Chapter 20: Electrochemistry llI
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Batteries =

* Electrochemical cells convert
chemical energy to electrical
energy

* Battery. Arrangement of one or
more electrochemical cells

* |If cells are connected in series,
the voltages of each cell add up:

Car battery

. E.

Note: Connecting batteries in
parallel does not increase
Series voltage but the amperage.
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Dry-cell battery =)

MN1300 LR20 SIZED
PDIRaS 1,5 Volts

* Want batteries to be portable, so we
want an electrolyte without much water

* Alkaline battery (basic medium): +termmal

Steel case

Graphite rod
(cathode)

Ox. (anode): Zn(s) + 20H(aq) — Zn(OH)(s) + 2e

Zinc (anode)

MnQO, in
KOH paste

Red. (cathode): 2MnOx(s) + 2H0(/) + 2 — |=—u Absorbent
2MnO(OH)(s) + 20H+(aq) .

— terminal

(b)
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Recycle batteries!

Overall: Zn(s) + 2MnOx(s) + 2H20(/) — Zn(OH)z(s) + 2MnO(OH)(s)





Lead acid battery I =

* Car battery (12.6 V when
fully charged)

* Oldest type of rechargeable
battery (1859)

* Reliable, rechargeable

* Provide large surge of
current in short time

* Heavy, acidic, Pb is bad

T M5S0, elecardyie

Megaing plates 1 kel prills
. ke with wprmgy beasd §

Fosamig plases Choad prlls
Fillleadl wiih P83

Old batteries must be recycled!

Ef=1.70V
Cathode (red):PbQO, (s) + 4H* (aq) + SO% (ag) + 2e- — PbSOQ, (s) + 2H,0 (/)

Anode (ox): Pb (s) + SO% (aq) — PbSO, (s) + 2e E9=-031V

Pb (s) + PbO, (s) + 4H* (aq) + 2S02 (aq)— 2PbS0, (s) + 2H,0 (/)
Eocell —_ 2.1 V
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Lead acid battery

* Usually 6 cells (2.1 V each)
* Total output 12.6 V (series)
* Duringusage Q —» K

and Eces — 0V

* Rechargeable from the
alternator in your car

* Reverses the reaction
* Pb(s) and PbOy(s) form

P reacts aw
bSO4(s) reacts away £0= 170V
Cathode (red):PbQO, (s) + 4H* (ag) + SO% (ag) + 2e- — PbSO, (s) + 2H,0 ()

Megaing plates 1 kel prills
. ke with wprmgy beasd §

Fosamig plases Choad prlls
Fillleadl wiih P83

Anode (ox): Pb (s) + SO% (aq) — PbSO, (s) + 2e E0=-031V

Pb (s) + PbO, (s) + 4H* (ag) + 2S02 (ag)—— 2PbSO, (s) + 2H,0 (I
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Rechargeable batteries

* Lead-acid
* Nickel-cadmium (NiCad)

* Nickel-metal hydride (NIMH)
* Lithium ion

MIVUNG — =
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If charging of Li-ion batteries is not properly regulated, they can overheat and even catch fire!
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NiCad (Nickel-Cadmium) =)

Oxidation (anode): Cd(s) + 20H(aq) — Cd(OH)(s) + 2e

Reduction (cathode): 2NiO(OH).(s) + 2H.0O(l) + 2e- —
2Ni(OH)2(s) + 20H-(aq)

* Cell voltage 1.30 V (Note: less than 1.5 V!)
* Recharge by applying a current in the opposite direction

* Possible problem: overcharging can produce Hx(9g)
(flammable)

* Cd is toxic (recycle batteries!!!)





NiMH (Nickel-Metal Hydride)

Oxidation (anode): MeH(s) + OH(aq) — M(s) + H2O(/) + e

Reduction (cathode): NiO(OH).(s) + H.O(/) + e —
Ni(OH)2(s) + OH-(aq)

* M = metal alloy
* More environmentally friendly than NiCad
* Better energy density (energy per battery mass)

TABLE 19.2 Energy Density and Overcharge Tolerance of Several
Rechargeable Batteries

Battery Type Energy Density(W - h/kg)  Overcharge Tolerance
NiCad 45-80 Moderate

NiMH 60-120 Low

Li ion 110-160 Low

Pb storage 30-50 High

Hybrid cars
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Lithium ion

)

* Even better energy density
* Li is least dense metal
* Very little charge loss (5% per month)

TABLE 19.2 Energy Density and Overcharge Tolerance of Several
Rechargeable Batteries

when not In use

Battery Type Energy Density(W - h/kg)  Overcharge Tolerance
NiCad 45-80 Moderate

NiMH 60-120 Low

Li ion 110-160 Low

* Hundreds of charge/discharge cycles

* 2-3 year life
* Sensitive to high temperatures

* Needs extra circuitry to manage the
charging/discharging of the battery

* Fire hazard when improperly charged

Pb storage 30-50 High
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Lithium ion =)

A e s e Cylindrical lithium-ion battery
B. Lithium ion cell Top Cap Gasket pre Vent
C. Yolfage converter/ (Positive Terminal)

regulator circuit
D. Motebook connector
E. VYoltage fap

F. [obscured): Battery Top Insulator
charge state monitor
Anode
Steel-Can
(Negative Terminal)

Bottom Insulator

* Thin layers of cathode and anode kept apart by separator
* Qutputis 3.7 V per cell
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Lithium-ion rechargeable battery

Lithium ion T ——— =)

Separator

e J-l

Anode Cathode T ........
N

-

Electrolyte
(Polymer battery: gel polymer electrolyte) B2008 HowStutWarks

Lithium-ion rechargeable battery

Charge mechanism
Charger = T

")
Current :

LERR AR RNN]

Electrons

Separator v

Graphite Lithium-transition
metal oxide

Lithium ions

r . o .
Charge @ > Discharge ALiIALI e r

© 2017 Pearson Education, Inc.

Electrolyte
(Polymer battery: gel polymer electrolyte) BI006 HowStufWorks
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WHY LITHIUM-ION BATTERIES CATCH FIRE

Lithium-ion batteries have been in the news recently with reports of some of Samsung's phones
unexpectedly catching fire. Here, we examine how the batteries work and what can make them ignite.

ELECTROMN FLOW
nl::nntmﬁ

F

CHARGING

Lithium-ion batteries often use lithiurm
cobalt oxide (LICoO,) as the positive
electrode and graphite as the negative
electrode. When the batteries charge,
lithiurm ions and electrons move from the
positive to the negative electrode. When
they discharge, the ions and electrons
move from the negative to the positive
electrode. powering phones and other
devices. The ions move through an
electrolyte, typically made of a lithium salt
dissolved in an organic liguid.

-—0 -
-
—0 -

-~

ELECTROLYTE

SHORT-CIRCUITING OVERCHARGING ELECTROLYTE BREAKDOWN

! EEF.!‘li'ﬂR

A porous separator keeps the battery
electrodes apart. Charging the

O
. FLAMMANLE
O~  pcmamirre ! ;

Camman electralyre subsrance

When overcharged, lithium cobalt

During charging, some of the organic
axide releases oxygen. This can react

battery for long periods or inflicting
a mechanical blow can damage the
separater, causing the batwery o
discharge rapidly and generate a lot
of heat.

with the flammable electrolyte and
also with cobalt oxide (Co,0,) left over
afrer the release of oxygen. Co, 0, also
increases the resistance of the battery,
raising the risk of overheating.

molecules in the -amcrml-,-m Can
break down, forming carbon dioxide.
Because the battery is sealed, this
causes pressure 1o build up. If it gets
high emnough, the battery bursts,
exposing the flammable electrolyte.

@ @ C&EN 2016 Created by Andy Brunning for Chemical & Engineering News

http://cen.acs.org/articles/94/i45/Periodic-graphics-Li-ion-batteries.html|?utm_source=Newsletter&utm_medium=Newsletter&utm_campaign=CEN

12




CALIFORNIA
STATE UNIVERSITY
NORTHRIDGE

CSUN

Fuel cells

* Major problem with batteries:
Reactants become depleted
over time

* Fuel cell: Reactants
continuously flow through
system

* Hydrogen/Oxygen fuel cell
* Product is water

Anode:

=)

Hydrogen-Oxygen Fuel Cell

@ Electron

Q Proton

. Oxygen atom

Electic circuit

Anode 2 )

Hydrogen

Reduction
0,(g) + 2H,O(I) + 4e™
—> 4 OH (aq)

2H,(g) + 4 OH (ag)

Oxidation
— 4 H,0(l) + 4e”

2H, (g) + 40H- (ag) —* 4H,0 (/) + 4e-

2H, (g) + O, (g) — 2H,0 (/)

E0 =123V
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Fuel cells Problem: Hydrogen is scarce

How fuel cell cars work

Fuel port
A fuel cell is a clean and efficient power plant that makes i The tanks
electricity through a chemical reaction between are refilled
hydrogen and oxygen. at hydrogen
i \ fueling

Power control unit stations. |

Manages the fuel cell

Electric motor and the battery output { |
Propels the vehicle and input in t
with little noise or accordance with

vibration. It can also  driving conditions.
recover energy /
during deceleration. \ & y / Battery

Power Hydrogen
control unit Tanks Battery
o Stores energy
recovered during
deceleration and
helps during

Fuel Cell stack acceleration.

Safety measures
Sensors shut the valves of

. the tanks in cases of

- impact or leakage.

High-pressure hydrogen tanks
Provide hydrogen to the fuel
cells.

Inside the
fuel cell stack

Hundreds of individual
fuel cells — each
producing less than one
volt — are assembled
inside the stack to
produce enough voltage
for the motor.

Inside each cell, hydrogen passes
through a negative electrode
where a catalyst strips electrons
from the atoms. The electrons
flow from the negative to the
positive electrode, generating
electricity. Electrons and
hydrogen atoms travel through an
Water electrolyte membrane to reach

Negative
el Igtrode
catalyst

the positive side, where they join
Polymer electrolyte ;%f:lttr“(lfje with oxygen to become water.
Source: Toyota Motor Corp. membrane catalyst

JAVIER ZARRACINA Los Angeles Times
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Electrolysis -

* Remember: For a voltaic cell (Eci® > 0 V), spontaneous
when not in equilibrium, Ecer > 0V

* Electrolysis: Drive a non-spontaneous reaction with an
external voltage source (like charging a battery)

* Forces the reaction go in the (normally) non-spontaneous
direction

* e are drawn from the anode and connected to the positive
terminal of the external voltage source

* ¢” are forced to the cathode and connected to the negative
terminal of the external voltage source

15
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Electrolysis of Water

Oxygen Hydrogen
gas / gas
Water
Oxygen with Hydrogen
bubbles solible bubbles External source
\\ salt / _
\ i~
L;J L;
! L )
. J
Anode Cathode
2 HzO(l) — 2 HZOU) + 2e —
Oy(9) + 4H*(aq) + 4e” H,(g) + 2 OH(aq)

@ 2017 Pearson Education, Inc.

)

Spontaneous (produces
current in a voltaic cell):
2H2(g) + O2(g) — 2H20(/)

Non-spontaneous
(consumes electrical current
in an electrolytic cell):
2H-0(/) — 2H2(g) + O2(9)

Need a salt (electrolyte) to
carry current through the
water!
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Voltaic Cell Electrolytic Cell

— - Sy - =)

e 110 § ' .--:_\-/'oltage [

Source >

1.10 V

Cathode Anode

(——)

. !’ | Salt bl'ld.ge - | I
- |
i

- ; ""!%,

——
Voltmeter

Salt bridge

—— 7n*"(aq)
Cu**(aq)

Cu(s) ——
Cuz"'(aq) + 2e”

Zn(s) —— Zn”(aq) Cu”(aq) + 2e —— Zn”(aq) + 2e —
+ 2e” Cu(s) Zn(s)

© 2017 Pearson Education, Inc.

* If Ecen = 1.10 V, need a power supply with > 1.10 V to drive reverse rxn

* Note that the anode and cathode swap positions (oxidation still occurs at
the anode, reduction still occurs at the cathode)

* Anode of the battery is applied to the former anode of the cell to make it
a cathode

17
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Products of electrolysis

=)

* Can form pure metal on
surface of another metal

* Application: electroplating

* Very energy intensive
process on large scale

Electrolytic Cell for Silver Plating

+ —
. _ | P
= o U W e
Voltage

i Object to
be plated

Silver
electrode

@

Anode Cathode
Ag(s) — Ag+(aq) + e
Ag+(aq) + e —> Ag(s)

18




Summary of electrochemical cells

* In all electrochemical cells:

* oxidation occurs at the anode

* reduction occurs at the cathode
* In voltaic cells:

* anode is the source of electrons and has a negative charge
(anode -)

* cathode draws electrons and has a positive charge (cathode +)
* In electrolytic cells

* electrons drawn from anode, which must be connected to positive
terminal of external power source (anode +)

* electrons forced to cathode, which must be connected to the
negative terminal of the external power source (cathode -)

19
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Predicting products of electrolysis )

Electrolysis of a Molten Salt

Pure molten salts:
anion Is oxidized and
cation Is reduced

Inert Inert
electrode electrode

X
—
Cl(g)

Molten

NaCl

<« Cl™ Na ' =

| mi Cztﬂt_)de
2C1 () — 2Nat(l) + 2e”
Produces Clz(g) and Na(s) {Clg(g)( )+ 5 e-J { aall )ZNaf’s)}

arson Edlucation, Inc
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Predicting products of electrolysis

Mixtures of cations or anions in a molten salt:
* For example: NaCl with KCI

* Anion Is oxidized and cation iIs reduced

* Which will be reduced first, Na* or K*?

TABLE 19.1 Standard Electrode Potentials at 25 °C

Reduction Half-Reaction ] —

Fale) + 26 — 2F(aa) ]
Stronger .

oxidizing agent H,0,(aq) + 2 H'(aq) + 2 € — 2H,0) Na - ‘ aal' § E' . NE{S] ~L .‘! , r 1
PDO,(s) + 4 H'(ag) + SO2~(ag) + 2 & — PDS04(s) + 2 Hy0()
MnO,(ag) + 4 H'(aq) + 3¢ = Mn0ys) + 2 Hz0(1)
MO, (aq) + 8 H'(ag) + 5 & — Mi?*(aq) + 4 H,0() _

. e— o

— Ca**(ag) + 2 & Cals) 2.76
PDO,(s) + 4 H'(@q) + 2 & — Pb?*(aq) + 2 H,00)
L@ 2 — 20i(a0)
Cr,0,2"(ag) + 14 H'(aq) + 6 & — 2Cr3*(ag) + 7 H0()

0g) + AH'(aq) + 46" — 200 Bai'{aq:l + 2 8 — Ea[s_:' _2-50

MnOs(s) + 4 H'(ag) + 2&” —— Mn?*(aq) + 2 HyO(1)

1057(ag) + 6 H'(aq) + 5&~ — 11(aq) + 3 H0)
Bo() + 2¢ — 28r(aq) i
¥0,'(aq) + 2 H'(aq) + & — VO™ (aq) + H0() H. {Sﬂ } ‘I E' R 5 ) '

N0, (ag) + 4 H'(ag) + 3&~ — NO(g) + 2 Hy0()

cltj:[g) b — Cl0; (aq) : 1ﬂr{‘nkf r ¥ Sl‘rﬂ n Er
Ag'(aq) + e — Agls) A Li‘taq] 4 E' i Lt{ﬁ} _3|ﬂ4 E

Fe**(ag) + & — Fe?*(aq) ! H T _a
i St - oxidizing agent reducing agent
MO, (ag) + & — Mn0,> (@) '
bis) + 2¢€ — 21aq) 0.54
Cu'tag) + € — Culs) 052
Oafg) + 2Ha0() + de — 4 0H (aq) 0.40
Cuag) + 2 — Culs) 034
S02(ag) + 4 H'(ag) + 2 &~ — HaS05(aq) + H,0() 0.20
Cu?(aq) + & — Cu*(aq) 0.16 . n .
S*(aq) + 2 ¢ — Sn*(ag) 0.18 +
[2H'@a) + 2e — Halg) 0
Fe>*(aq) + 3 — Fels) ~0.036
PE2*(ag) + 2 & — Pbis) -0.13 ,
Sn°'fag) + 2¢ — sn(s) 0.4
Ni**(aq) + 2 € — Nilg) -0.23 .
Cd*(aq) + 2 & — Cd(s) -0.40
Fe?*(aq) + 2 € — Fe(s) -0.45
Cr3*(ag) + & —— Cr2*(ag) -0.50
Cr'*(aq) + 3¢ — Cris) -0.73
Z0*(a0) + 26 — 2nls) -0.76
2H00) + 2 — Halg) + 20H (aq) -0.83
M (ag) + 2 & — Mnts) -1.18
A" (aq) + 3 € — Alls) ~1.66
Mg?'(ag) + 2 & — Mgis) -2.37
Na'(ag) + & — Na(s) -2.1
Ca*(ag) + 2 — cals) -2.76

dozso= = 1 For mixed anions, the one that is more easily
oxidized is oxidized first (at anode)

© 2017 Pearson Education, Inc.
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Stoichiometry of electrolysis =

How much product will form??

*Current: 1TA=1C/s

* Amount of charge: Current (A) x time (s) = Charge (C)
* F =96495 C / mol (here mol corresponds to mol of e°)

* Calculate the moles of electrons transferred for a
given current passing in a given amount of time

* Don’t forget that more than one mole of electrons may
be required to make one mole of product

22




Example s

Gold can be plated out of a solution containing Au®*
according to: Au’*(aq) + 3e- — Au(s). What mass of
gold is plated by 25 minutes of 5.5 A electrolysis?

Solution. 25 min. = 1500 s. To get the number of
charges: 5.5 A X 1500 s = 8250 C. Convert this to
moles of e-: 8250 C / (96495 C / mol) = 0.0855 mol.
Since 3 electrons are involved, we must divide this

by 3 ti get the number of moles of Au: 0.0855 mol / 3

= 0.0285 mol. Finally, convert moles of Au to grams

by using the molar mass: 0.0285 mol X 196.9665 g/mol
= 5.6 g of Au(s).

23




Corrosion =)

Oxidation of metals is usually
spontaneous when exposed to O2(9g):

* Requires water

* Electrolytes promote corrosion
(enhance current flow; e.g. salt
water)

* Acids promote corrosion because
O2(9g) is reduced at an even more
positive potential in the presence
of additional H*

24
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Corrosion of iron =)

The Rusting of Iron

€ 4 Fe’t(ag) + 0,(g) + (4 + 2n) H,O() —— 2 Fe,0;- n H,0(s) + 8 H(ag)

e 0, = Watir/ droplet
z (4 + 2n) H,0 ~
Rust 2H,0 \
2 Fe, O3 * n H,O / 4 Fe \ Ca ho ic
T ate ' 4 gt @) :

@ 2Fe(s) — 2 Fe’"(aq) + 4 e~

© 2017 Pearson Education, Inc.

Rust forms a protective layer that can prevent
further oxidation.

25
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Preventing corrosion

* Aluminum forms
aluminum oxide (white)
outside (patina)

* Copper forms copper
carbonate

* Paint (cars)

* Galvanization: addition of
zinc to steel, which will
oxidize before the iron
underneath
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Tips for this section

* General idea of how batteries work
(do not memorize the reactions)
* General idea of how fuel cells work
(do not memorize the reactions)
* Electrolysis
(describe electrolysis cell)
* Corrosion
(do not memorize the reactions)
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