Lecture Note #1 (Spring, 2022)

Introduction and basic principles

Objectives & syllabus, brief history
Electrochemical cells

Electrochemical reactions

Anode and cathode

Electric quantities and units

Faraday’s law

Galvanic cell and electrolytic cell

Positive electrode and negative electrode
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Fuller & Harb (textbook), ch.1, Pletcher & Walsh (ref.), ch.1, Bard, ch.1, Oh, ch.1
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Objectives of the Electrochemical Energy Engineering Lecture
SRty Xisst Z0I0 =1

Cultivation of basic knowledge about electrochemistry.

Cultivation of basic knowledge of electrochemical engineering or industrial
application.

Exploring the applicability of research through the electrochemical reaction of
oxidation and reduction.

Gain insight into R&D through the history of electrochemistry.

Securing synergy by exploring the possibility of joint research with other fields.
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Goal: Electrochemistry for Sustainability

Is electrochemistry sustainable in principle?

Is electrochemical energy sustainable?
Electrochemistry for applications in sustainability
Organic electrochemistry for sustainable synthesis

Google

A journey on the electrochemical road to sustainability
(cf. David A. J. Rand, J. Solid State Electrochem., 15 (2011) 1579)
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Syllabus

2022 Spring, 4582-608 (WCU Program)

Electrochemical Energy Engineering, EJ|8tet0fl L X| 28t
LECTURER: Professor Yung-Eun Sung (MY

Office: Rm #721 (BLD 302), Phone: 880-1889, E-mail: ysung@shnu.ac.kr
OUTLINE

This class deals with electrochemical principles for the industrial
electrochemistry, electrochemical engineering and technologies. After
reviewing the basics of electrochemistry, this course will be continued to
the applications such as electrodeposition, corrosion, electrolysis, battery,
fuel cell, photoelectrochemistry, and so on.

MI|Bteto] Ik YlE|S MM [1g, 0] Y27t MAL, 24, X,
HHE{2), X, ZA719e}, J2l1 J1EF JII3rst Aeio] OloH ol
O{EH M2LI=XIE AHE2C} MI|SS A SOl )38t o
2101 OI0HE ZQJI USS H1l, & 0|5 Soil S0 XHAIof
20N S8 JHsAS HO0IE + UTES o= 20l 01 Z2lo)
=X 0|Ck




TEXTBOOK
Thomas F. Fuller, John N. Harb, Electrochemical Engineering, Wiley, 2018.
(It is recommended to solve the textbook example(lllustration))

REFERENCES (&11S8&]
Derek Pletcher, Frank C. Walsh, Industrial Electrochemistry, Blackie Academic
& Professional, 1993.

ST, MI|9eH3M), Xis30t7t4I0l, 2019. (Seung Mo Oh, Electrochemistry, Eng. Version)
Milan Paunovic, Mordechay Schlesinger, Fundamentals of Electrochemical

Deposition, Wiley, 1998.
Denny A. Jones, Principles and Prevention of Corrosion, Macmillan, 1992.
Mathew M. Mench, Fuel Cell Engines, Wiley, 2008.
Robert A. Huggins, Advanced Batteries, Springer, 2009. (e-book in library,
also in Korean)
Allen J. Bard, Larry R. Faulkner, Electrochemical Methods, Wiley, 2001 (Korean Ver.)

GRADING (B* & above ~ 80%, B? & below ~ 20%, or Departmental guide)
Midterm Exam 40%, Final Exam 40%, Homeworks & Attendance 20 %

LECTURE ROOM & TIME: Rm #302-409, 11:00-12:15 Mon. & Wed.
OFFICE HOUR: Rm #302-721, 13:00-16:00 Mon. & Wed.

*TA: Geumbi Na(L}2H|) Rm #302-1007, 02-880-9123, mstu2025@snu.ac.kr
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SCHEDULES (could be modified)

Introduction and basic principles (ch.1) (1 week)
Cell potential and thermodynamics (ch.2) (2 week)
*Electrochemical kinetics (ch.3) (3 week)
*Transport (ch.4) (4 week)

*Electrode structures and configurations (ch.5) (5 week)
*Analysis of electrochemical systems (ch.6) (6 week)
-Batteries 1, 2 (ch.7,8) (7,8 weeks)

*Fuel cells 1, 2 (ch.9,10) (9,10 weeks)
*Electrochemical capacitors (ch.11) (11 week)
*Energy storage & conversion (ch.12) (11 week)

*Due to COVID-19, lecture
will be held online Zoom In
March. However, | am

*Electrodeposition (ch.13) (12 week) going to give a lecture in
*Industrial electrolysis (ch.14) (13 week) Lecture Room 409 and |
-Photoelectrochemical cells (ch.15) (14 week) Wil stay there until 1 pm,
«Corrosion (ch.16) (15 week) so if you have any

guestions, please come to
the classroom or use
online zoom after class.



Electrochemistry (& J]|@}eh

Electrochemistry:
passage of electric current — chemical changes
chemical reactions — production of electric energy

coupling of chemical changes to the passage of electricity
— electron + ion conduction (flow of electrons & ions)
— Electrochemical devices & technologies
— Materials & devices & process

Electrochemical reaction:
Oxidation or/and reduction reactions involving electrons
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Examples

Battery or fuel cell: chemical state changes — electric power

Supercapacitor: double layer phenomena — electric power
Photoelectrochemical cell (Solar cell): photoelectrochemistry — power
Photocatalysis: light — hydrogen or chemical reaction

Electrochromic: chemical state changes by electric signal — coloration
Sensors: chemical state changes by mass — electric signal
Electrolyzer: electric power — chemical species

Electrodeposition: electric power — thin film, Cu metallization
Electrochemical synthesis: electric power — chemical change
Corrosion: potential difference — chemical change

Etching & Surface treatment

Bioelectrochemistry

Environmental electrochemistry
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History of electrochemistry

Thales(8dlA, ~BC 600): Rubbing amber (28}, mineral) with fur pulls feathers
“Some of the objects in nature are alive with immortal souls.”
Aristotle(Ol2] A E Y| A): Electric(?) Stingrays(7122]) have the ability to stun prey
~1600 William Gilbert(ZHE): From the Greek electron (nAektpov) for amber(2 &), the words
‘electric’ and ‘electrica’ were made. There is positive and negative electricity
1785 Coulomb(25) Coulomb's law discovered from attraction of positive & negative charges
1791 Galvani(ZHIL]): Discharge causes frog legs to move

1800 Volta(Z ED): electricity generator (battery, Z X])
Humphrey Davy, QI10JH| 1778-1829): Proposed oxygen generating electrode as positive and
hydrogen generating electrode as negative during electrolysis of water
— positively charged hydrogen ions move to the negative
=2 HIIZ20HA HLBE MSE S=(positive), F2EE =& S3(negative) 2= HI2H —
20| MPIE ™ +=A01201 S32Z 0I5
Michael Faraday, IN24d10] 1791-1867) “Current is the movement of a positive charge from a positive
electrode to a negative electrode” definition. Faraday law
‘TR YO oD 22 M=0A 2 =32 = 0Is0l= A0ILH ZO|, MI|E0H B A
1897 Thomson(&Z) electron discovery— The direction in which electrons flow is opposite to the

direction in which current flows. X} } SE = Wsk0| MF )} SS = Wako] HIHHO|C}



Galvani experiment (History)

i

Frog leg experiment
~tdl Jbd =8

Galvanic cell
Pacemaker(&l &t =7|)



Volta battery (History)

Volta | battery
voltage, volt (V)



From: Philosophical Transactions, of the Royal Society of London. For the Year

Volta paper (History)

XVII. On the Electricity excited by the mere Contact of conduct-
ing Substances of different kinds. In a Letter from Mr.
Alexander Volta, F. R. S. Professor of Natural Philosophy in
the University of Pavia, to the Rt. Hon. Sir Joseph Banks,

Bart. K. B. P. R. §.

Read June 26, 1800.

A Céme en Milanois, ce zome Mars, 1800,
APR]E\:S un long silence, dont je ne chercherai pas a m’excuser,
jai le plaisir de vous communiquer, Monsieur, et par votre
moyen 2 la Société Royale, quelques resultats frappants aux-
quels je suis arrivé, en poursuivant mes expériences sur I'élec-
tricité excitée par le simplé contact mutuel des métaux de diffé-
rente espéce, et méme par celui des autres conducteurs, aussi
différents entr’éux, soit liquides, soit contenant quelque humeur,
a laquelle ils doivent proprement leur pouvoir conducteur. Le
principal de ces resultats, et qui comprend a-peu-prés tous les
autres, est la construction d’'un appareil qui ressemble pour les
effets, c’est-a-dire, pour les commotions qu’il est capable de faire
éprouver dans les bras, &c. aux bouteilles de Leyde, et mieux
encore aux batteries électriques foiblement chargées, qui agiroient
cependant sans cesse, ou dont la charge, aprés chaque explosion,
se rétabliroit d’elle-méme ; qui jouiroit, en un mot, d’une charge
indéfectible, d’une action sur le flhiide électrique, ou impulsion,
essentiellement, et

THE

PHILOSOPHICAL MAGAZINE.

SEPTEMBER 1800.

1. On the EleGricity excited by the mere Contal? of condulling
Subflances of different Kinds. In a Letter from Mr. ALEX~
ANDER VovrTA, F.R.S. Profeffor of Natural Philofcphy
in the Univerfity of Pavia, to the Right Hon. Sir JOSEPH
Baxks, Bart. K.B. P.R.S.*

Como in the Milanefe, March 20, 1800.
AFTER a long filence, for which I fhall offer no apology,
I have the pleafure of communicating to you, and through
you to the Royal Society, fome firiking refults I have ob-
tained in purfuing my experiments on electricity excited by
the mere mutual contact of different kinds of metal, and
even by that of other condu®ors, alfo different from each
other, either liquid or containing fome liquid, to which they
are properly indebted for their conducting power. The prin~
cipal of thefe refults, which comprehends nearly all the reft,
1s the conltru&tion of an apparatus having a refemblance in
1ts effects (that is to fay, in the fhock it is capable of making
the arms, &c. experience) to the Leyden flafk, or, rather, to
an electric battery weakly charged acting inceffantly, which
fhould charge itfelf after each explofion; and, in a word,
which fhould have an inexhauftible charge, a perpeiual ac-
tion or impulfe on the electric fluid ; but which differs from
it eflentially both by this continual action, which is peculiar

* Tranflated from the author’s paper publifsed in French in the Phi-
lofophical Tranfactions for 1800, part 2.

Vor. VII, Pp to

MDCCC. Part I. London, printed by W. Bulmer and Co. Cleveland-row, St.
James’s; and sold by Peter Elmsly, Printer to the Royal Society. MDCCC, pp.
403-431.



Volta battery (1800) /% (@W\
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v oxidation : Zn — Zn?* + 2e-

v reduction : 2H* + 2e- — H,

The battery was invented in 1800 by Volta in
Italy. Copper as the cathode, zinc as the anode,
and sulfuric acid solution as the electrolyte. The
voltage is about 1.1V. At the anode, zinc

Cloth with H,S0, dissolved, and at the cathode, hydrogen ions are
reduced to generate hydrogen gas.




Oxidation and reduction

Indicate in the following reactions which are reductions
and which are oxidations:

(1) Fe?* + 2e- — Fe (2) ClF— 1/2Cl, +e  (3) Fe?* > Fe3¥* + e
(4) CrO,> + 3e- = Cr3* (5) O, + 4e-—20%  (6) Br, + 2e” — 2Br



Basic concepts of electrochemistry

* An electrochemical reaction is a heterogeneous chemical process

Involving the transfer of charge to or from an electrode, generally a metal,
carbon or a semiconductor

* Cathodic process: reduction by the transfer of electrons from an
electrode (cathode, &&=, && & =)

2H,0 + 2e H, + 20H"
Cu?* +2e” Cu
Na™ +e¢” + Hg NaHg

2CH, = CHCN + 2H,0 + 2¢~
PbO, +4H"* + SO2™ + 2e"

(CH,CH,CN), + 20H "
PbSO, + 2H,0




« Anodic process: oxidation by the removal of electrons to the electrode

2H20"—46_ 02+4H+
2Cl — 2 ——Cl,

Ce3* —e —Ce**

Pb + SO2~ — 2~ — PbSO,

2Al + 3H,0 — 66~ ——— AL,O + 6H*
CH,OH + H,0 — 6e~ CO, +6H"




Fe3
- —
- e Cu2+
2 2+ -

Fe
—_— .
% Deposil growth
: Cu
Elecftrode Soluftion Electrode Layer Solution
(a) Simple electron transfer, (b) Metal deposition

eg. Fe¥'t & »Fe?® e.g. Cu?t+2¢” —Cu

<+

lllustration 1.1

K cr \ %\%Z It is strongly recommended to
D

e solve the textbook example

-
P o

(lllustration)!!

Electrode Solution Pb electrode Porous PbO, Solution
layer
(¢) Gasevolution, (d) Surface film fransformation
e.g. 2CI-2e"—Cl, eg. PbO,+4H"+S0O;+ 2e —PbSO,+ H,
2+ - -
k — > Fe ‘-k Agl i @l OH
e 24 e -
———— Fe
2+ Oxide
— Fe Fhickening
Fe electrode Solution Ag electrode Oxidelayer  Solution
(Ag,0)
(e) Qno?__'g_dz'ses_f;zgz (f) Oxide formation 4]
9 eg. 2Ag-2e + 20H >Ag,0 + H,0
' CH,=CHCN
.} & |~
o - Intermediates
2 o
/_. (CH, CH,CN),
Porous elecftrode Solution Electrode Solution
(g) Gas reduction in porous gas (h) Electron transfer with coupled chemistry,
diffusion electrode, e.g. 2CH,=CHCN + 2H,0 + 2e~ .
e.g. O +4H"'+4€ > 2H,0 —=(CH,CH,CN), + 20H" Pletcher, Fig.1.1



Electrochemical cell

* Electrochemical cell : contains anode and cathode, the amount of
reduction at the cathode and oxidation at the anode must be equal

e

Exrernal
circuit
” |
Z ! 2
7 | i L
2’ : :
- |
é/eﬁ el e'///
Anode 7/ Anions Cations  Cations ¥, Cathode
77 or > or ?
/ —_— | | —~— /
cations ! | anions %
| |
7 o .
Z e}
(s by
A } 4
Anolyte Cation Cartholyte
seleclive
membrane

Pletcher, Fig.1.2



« Daniel cell (1836): contains anode and cathode, the amount of reduction
at the cathode and oxidation at the anode must be equal

—{ Vv

External circuit

Porous e S y
separator : l
! -
Electrolyte
Heterogeneous Anode Cathode
charge transfer Zn Cu
reaction
Half-cell reaction Zn—>Zn* +2e” Cu* +2¢ —Cu
anode cathode

Electrochemical Engineering, First Edition. Thomas F. Fuller and John N. Harb.
© 2018 Thomas F. Fuller and John N. Harb. Published 2018 by John Wiley & Sons, Inc.
Companion Website: www.wiley.com/go/fuller/electrochemicalengineering

Full-cell reaction: Zn(s) + Cu?*(aq) — Zn?*(aq) + Cu(s)

Figure 1.1 A Daniell cell is an
example of an electrochemical cell.
During steady operation, a constant
current flows throughout the cell. For
any given volume, the current enter-
ing and leaving must sum to zero
since charge is conserved.



Electrochemical Cell

load

PbSO, PbSO,

|
5.2 M H,SO,

Electrical contact

—— Module housing

Aqueous reference
solution

Reference element
(AgCl)

membrane

Solution electrochemistry

Electrolyte
Anode
Cathode
Current

Collector Current

Collector
Oxygen
HYdrogen from the Air

Water

Electrical
Circuit

Fuel cell

e PH mMeter (sensor)



Battery Photoelectrochemical cell
(dye-sensitized solar cell)



Characteristics of electrochemical reactions

Separation of the oxidation (anodic) and reduction (cathodic) reactions
Use of electrons to perform work

Direct measurement of reaction rates by measuring electric current
Control of the direction and rate of reaction

0On, ch.1

Electrode potential is a representation of the electron energy present inside the electrode
Electrochemical reactions are possible only near the electrode surface

The electrochemical reaction proceeds through several steps.

Current is an expression of reaction rate

Current flows in a closed loop within the electrochemical cell

If charge transfer determines the overall rate, the magnitude of the current can be
controlled by changing the electrode potential.

Electrode potential and current cannot be adjusted at the same time

If mass transfer determines the overall rate, the current is determined by the mass transfer
rate

8= A= M= WSRO0 EIHok= Xt ol X1°] HSHOICH

HM)|gtet HIS2 M= HM 2 HO0IAM S JISOICH
HJlotel U2 0l 2HISE HMAM JWED

MF= S S0 HA0It

Ms= dJ2re d HoIM 2%l dcdllclosed looplE EA0lH SEL

ol M20| M S E BFE 32 M= HFE HAMA BT TJIE =232 += AL

o] - [ X=X=]
= =y
o] - [ X=X=]
= =y

0rErErir

= T
M= MY MR E SAI0| ZEE 5 8l
=2 30| MH & 23S R MR S22 83 S0 ol Z2Z=ET



Electrochemical systems

Smelting

electrolysis .
y Corrosion

Figure 1.2 Life cycle of metals. Many of the processes are
electrochemical.

Electrochemical Engineering, First Edition. Thomas F. Fuller and John N. Harb.
© 2018 Thomas F. Fuller and John N. Harb. Published 2018 by John Wiley & Sons, Inc.
Companion Website: www.wiley.com/go/fuller/electrochemicalengineering



Electrical quantities

(1) Electric charge & current

Electric charge (= amount of electricity), g (unit: Coulomb, C), time t
Electric current, | (unit: ampere (A)):

| = dg/dt
q=Idt C=As
Current density (unit: A/lcm?): i = I/A, A: surface of area

Ammeter: measuring current

Circuit: electric current flows in a closed path



(2) Electrical potential & electric field

Electrical potential (unit; volts, V), ¢: the pressure of the electric fluid
Voltage: the electrical potential difference (A¢)

Voltmeter: measuring an electrical potential difference

Electric field strength, E (unit: V/m)

E = -d¢/dx

Electric field strength,
E = F/q = (1/41ee)(q/r?)

e.g.: g = 1.6 x 10-1° C, water dielectric constant € = 78.5, vacuum
permittivity €, = 8.85 x 10-12 C2N-m-2, double layer distance r = 10° m
— E =2 x 107 V/m — potential difference Ap = 20 mV



(3) Ohm’s law: most conductors obey this law
Current density is proportional to the field strength
| oc X

| = kX = -k d¢/dx

K; electrical conductivity (siemens/m, S = A/V), 1/k; resistivity
Ad = -RI
R; resistance (unit of ohm), G; conductance,
G =1/R=«A/lL=-l/A

L; conductor length, A; cross section
Ohm’s law does not have universal validity. It does not apply to
electrochemical cells.

Resistor: a device that is fabricated to have a stable and known resistance

Power (watts) = I’R



Potential

gradient . d¢

[ = —K—

: dx
¢ |

» Cations

Anions <

v

X

Figure 1.3 Gradient in potential and flow of current. Current flow
is from left to right.

Electrochemical Engineering, First Edition. Thomas F. Fuller and John N. Harb.
© 2018 Thomas F. Fuller and John N. Harb. Published 2018 by John Wiley & Sons, Inc.
Companion Website: www.wiley.com/go/tuller/electrochemicalengineering



(4) Power
Power: the time rate of doing work or of expending energy

Power = energy/time = work/time

Instantaneous power P = dW/dt
Average power P=Wnh

Unit: watt (W) = J/s
1 horsepower (HP) = 746 W

Power ratings of various devices & animals
108 W solar power input to earth
1012 W electricity capacity in USA (10 W (125 GW), Korea)
10° W large electric power plant
10’ W train
10° W automobile
1000 W horse
100 W man/woman resting
0.1~1 W Si solar cell
0.01W human heart



Energy storageumattery] and CONVersioniuel celn

Electric vehicle (battery] e.g. 300 km driving distance

40 kWh battery, Power 90 kW

(Energy density 140 Wh/kg, Power density 250 W/kQ)
Battery weight 300 kg

Efficiency 7 km/kWh

FCV (fuel celll e.g. 460 km driving distance
Power 113 kW

Power density 3 kW/l, 2kW/kg
FC weight 56 kg + (5 kg H, in tank (87 kg) )
Efficiency 6 km/kKWh

2019 Hyundai NEXO FCV

cf. Gasoline engine: ~800 km, 60~70 liter tank, 12 km/liter



Terminology and Unit

Terminology Unit
Current (1) Ampere (A)
Current density (i) Ampere per m? (A/m?)
Electric charge (q) Coulomb (C =A's)
Charge density (p) Coulomb per m3 (C/m3)

Potential (¢)
Field strength (E)
Conductivity (k)
Resistance (R)
Conductance (G)
Permittivity (¢)
Energy (w)
Power
Capacitance (C)

Volt (V = J/C, or A-Q2)

Volt per meter (V/m)
Siemens per meter (S/m)
Ohm (Q2 =1/S = V/A)
Siemens (S = AV)
Farad per meter (F/m = C/V-m)
Joule (J = V-C)

Watt (W = J/s = A-V)
Farad (F = C/V)



Faraday’s law (Hl2{dl0] $Z!)

charge(Q, C(1 C =6.24 x 1018 e) vs. extent of chemical reaction

“the passage of 96485.4 C causes 1 equivalent of reaction (e.g.,
consumption of 1 mole of reactant or production of 1 mole of product in a
one-electron rxn)”

F = N,Q, = (6.02 x 102 mol1)(1.6022 x 10-1? C) = 96,485 C-mol-.

F: Faraday’s constant

Charge Q =nFN Faraday’s law
N: # of moles (N = m/M), n: # of electrons involved in reaction
HMZ (1) = dQ/dt = nF(dN/dt) [HQ]: A= C/s]

Reaction rate (mol/s) = dN/dt = i/nF



« Current (i) : the rate of the electrode reactions

« Charge (g or Q) — extent of chemical change at each electrode. The
charge required to convert m mol of starting material to product in an ne-
electrode reaction is calculated using Faraday’s law of electrolysis

q=]idt=mnF /M for time t
where F: Faraday constant (96485 C mol1)

e.g. if the current is 1 Afor 2H* + 2e- 2> H,
1) Current:1A=1C/s

1
2) Mole of electron: 1 C/s X

_ -5
56485 C/mol — 1.036 X 107> mol/s

3) Mole of H,: 1.036 X 10™°mol/s X %= 5.182 x 10~ %mol/s

dQ

—= (coulombs/s
it ( )

I(amperes) =

Q  (coulombs)

= N (mol electrolyzed)
nF (coulombs/mol)

Rate (mol/s) = ddT = nIF



Mass of | species

m, = MQ / nF

m,: mass, M,: molecular weight

lllustration 1.2, 1.3, 1.4

It is strongly recommended to solve the textbook example(lllustration)!!



Faradaic efficiency

B amount of desired material produced
~ amount that could be produced with the coulombs supplied

Ny

lllustration 1.5, 1.6



Electrochemical system

e.g., lead/acid cell (car battery)

PbSO, T PbSO,

5.2 M H,SO,

Anode: Pb(s) + SO,%(aq) — 2e" + PbSO,(s)
Cathode: PbO,(s) + SO,%#(aq) + 4H*(aq) + 2e- - PbSO,(s) + 2H,0O()
Cell: PbO,(s) + Pb(s) + 2H*(aq) + 2HSO, (aq) — 2PbSO,(s) + 2H,0(l)

Right-hand electrode: electrons produced: oxidation, “anode” negative
Left-hand electrode: electrons consumed; reduction, “cathode” positive

2.0 V without current flow, 1.8 V with current flow (load); “polarization”
Galvanic cell: a cell which provides energy in this way, “discharge” 94 &




“charge”. current flow in the opposite direction by using an external
source; Electrolytic cell; opposite direction to its spontaneous motion
PbO, : anode, Pb: cathode

D.C. voltage
source

Y AAAA—

4

| Cathode
PbSO, T PbSO,
I
5.2 M H,SO,

2.0 V, perfect balance between the applied and cell voltages, no current
flow — equilibrium cell voltage or reversible cell voltage or null voltage or
rest voltage or “open-circuit voltage (OCV)’(since no current flows, it
makes no difference if the circuit is interrupted, as by opening the switch)




Types of electrochemical cells

(i) Galvanic cell: reactions occur spontaneously at the electrodes when
they are connected externally by a conductor. Converting chemical
energy into electrical energy. e.g., primary battery, secondary battery
(discharging ), fuel cell

(1) Electrolytic cell: reactions are effected by an external voltage.
Electrical energy to chemical reactions. e.g., electrolytic syntheses,
electrorefining (e.g., copper), electroplating, secondary battery (charging)

Galvanic cell Electrolytic cell

== [Fette

e

Power supply

znizn?tcuticu (+) (& cucu Hsort ()
(Anode) (Cathode) (Cathode) (Anode)
Zn — Zn?* + 2¢ Cu*+2e—3Cu  CuPt+ 2600 HoO — %og +2H" + 2¢

(@) (h)
Figure 1.3.1 (a) Galvanic and (b) electrolytic cells.

A.J. Bard, L. R. Faulkner, Electrochemical Methods, Wiley, 2001.



Lithium rechargeable battery

0
O

Negative Postive
Electrode Electrode
(e, o 0
-} -'xn]-;‘:nrw (] .m: g
I Y 40
ceneen | A B
ek EAVAVAVAYLY, 3 |
|_I. . Li* .U
Il |
Li+ conducting
LIxCe Hecralyee LI1xCo02
charge

LiCo0, + Cg < Li;,G00, + Li,Cg

discharge



2019 Nobel Proze in Chemistry
Li secondary battery

g s
= ol AHd] 2EH O71dt Al
John B. Goodenough M. Stanley Whittingham Akira Yoshino



Positive electrode(+) and negative electrode(-)
Ol 23 A}

1834 William Whewell (+Faraday)

-cathode(Greek kathodos(descent, way down): current exits/emits (to
electric device or chemical reaction)

electron
—> anode
— < +
negative current  Dositive

cathode—

v'Humphrey Davy, 1778-1829): Proposed oxygen generating electrode as positive and hydrogen generating

electrode as negative during electrolysis of water — positively charged hydrogen ions move to the negative
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positive, negative, anode, cathode

- HighVoltage 4

b X

Bremsstrahlung

Cathode Anode

o

T e

000000 &

Electron el =
-
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Electrolytic cell: positive, negative, anode, cathode

v'Sea water(NaCl) electrolysis

26 ) . C 2H,0
Clx(g) , . Hy(g) + 20H
Anode Cathode

@ electrode © electrode

v'Water electrolysis:

AL B X =(OER(oxygen evolution reaction), anode, oxidation) 2F= (positive)

FAEM MI(HER(hydrogen), cathode, reduction) &= (negative)

Oh, ch.1



Galvanic cell: positive, negative, anode, cathode

v'Fuel cell
e ey
A e
AH" = "
2H, sl P Ap €Oz +4H
4H' : o S o
HOR i ORR
gr;()i/g;(t)igin Anode Cathode (O)c(lyge'n
' reduction
reaction) @ electrode @ electrode eActidh)

Oh, ch.1



Rechargeable battery: galvanic cell + electrolytic cell

Discharge (Galvanic cell)

AN
— e
. Li 5
LI) —— MnO, +Li +e
Li
Li'+e LiMnO,
Oxidation Reduction
Anode Cathode
© electrode @ electrode

g 1-21

Li/MnO, Ot FX|2| & 1FdollM = 2h8at T=e| B

Charge (electrolytic cell)
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Lif+e
E
Li

Reduction

Cathode
© electrode

| [ I +
g
Power supply
Ei :
<---- LanOZ
Li" + e + MnO,
Oxidation
Anode
@ electrode

a8l 1-22 Li/MnO; OIx} HX|2] SH 1FgolM T= BiSat T=2| HE

Oh, ch.1



Positive, negative, 4t@}=(anode), & = (cathode)

Anode

Cathode

The anode is the electrode where
electricity moves into.

A anode is usually the positive side
In electrolytic cell.

It acts as an electron donor.

An oxidation reaction takes place at
the anode.

In galvanic cells, an anode can
become a negative.

The cathode is the electrode where
electricity is given out or flows out of.

A cathode is a negative side
In electrolytic cell.

It acts as an electron acceptor.

A reduction reaction takes place at
the cathode.

In galvanic cells, a cathode can
become an positive.

https://byjus.com/chemistry/cathode-and-anode/



Electrical power
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Figure 1.4 Electrochemical cell for the chlor-alkali process.
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Chloro-alkali process

Anode: 2ClIF — 2e" + Cl,

Cathode: 2H,0 + 2e- —» H, + 20H-
Overall: 2H,0 + 2CIF— Cl, + H, + 20H-



Voltammetry: |-V relation

Plot of cell currents versus the cell voltages (volt + am(pere) + mogram)

A

Charging
current
] ] ]

1.8 20 22

Discharging Voltage of PbO, electrode vs.
current Pb electrode (V)

Not linear — electrochemical cells do not obey Ohm’s law

Overpotential (or overvoltage, polarization) n = E -k,



Electrolytic

Cell potential
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Polarization

—
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0
Current density

Figure 1.5 Representative relationship between current and poten-
tial at steady state. The dividing line between galvanic and electro-
lytic operation is at a current density of zero.
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