Electrochemistry -
Battery and Fuel Cell
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Anocle ancl Cathocle

Oxidation takes place at the anode

Reduction takes place at the cathode



The Concept of Half Cell

In the electrolysis of water:
anode: 2H,0 - 4e° > O, +4H!
cathode: 2H,0 + 2e- — H,, + 20H

Each of the anode and cathode reactions are half-cell
reactions.

The overall cell reaction is:
ZHS6 > 1 2H 1)
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Defined as the electrode potential of a half cell reaction

(under equilibrium condition) versus the standard
hydrogen electrode when all reactants and products exist at
unit activity. It is often written in the form of reduction and is

therefore also called standard reduction potential’.
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Standard Elecirode Potential £°

A standard hydrogen electrode (SHE) consists of a
platinum-black electrode immersed in a 1.000 M H* ion

solution In contact with hydrogen gas at 1.000 atm
pressure.

VAR o Ll Sl
The H* and H, are under dynamic equilibrium

By convention, the standard electrode potential of a SHE
IS defined as exactly 0.000V.
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(a) The standard hydrogen electrode; (b) The standard electrode potential of

Cu?*/Cu versus the standard hydrogen electrode
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KNO; (aq)
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1.000 M Zn(NO3), (aq) 1.000 M CU(N03)2 (ag)

EC .. =-0.763V EC 2+.,= 0.337V

Zn [/Zn

Eoui = Eo- E,=0:337- (:0.763) = 1100 V.
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Concept of Overpotiential ()

When current flows between two half cells
—an overpotential exists on each of the half cell!

The difference between the actual potential of a half cell electrode and
Its equilibrium potential (E°) Is the overpotential (n)

e.g. the E° for Cu?*/Cu is 0.337 V

If the potential of a Cu?*/Cu half cell has been lowered to 0.327 V when
current flows, the overpotential is 0.327V - 0.337V = -0.010V



Polarization

When the kinetics of an electrochemical
reaction is slow (slow rate of reaction), the
electrode Is said to be polarized.

Slow kinetics can be caused by:
1. Low concentration of reactant
2. High kinetic barrier on the electrode surface
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Batteries

A Dbattery Is a device which can
store chemical energy and, on
demand, convert it into electrical
energy to drive an external circuit.



r
@
oy
o
L
>
o
Q
0
ay
oy |
o |
@
-
@
&

Negative electrode :

Positive electrode :

PO+ dH "+ 5O+ e 5 PBHSO, +12FH.0
EC°=1.685V
EOCG“ — ECO a EAO - 2031 V

Electrolyte: Sulfuric acid



For starting, lighting
and ignition

6-12 volts (3-6 cells
In series)
Parallel pasted gt

electrodes with __ ”
separator - gar o o

Positive terminal Megative terminal

vent caps

Electrolyte solution
[dilute sulfuric acid)

Protective Casing
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Developrment in the design of lead-acid
patteries
1. Reduce the weight of grids (use lead alloys)

2. Change the case from hard rubber to the lighter
polypropylene - improve the energy density from
24 to 32 Whkg

3. If overcharging, water electrolysis - H, + O,
(explosion)
To build a catalyst for the recombination of H, &
O, In the cell » maintenance-free sealed batteries



Also known as Maintenance Free (MF) battery

Overcharging or misuse may cause the production
of gases - hydrogen and oxygen

In VRLA battery the hydrogen and oxygen
produced in the cells recombine back into water
with the aid of a catalyst

If gases build up inside the battery, a valve is
designed to vent the gas and thereby normalize
the pressure —=Valve-regulated



A) Nickel-cadmium electrode reactions

_ discharge
Cathode: NIOOH + H,O + e > Ni(OH), + OH"
charge
discharge
Anode: Cd + 20H = Cd(OH), + 2¢e
charge
B) Ni-metal hydride electrode reactions
: discharge
Cathode: NIOOH + H,O + e > Ni(OH),; + OH"
charge
discharge
Anode: MH + OH™ ~ M+H,O +e
charge

LaNi-H / LaNi. (alloy of rare-earth metal)
Electrolyte : agueous KOH
Cell potential of both types of batteries ~1.3 V



Mernory effect in Ni-Cd batt

(1)
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Sealed NiI-Cd cells exhibit an unfortunate
characteristic known as the memory effect’.
When cells are only partially discharged, and then
recharged, they progressively lose their capacity,
cycle by cycle. In a sense, the cell remembers’
the lower capacity of the partial discharge. This
could be caused by the formation of a passivating
layer on the electrode, forming a barrier to further
electrochemical reaction.



Priming New Batteries

Manufacturers recommend to charge a nickel-
based battery for 24 hours when new and after
long storage. This service brings all cells to equal
charge level and redistributes the electrolyte to
remedy dry spots on the separator brought on by
gravitation of the electrolyte.

Nickel-based batteries are not always fully formed
when leaving the factory. Applying several charge/
discharge cycles through normal use completes
the forming.



Li* shuttling between anode and cathode during charging and
discharging

Negative electrode: Graphite
Li,Cs — Cg +yLI" + ye

Positive electrode: Metal Oxide (MnO,, CoO,, NiO,)
xLi* + MO, + xe- — LI,MO,
Intercalation of L1 in the electrode materials

Electrolyte: Porous polymer saturated with an organic
solvent containing the Li salt

\oltage: 3-4 V depending on the positive electrode material



Positive Negative
electrode electrode
Lix MnO, carbon

LixMO, + yLi" +ye ——» LiyxyMO; LiyCe — > Cs + yLi" +ye

The rechargeable lithium battery.
On charging, Li* ions move from the Li,MO, electrode to the carbon one.
At the same time, electrons move through the external circuit.

The reverse happen on discharge.



Batteries explosion
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Lithium batteries are high-voltage batteries.
Over-charging may lead to the
decomposition of the electrolyte to generate
gaseous products and hence explosion.

Over-charging will generate excessive heat.
The heat will cause decomposition of
electrode material and vaporization of the
organic solvent in the electrolyte to give
gaseous products = explosion.
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Prevention of Over-charging

- A good battery charger should be able to
prevent over-charging, e.g. by constant-
current-constant-voltage charging.

| V (Voltage) | The current is held constant

! untii the battery voltage
! reaches a pre-defined value
I (Current): whe_re side-reac_tion is_Iiker to
—————— T begin. At this point, the
A voltage is held constant and
DN the current allowed to decline

N exponentially.

T o e e——




J to lithium-=ion
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Impurities in the electrolyte and electrode material (e.g.
those in poor quality batteries such as faked ones) will
cause the formation of dendrites in repetitive charging-
discharging cycles. The dendrites might penetrate the
separator leading to short circuitry. Short circuit will lead
to excessive heat which will decompose the lithium
cobalt oxide electrode material and release the oxygen
needed for combustion, hence explosion.

Electrode

Electrode
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Advantages of the alkaline manganese
battery:

“Mercury free
‘Higher capacity and longer service time



|) Zinc-Carpon Prirmary Batteries

Positive electrode
2MnO,(s) + 2 e~ + 2NH,Cl(agq) — Mn,0O4(s) + 2NH;(aq) +
H,O(aq) + 2 CI- (Leclanche Cell)
or

MnO, + H,O + e -» MnO.OH + OH- (Zinc Chloride Cell)

Negative electrode
Zn —> Zn%* + 2e

The pH in the vicinity of the negative electrode decreases due
to hydrolysis of Zn?*:

Pl Ceden B B e a1 (0] o s ot B
Hg may be added to the Zn metal to suppress the reaction of
Zn with H* to give H,. 4
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Il) Alkaline Manganese Cells

Concentrated KOH (~30 wt.%) is used as
electrolyte

Negative electrode consists of finely-divided zinc
powder packed around a current-collector
positioned at the center of the cell

The positive-electrode mix of MnO, and carbon Is
packed around the outside of the zinc negative
and separator, and is in electrical contact with a
nickel-plated steel can.



(a) Zinc-Carbon battery (b) Alkaline Manganese battery

(@) (b) — Positive
. terminal
Positive 25 Seal
terminal
Steel can —__ o
# —— Separator
Plastic ]
jacket — - Uppﬁr _
veasiver Insulating _
. label —I— Anode
Zinc % 2
anode __
can Carbon rod
_— positive -
' conductor Cathode Eonducgt
Separator
Sealing
~grommet
Bottom Cathode Vent 5
insulator ™
_ Washer
Sealing _ Negative Support
ring terminal ring ,
—__ Negative
terminal
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ruel Cells

Fuel Is reacted with oxygen in an
electrochemical cell to produce energy.

— Electricity is generated from oxidation of fuel supplied to
the anode and reduction of oxygen at the cathode.

The H,/O, fuel cell is considered
environmentally friendly because H,O Is the

product.



Working principle of fuel cell

A fuel cell works by catalysis, oxidizing the fuel on
anode, and forcing the electrons pass through a
circuit, hence converting them to electrical power.

At the cathode, the oxidant (oxygen) is reduced
and takes the electrons back In, combining them
with protons to give water.

The waste product from the fuel cell is water when
the fuel is hydrogen, and carbon dioxide plus
water when the fuel is methanol.

30



electrolyte Cathode

Catalyst

Schematic diagram of fuel cell
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rlydrogen—0Oxygen proton excnange meim
(PENDfuM cell

Hydrogen used as fuel

A proton-exchange membrane (PEM) Is

used to separate the anode and cathode

— Allows H* to pass through while keeping the gases
apart

— The protons reach cathode and react with oxygen to
form water — the only waste product is water, which

IS environmentally benign.

Cathode: O, +4H* + 4e- >2H,0
Anode: 2H, 2 4H* + 4e

Overall: 2H,+ O, 2 2 H,0



Gas permeable electrode with platinum
catalyst

2H, > 4H" + 4e

Electron flow

Proton exchlnge membrane

The PEM fuel cell

Gas permeable electrode with platinum
catalyst

Water

— i

0, + 4H* + 4e" > 2H,0



Direct methanol fuel cell (DMF

Methanol used as fuel

Anode: CH;0OH + H,O0 — CO, + 6H"* + 6e
Cathode: 3/2 O, + 6H* + 6e- — 3H,0

Net reaction: CH,OH + 3/2 O, — CO, + 2H,0

94



methanol in

i

anode CO, and water out

o

proton exchange membrane

air

cathode water out

Schematic diagram of a direct methanol fuel cell
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Limitations of DMFC

Efficiency Is low due to the high permeation of
methanol through the proton-exchange membrane
(crossover effect) which then reacts directly with
the oxygen at the cathode.

A Pt/Ru catalyst is required to catalyze the
oxidation of methanol at the anode (high cost).

Current DMFCs are limited in the power they can
produce, only suitable for use In certain consumer

goods.
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Disposal of batteries containing toxic metals
like lead, nickel, cadmium or mercury may
be hazardous to human health and the
environment.

Recycling of used batteries becomes an
Important environmental Issue In recent
years.

37
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ad acid battery recycling
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One of the most successful recycling programs in
the world.

Steps:
1. Separation of non-metallic components

2. Smelting/reduction of lead-bearing products
Na,CO, + 2 PhSO, + Fe + 9C — 2Pb + FeS + Na,S + 9CO + CO,

Refining the lead obtained by smelting to meet the
market specifications.
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=Environmental Issue:

2

Fuel cells and batteries are considered as
environmentally friendly energy sources
compared with fossil fuel

— Reduce the production of greenhouse gases
and smog-forming pollutants

Application of fuel cells and batteries In
vehicles to minimize the production of CO,
and other pollutants from the combustion of
fossil fuels.

39



Uel cell powered venicles

A hydrogen vehicle uses a hydrogen-
oxygen fuel cell to run the motor of the
vehicle.

The vehicle converts the chemical energy of
hydrogen to mechanical energy by the
electrochemical reaction in a fuel-cell.

40



Production of hydrogen is not convenient
compared with coal or olil.

Fuel cells (platinum catalysts) and hydrogen
production (electricity) are relatively expensive.

Problem in storage of hydrogen gas.

Hydrogen infrastructure.



Battery powered vehicle

Battery powered vehicles are powered by
motors that draw electricity from on-board
storage batteries

Great potential to reduce greenhouse gases
as no pollutants are generated.
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Limitations of battery powered

venicles

The cost is high, and the size of the battery is large.
Lack of an adequate refueling (recharging) infrastructure.

The batteries used in electric vehicles limit the average
vehicle’'s driving range between 100 to 200 km.

The batteries must be recharged often with long charging
time.



Hybrid-powered vehicles make use of both
an on-board rechargeable battery and a
fueled power source.

— generate less air pollutants.

— reduce noise emissions, particularly at low
operating speeds



— Contain both an internal combustion engine and
an electric motor.

— Accessories such as power steering, air-
conditioning are powered by electric motors
iInstead of combustion engine.

— In some cases, combustion engine is the
dominant while electric motors turns on when a
boost IS needed



rlyorid-powered Venicles

Battery

Converter

Electric

Reservior

H

messssss————  Engine
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Structure of a parallel hybrid electric vehicle



Thank you!



