 100
o
E>
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Lithium Polymer
FPrismatic

Lithium Phosphate

Lithium lon
Cylindrical
Aluminium Cans
FPrismatic

_ Nickel Metal Hydride
Cylindrical
Frismatic

| -

200 230 300 350 450
WattHours/Litre




Anode:
Cathode:
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Fuel Cell

Individual Fuel Cell

Hydrogen s
(for regse) Electric

Power




Electrolytic Cell: Electrolysis of Water
Chemical Conversion via Current

lysis means “split apart”

Hydrogen
gas

External source
emf

Water Hydrogen
| & | with ,bubbles
2| soluble "

salt

;'in ade Ca."f hode

Anode:
Cathode:
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Electrolytic Cell: Hall Process
Conversion of Bauxite (Al,O,) to Al

Before Hall process, pure Aluminum was one of world’s most expensive metals

Electrolytic process of
manufacturing aluminum

Bus bar

. Carbon anode
—

Steel shell

4 Cryolite

Carbon cathode lining

Anode:
Cathode:

Copyright Larry P. Taylor, Ph.D. All Rights Reserved



Electrolytic Cell: Chlorine Production

Electrolysis of Sea water

Sodium hydroxide
solution forms

Anode:
Cathode:

Cell Reaction: H* +2 Cl— H, + Cl,
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Electrolytic Cell: Down Cell For Chlorine Production
Electrolysis of Fused NaCl

Chlorine
Fresh salt

Reciever for

Fused sodium
NacCl + KCI + KF J
<

or NacCl + CacCl:

~~—— Iron pipe

™ Ring shaped
iron cathode

iron box lined
with fire - bricks

Graphite anode ~ |

Anode:
Cathode: A

Cell Reaction: 2 NaCl 2Na + Cl,
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Down Cell Calculations

Anode:
Cathode:

If cell runs 1 hour at 20,0 amps, how many moles ClI, are produced?
Q charge in Coulombs = amp x seconds
Moles produced = Q / 96500 x valence change

Moles = 20,0 amps x 1 hr x 60 min / hr x 60 sec / min
96,500 Q/molee- x 2 moles e

Moles = 0.373
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Electrolytic Cell: Electroplating

+ ! Voltage l -

=0

-

-1 R Ag' Y Cathode:
Al glasses
frame to be

silver Spoon plated

R
(anode) Ag —* (cathode)

AgNOs(aq)

Anode:
Cathode:

Commonly electroplated: Cd, Cr, Cu, Au, NI, Ag and Sn
Quality determined by thickness of the plated metal
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Quantitative Electroplating

Amount of current related to number of moles of electrons moving
Moles of electrons depend on reaction stoichiometry

A current of 10.23 A passes thru a silver plating cell for 1 hour. How many moles

of electrons passed thru the cell? What mass of silver was deposited on the cathode
from a silver nitrate solution?

N=0 =10.23C /s x60s/minx 60 min/hr x1 hr = 36,830 C =0.3817 mol
= 96,485 C /mol e 96,485 C /mole e

Cathode reaction: Ag,q + e 2 Agy

0.3817mole x 1molAg x 1079 g = 41.199Ag
1 mol e 1 mol Ag e
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Quantitative Electroplating Problem

Aluminum can be made by electrolysis. What is the cathode half-reaction?
What mass of Al will be deposited if a current of 2.50 x 103 A passes through
the plating solution for 15.0 minutes?

N=0Q =2500C /s x60s/minx 15.0 min =23.31 mol
- 96,485 C /mol e

Cathode reaction: Al** ., + 3 e = 3 Al

Cle))

23.31 mol e X 1moIAq X 2698 g = 210gAl
3 mol e 1 mol Al

Copyright Larry P. Taylor, Ph.D. All Rights Reserved



Time Required For Deposition

Using a current of 33.46 A, how long will it take to deposit a layer of Chromium
(d=7.19 g/cm?3) that is 0.010 mm thick over a surface area of 3.3 m? from a
solution of Chromium (111) ions?

V=(0.010mmx1l cm) x[3.3m? x(10,000cm?)]=33cm?
10 mm 1 m?

33cm3 x 7.19g x 1 mole Cr = 456 mole
cm? 52.00 g

Cathode half-reaction: Cr3*,, + 3 e = Cr

456 molCr x3 molee x 96,485C = 1.32x10° C
1 moleCr molee

t=0Q = 1.32x10°C =3.95x10%sec [1min x 1hour =11.0hr
I 33.46 C/s 60sec 60 min
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Time Required For Deposition

Using a current of 25.5 A, how long will it take to deposit a layer of zinc

(d=7.140 g/cm?) that is 0.100 mm thick over a of 3.00 m x 5.50 m iron sheet from
a solution of zinc nitrate? What mass of Zn is deposited?

V=(0.100mmx1 cm) x[3.0mx5.50m x (10,000 cm?) ]= 1650 cm?
10 mm 1 m?

1650cm3 x 7.140g =11700g x 1moleZn = 179 mole
cm? 65.41 g

Cathode half-reaction: Zn?*,, + 2" & Zn

179 mol Zn x2 molee x 96,485C = 3.45x107 C
1 moleZn molee

t=0Q = 3.45x107C =1.35x10%sec [1min x 1hour ]=376hr
I 25.5 Cl/s 60sec 60 min
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Summary: Galvanic vs. Electrolytic Cells
Galvanic Cell Electrolytic Cell
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corrosion
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Corrosion

Corrosion: Electrochemical (redox) degradation of metals

Original (painting) Modern photo

Original Copper Sheeting:
2 CuyOy + Oyy P 4 CuOy,, (black)

Burned Coal Pollutants:
2CuQy+ CO,p +H,0p = Cu,COL(OH)y (green)
3CUO+2CO, + HOy = Cuy(COy),(OH),  (blue)

4 CuOy+ SOz +3H,0 =2 Cu,SO,(OH)4 (green)

Patina forms protective coat that prevents further degradation
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Any time 2 Dissimilar Metals Touch

ST R EWER VI Electrons will flow from most active metal
corrosive table

The farther apart on the
chart, the more dissimiar
:h'i”"ﬁ?"f‘ gt Active (Anode) Corrosion susceptibility of metals
ngne: 1% 21 Q
corrosion of the anode A
. Most susceptible Magnesium and its alloys
Magnesmm to corrosive Zinc and its alloys
Zinc attack (less Aluminium and its alloys
nohle) Cadmium

Aluminum Mild Steel .

Cast Iron Active S5
Steel or Iron stainless steel, 13% Cr, type 410 (active)
Lead-tin solder, 50/50

Nickel stainless steel, 1818 type 304 factive)

Stainless steel, 18133 Mo, type 316 factive)
Brass | Lead

Tin
Copper . BRASSES

B Cunmetals
ronze Aluminium bronzes

Stainless Steel (304) Eﬂﬂﬂz:.n ickel alloys

. Mo nel .
Silver Titanium and its alloys Passive 55

Graphite ] Stainless steel, 1878, type 304 (passive)
P Y Least susceptible Stainless steel, 1883 Mo, type 316 ipassive)

Titanium to corrosive silver
attack (more Gold

GOld Noble ( (,llﬂ,'rfift‘,v' noble) LG
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Corrosion: Rust

Anode: Fe = Fe?* +2€

Cathode: Oy + 2 H* , + 4 € = 2H,0,

/ Water

2 Paint layer
H,0
iron

Cathodic site

ngte

Fed\

Rust is NOT protective, corrosion rapidly degrades the metal
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Passive Cathode Corrosion Protection

No power source Is needed

—

Lead wire

Object — & ot
to be é acrincia

anode

protected -~

Protective current

Use active metal (Zn or Mg) as a “sacrificial” anode:
Metal degrades (redox reaction) protecting the connected object (cathode)
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Active Cathode Corrosion Protection

Uses an “Impressed Current” to protect metal structures

DC Power Supply
Negative Return Cable 7

(Structure Connection)

DC power
supply

< Insulated

Anode Cable

Protected ——
Structure

«— Sea Water

Drain Point
Impressed
Current Anode

! ZV
A/zd—mzo

Copyright Larry P. Taylor, Ph.D.  All Rights Reserved

Ground
Bed
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