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Lecture - Learning Objectives
At the end of this lecture, you should be able to understand:

Fuel cell Fundamentals 

• How it operates and main components of a fuel cell

• Thermodynamics and redox reactions in a fuel cell

• Efficiency and where the efficiency losses are in fuel cells

Hydrogen storage

• Basic principles behind different H2 storage techniques.



Where does Fuel cell fit in a sustainable grid?



Application of fuel cells
Transportation

Toyota Mirai – H2 PEM Fuel Cell Car

Toyota Mirai Owners file Class Action Lawsuit in 
California, USA (Los Angeles Times)

The first FCV to be mass-produced and sold commercially

The Mirai was released in late 2014

1,360 km (845 mi) with a full tank of 5.65 kg (12.5 lb) of hydrogen



Application of fuel cells
Transportation

XCIENT Fuel Cell Trucks: actively operating in 
Switzerland and South Korea

In 2020, Hyundai, in a joint venture with Swiss 
company H2 Energy, started mass manufacturing 
hydrogen fuel cell-powered 34-ton cargo trucks

A 42-ton truck running on diesel would have a 2000 km autonomy



Application of fuel cells
Beyond Transportation

• Founded in 1969 is a publicly traded company headquartered 

in Danbury, Connecticut.



Fuel cell companies

• Pioneer since 1980s, H2 PEM
• Various Markets
• Technology, Products, R&D

• H2 PEM
• Various Markets – Warehouses 

(Mobile), Stationary Power 

• H2 PEM
• Maritime Power, Stationary Power 

• H2, Methanol PEM
• Stationary Power 

• H2 PEM
• Various Markets
• Technology, Products, R&D

• H2, Methanol PEM
• Flow Plates and MEAs 

• H2, Methanol PEM (high temp.) 
• Maritime Power, Stationary Power 

Methanol PEM Fuel cells in Hearing Aid
(Lost the market to Li Ion Batteries)



In context to what was seen previously

Solar Cells

Image Source: https://etap.com/product/photovoltaic-
array-solar-panel

Image Source: https://www.energy-
uk.org.uk/publications/the-uk-offshore-wind-revolution/

Wind Turbine

Energy Conversion Devices

Sunlight energy into 

electrical energy

Kinetic energy of the wind 

into electrical energy

Chemical energy into 

electricity (1st gen)
2nd generation (rechargeable) – 

electricity into chemical energy

Storage device 



What is a fuel cell?

Most relevant: H2 and O2 fuel cells 

PEM – Proton Exchange Membrane fuel cell

Other fuels – CO, CH3OH, CH4, C4H10, NH3, etc

• Alkaline fuel hydrogen fuel cells
• Phosphoric acid fuel cells
• Direct methanol fuel cells
• Molten carbonate fuel cells
• Solid oxide fuel cells

Energy conversion device that converts chemical energy to electrical energy

Type of fuel cells

PEM Fuel Cell

A battery stores energy inside itself and discharges it until depleted, while a fuel cell generates 

electricity continuously as long as it is supplied with fuel (e.g., hydrogen) and oxygen.



The electrochemistry of a Fuel cell
• Let’s consider H2 as a fuel

• We can break this reaction down into 2 half-reactions

𝐻2 +
1

2
𝑂2 → 𝐻2𝑂

𝐻2 → 2𝐻+ + 2𝑒− 2𝑒− + 2𝐻+ +
1

2
𝑂2 → 𝐻2𝑂

Anode Reaction Cathode Reaction

Useful Mnemonic:
OIL RIG 

(Oxidation Is Losing electrons;
Reduction Is Gaining electrons) 

Oxidation Reduction

∆𝑮 = -237.2 kJ/mol



Thermal vs Electrocatalysis

Reaction Co-ordinate

Fr
ee

 E
ne

rg
y

Products

Reactants

Ea

Grxn

Heterogeneous Catalysis

Reaction Coordinate

Fr
ee

 E
ne

rg
y H2 H+ + e-

H2OO2+H+ + e-

Fuel Cell 
Voltage (V)

G (H2/ H+ ) = 0
G (O2/H2 O) = 0

Erxn=1.23V

Electrochemical Catalysis

∆𝐺 = −𝑛𝐹𝐸𝑐𝑒𝑙𝑙

• In thermal catalysis, you need to supply enough 

energy to overcome Eₐ (e.g., heat).

• The catalyst lowers Eₐ but doesn’t change ΔG.

• The reaction releases energy as heat.

• In electrocatalysis, the driving force is an electrical

potential difference rather than heat.

• ΔG is directly converted into electrical work instead of 

thermal energy

•.



Energy efficiency of a PEM fuel cell

• ∆𝐸 =
∆G
𝑛𝐹

=
𝐺𝑓(𝐻2𝑂)−𝐺𝑓(𝑂2)−𝐺𝑓(𝐻2)

2×96,485
= 237,000−0−0

2×96,485
= 1.23 V

Theoretical voltage

From previous class:

• Combust fuel chemically in a engine, produce heat and convert it to electricity.

• Electrochemically convert fuel into electricity in a fuel cell. 

∆𝑮 = -237.2 kJ/mol



The power of a Fuel cell
• We have a voltage and a current, thus we should get power.

Current (i) = Reaction rate x Faraday’s constant 
(C/s)        =       (mol/s)              x              (C/mol)

P = V x i

Most 
Power

Polarization Curve Analysis

You can graphically identify the maximum 

power by plotting the voltage and current

The "Sweet Spot"

Maximum power doesn't occur at the highest 

voltage (zero current) or the highest current 

(near-zero voltage).



Electrodes on a fuel cell

PEM Fuel Cell

Catalyst, Electronically Conductive
Considering a H2 PEM Fuel Cell:

Cathode:

Anode: 𝐻2 → 2𝐻+ + 2𝑒−

2𝑒− + 2𝐻+ +
1

2
𝑂2 → 𝐻2𝑂

• Platinum (Pt) is the standard catalyst for the cathode.

• Often supported on carbon black (Pt/C) to maximize surface area

•Alternatives: Pt-alloys (Pt-Co, Pt-Ni, Pt-Fe) → higher activity and lower 
Pt loading

• Requires higher Pt loadings (0.1–0.4 

mg/cm² in commercial MEAs).

• Research frontier: non-precious metal 
catalysts to replace Pt



Catalysis- Sabatier’s Principle

• The Sabatier principle  leads to ‘volcano plots’  of activity versus binding strength

Too weakly boundToo strongly bound



Overpotential and equilibrium

𝐻2 +
1

2
𝑂2⇄ 𝐻2𝑂

Water Electrolysis
H2 Fuel cell reaction

• The overpotential (η) is the extra voltage applied beyond the

equilibrium potential.

• This accelerates the reaction rate, as described by the

Butler–Volmer equation:

𝑗 = 𝑗0 𝑒
1−𝛽 𝑛𝐹𝜂

𝑅𝑇 − 𝑒
−𝛽𝑛𝐹𝜂

𝑅𝑇

Erxn=1.23V

H+ + e-

Ea

H2

Ea=200 mV
 =0 V

Equilibrium
Ea=120 mV
 =100 mV

Ea=30 mV
 =300 mVEa

Ea



https://cheersonic-liquid.com/en/preparation-technology-of-membrane-electrode-for-pem-fuel-cell/

Membrane Electrode Assembly (MEA)

http://dx.doi.org/10.1016/B978-1-78242-363-8.00001-3

Contact between the membrane, catalyst, gas diffusion layer and 
reactants is crucial



https://www.caplinq.com/renewable-energy/carbon-dioxide-electrolyzers/gas-diffusion-electrodes-for-co-electrolysis/

https://fuelcellcomponents.freudenberg-
pm.com/Products/gas-diffusion-layers

Gas Diffusion Layers (GDL)
5-10 m thick Only 5-25 nm thick

Hydrophobic Hydrophilic



Triple Phase Boundary
Reactions happen on the triple phase boundary

Reactants (H2, O2 – Gas)

Catalyst (Pt – Solid)

Electrolyte (H+/H2O – Liquid)

SEM Cross section of an MEA

H. A. Gasteiger et al. (2008), Mini Micro Fuel Cells

Membrane

Catalyst
GDE

S. J. Hamrock et al. (2013), Fuel Cells



Electrolytes on a fuel cell
Ionically Conductive and not Electronically Conductive

PEM Fuel Cell

“Liquid” electrolyte

Solid electrolyte
Solid ceramic oxide: yttria-stabilized zirconia, YSZ

Ion conduction: Oxygen ions (O²⁻) move from 
cathode → anode

Operating temperature: 600–1,000 °C

• Solid polymer membrane (e.g., Nafion®)

• Ion conduction: Protons (H⁺) move from anode → cathode

• Operating temperature: ~60–90 °C (low-temperature system)



Cation exchange membrane
Nafion

perfluorosulfonic acid 
(PFSA) polymer 

PFAS  (polyfluoroalkyl substances)

‘Forever Chemicals’
Environmentally Hazardous

SPEEK (Sulfonated Polyether Ether Ketone) 
Alternative to Nafion

EU and US are moving toward PFAS restrictions, 
which may affect Nafion’s long-term use

Gierke model of Nafion

• Any ion has a hydration shell, thus the sulfonate won’t just 
take a H+, but H+-X H2O where x can be from 6 to 21.

• This produces pores in the membrane, which protons can 
transfer through.



Anion exchange membrane
• Anion exchange membranes transfer OH-

instead of protons.

• They do this by having a positive nitrogen 
functional group attached to some form 
of a carbon chain

Enable alkaline fuel cells using non-precious metal catalysts

Challenges

• Lower ionic conductivity compared Nafion®-based PEMs
• Chemical stability: degradation of cationic groups in alkaline 
conditions

https://doi.org/10.1002/adfm.202207366

https://doi.org/10.1002/adfm.202207366
https://doi.org/10.1002/adfm.202207366
https://doi.org/10.1002/adfm.202207366
https://doi.org/10.1002/adfm.202207366


Concept check

a) Nickel corrodes in the acidic environment of PEM systems

b) Nickel has poor catalytic activity for the hydrogen evolution reaction (HER)

c) Nickel requires high temperatures to function effectively

PEM electrolyzers operate in strongly acidic 
conditions, where Ni dissolves rapidly

That’s why platinum group metals (PGMs) like Pt 
and Ir are used - they’re stable and active in acid.

Why can’t we use nickel (Ni) in PEM Fuel cell?



Fuel Cell Handbook, US DOE

•PEFC → Proton Exchange Fuel Cell

(often also written as PEMFC, Proton 

Exchange Membrane Fuel Cell)

•AFC → Alkaline Fuel Cell

•PAFC → Phosphoric Acid Fuel Cell

•MCFC → Molten Carbonate Fuel Cell

•SOFC → Solid Oxide Fuel Cell



Fuel cell stack
A single fuel cell consists of a membrane electrode assembly (MEA) and two flow-field plates delivering 
about 0.5 and 1V voltage (too low for most applications)

The power output of a given fuel cell stack will depend on its size. Increasing the number of cells in a stack 
increases the voltage

• The graphite plate in between serves 2 purposes:
- Introduces fuel into the chamber (H2 / O2)
- Acts as an electrical contact. Since one side is an anode 

and the other a cathode, this is called a bipolar plate.

Source: Electrochemical Engineering, T. F. Fuller and J. N. Harb

/ Membrane



Break



PEM Fuel cells

Places for potential energy loss

• Proton transfer
• Electron transfer
• Anode
• Cathode

Current density

• Thermodynamics
• Kinetics 
• Ohmic Losses
• Mass Transfer



Thermodynamics

• Since H2 and O2 both are elements, their Gf, & Hf = 0 thus this is all about 
the H2O.  For H2O:
• Gf=-237 KJ/mol, 

• Hf=-286 KJ/mol (called Higher Heating Value- (HHV))

𝜂𝐹𝑢𝑒𝑙 𝐶𝑒𝑙𝑙 =
Δ𝐺

∆𝐻
=

237 𝑘𝐽/𝑚𝑜𝑙

286 𝑘𝐽/𝑚𝑜𝑙
𝑜𝑟

1.23 𝑉

1.48 𝑉
= 83%

What happens if we change the temperature?



Thermodynamics
Anode:   H2  → 2H+  +  2e- 

Cathode: ½ O2 + 2H+  +  2e- → H2O

H2 + ½ O2 → H2O

𝐸𝑐𝑒𝑙𝑙 = 𝐸𝑜 −
𝑅. 𝑇

𝑛. 𝐹
ln 𝑄Nernst Equation: 

∆𝐺 = −𝑛𝐹𝐸

∆𝐺𝑜= −𝑛𝐹𝐸𝑜
∆𝐺 = ∆𝐻 − 𝑇∆𝑆

∆𝑮 – Change in Gibbs Free Energy of a Reaction (kJ/mol)
∆𝑯 – Change in Enthalpy of a Reaction (kJ/mol)
∆𝑺 – Change in Entropy of a Reaction (kJ/mol.K)
Ecell – Thermodynamic Cell Potential (V)
T – Temperature (K)
R – Gas Constant (8.314 J/mol.K)
F – Faraday’s Constant (96485.33 A.s/mol)
n – No. of electrons transferred in a cell reaction

Q – Equilibrium Constant 
ς (Activity of Products)

ς (Activity of Reactants)
For an ideal gas, Activity = Mole Fraction
o  – Standard State/Reference State – Unit Activity

Lets assume, Q = 1
∆𝐺 = −𝑛𝐹𝐸𝑐𝑒𝑙𝑙

Temperature
          (ᵒC)

∆𝑮
       (kJ/mol)

What is the thermodynamic cell 
potential for a H2 PEM fuel cell at 80 ᵒC?



Source: Electrochemical Engineering, T. F. Fuller and J. N. Harb

Temperature
          (ᵒC)

∆𝑮
       (kJ/mol)

𝑬𝒄𝒆𝒍𝒍       
  (V)

Lets assume, Q = 1
∆𝐺 = −𝑛𝐹𝐸𝑐𝑒𝑙𝑙

𝐸𝑐𝑒𝑙𝑙 = 𝐸𝑜 −
𝑅. 𝑇

𝑛. 𝐹
ln 𝑄Nernst Equation: 

Thermodynamics



Source: Electrochemical Engineering, T. F. Fuller and J. N. Harb

Temperature
          (ᵒC)

∆𝑮
       (kJ/mol)

𝑬𝒄𝒆𝒍𝒍       
  (V)

Lets assume, Q = 1
∆𝐺 = −𝑛𝐹𝐸𝑐𝑒𝑙𝑙

𝐸𝑐𝑒𝑙𝑙 = 𝐸𝑜 −
𝑅. 𝑇

𝑛. 𝐹
ln 𝑄Nernst Equation: 

Thermodynamics

At higher temperatures the efficiency drops!



• Imagine each species as a parabolic energy state

𝐻2 → 2𝐻+ + 2𝑒−Anode:

H2 H+ + e-

Ea
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H2

H+ + e-

H2OO2+H+ + e-

Smaller
Fuel Cell 

Voltage (V)

1.23V

• The fuel cell voltage needs to drop to allow for the 
catalysis to work.

• A similar issue occurs for the cathode reaction except 
the O2 side goes up instead of H2O side going down.

e-

Pull down the H++e-

(i.e. lower the voltage)

H2

H+ + e-

Ea=0e-

En
er

gy

Reaction Coordinate

Kinetic losses: Anode and cathode catalysis



Kinetics

Source: Electrochemical Engineering, T. F. Fuller and J. N. Harb1 kA.m-2 = 0.1 A.cm-2

• Kinetics determine the behavior at 
      Low current densities

Exponential relationship (J-V)

𝑽 = 𝑬𝒄𝒆𝒍𝒍 − 𝜼
       𝑉 − Actual/Measured Cell Potential
 𝐸𝑐𝑒𝑙𝑙 − Thermodynamic Cell Potential
       𝜂 − Over Potential

Relationship between J and 𝜂 in the 
kinetic regime is given by the 

Butler-Volmer Equation 



Kinetics
Butler-Volmer Equation

O + ne- ⇌ R

𝑗 = 𝑗𝑜 𝑒𝑥𝑝 −
α𝐴. 𝑛𝑒 . 𝐹. 𝜂

𝑅𝑇
− 𝑒𝑥𝑝

α𝑐 . 𝑛𝑒 . 𝐹. 𝜂

𝑅𝑇

𝑗 – Current density (mA/cm2)
𝑗𝑜  – Exchange Current density (mA/cm2)
α𝐴, α𝑐  − Anodic and Cathodic charge transfer co-efficients
𝑛𝑒 − No. of electrons transferred per half reaction (4 for ORR)
𝐹 – Faraday’s Constant (96485.33 A.s/mol)
𝑅 − Gas Constant (8.314 J/mol.K)
T – Temperature (K)

 𝑉 − Actual/Measured Cell Potential
 𝐸𝑐𝑒𝑙𝑙  − Thermodynamic Cell Potential
  𝜂 − Over Potential

Charge Transfer Co-efficient

Indicator of the symmetry of the free energy barrier for the 
forward and backward reactions

Exchange Current Density
• Measure of intrinsic rate of the electrochemical 

reaction. Intrinsic current density at equilibrium.
• Higher exchange current density – Faster Kinetics
• Lower exchange current density – Sluggish Kinetics

𝑉 = 𝐸𝑐𝑒𝑙𝑙 − 𝜂



Kinetics
Butler-Volmer Equation

O + ne- ⇌ R

𝑗 = 𝑗𝑜 𝑒𝑥𝑝 −
α𝐴. 𝑛𝑒 . 𝐹. 𝜂

𝑅𝑇
− 𝑒𝑥𝑝

α𝑐 . 𝑛𝑒 . 𝐹. 𝜂

𝑅𝑇

𝑗 – Current density (mA/cm2)
𝑗𝑜  – Exchange Current density (mA/cm2)
α𝐴, α𝑐  − Anodic and Cathodic charge transfer co-efficients
𝑛𝑒 − No. of electrons transferred per half reaction (4 for ORR)
𝐹 – Faraday’s Constant (96485.33 A.s/mol)
𝑅 − Gas Constant (8.314 J/mol.K)
T – Temperature (K)

 𝑉 − Actual/Measured Cell Potential
 𝐸𝑐𝑒𝑙𝑙  − Thermodynamic Cell Potential
  𝜂 − Over Potential

𝑉 = 𝐸𝑐𝑒𝑙𝑙 − 𝜂

At large overpotentials,

𝑗 = 𝑗𝑜 −𝑒𝑥𝑝
𝛼𝑐 . 𝑛𝑒 . 𝐹. 𝜂

𝑅𝑇

Tafel Equation
(-ve sign) - Sign Convention 

(Cathodic currents are taken as negative)



Exercise 
• If you have Ni and Pt, how much more Ni would you need to achieve the same 

current? Assume same Tafel slope for each and each has the same surface area (i.e. 
same m2/g).

• If you had either 1 cm2 of Ni or Pt, how much overpotential 
would you need for each to produce 10 mA.  Assume both 
have  a Tafel slope of 30 mV.

𝜂 = 𝐴𝐿𝑛
𝑖

𝑖0

Answer: Use the Tafel Equation

For Ni we have  30 mV*Ln((10 mA/ 1 cm2)/6 x 10-6)= 220 mV

For Pt we have  30 mV*Ln((10 mA/ 1cm2)/5 x 10-4)= 90 mV

• Ni is not stable in acid.  Why is that bad?- Answer: We transfer 
protons, in these fuel cells.  Protons are basically acid.

Answer- If the Tafel slope is the same then it just comes down to  the exchange 
current density (io).  Since Ni has an io 100 times worse than Pt (From Table 3.1), 
we need 100 times more Ni than Pt.



KINETICS
Butler-Volmer Equation

O + ne- ⇌ R

𝑗 = 𝑗𝑜 𝑒𝑥𝑝 −
α𝐴. 𝑛𝑒 . 𝐹. 𝜂

𝑅𝑇
− 𝑒𝑥𝑝

α𝑐 . 𝑛𝑒 . 𝐹. 𝜂

𝑅𝑇

𝑗 = 𝑗𝑜 −𝑒𝑥𝑝
𝛼𝑐 . 𝑛𝑒 . 𝐹. 𝜂

𝑅𝑇

Tafel Equation

𝑗 = 𝑗𝑜 𝑒𝑥𝑝
𝛼𝑐 . 𝑛𝑒 . 𝐹. 𝜂

𝑅𝑇

Tafel Equation is simpler and more useful

Absolute value of current densities,

Tafel Slope =
2.303 R.T

αc.ne.F
 (mV/decade)

• We can perform experiments, measure j and 𝜂 

• Calculate 𝑗𝑜 and 𝛼𝑐  

𝜂 =
R. T

αc. ne. F
ln 𝑗𝑜 +

2.303 R. T

αc. ne. F
. log 𝑗

Lower Tafel slope indicates that the reaction is more efficient, 
small increase in overpotential to achieve significant increase in current

Tafel slope indicates the change in mV that causes a 10 fold increase in current density 



Ohmic losses

Source: Electrochemical Engineering, T. F. Fuller and J. N. Harb

1 kA.m-2 = 0.1 A.cm-2

• Dominant at moderate current densities
• ‘‘Ohmic Polarization”

• Linear I-V Response

• Ohmic Resistance determined by slope

𝑅Ω =
Δ𝑉

Δ𝐼
 

• Ohmic transport of species
• Electrons through the catalyst and the 

current collector
• Ions through the electrolyte

• Contact Resistance
(Contact between GDL, Catalyst, and membrane
• Membrane/Electrolyte Resistance
(Thickness and Conductivity of the electrolyte)



Mass transfer

Source: Electrochemical Engineering, T. F. Fuller and J. N. Harb

1 kA.m-2 = 0.1 A.cm-2

• Dominant at high current densities

• Mass transport of reactants and products 
from the bulk to the catalyst surface

• Diffusion and Bulk fluid motion (advection)



Voltage losses

Source: Electrochemical Engineering, T. F. Fuller and J. N. Harb1 kA.m-2 = 0.1 A.cm-2

Kinetics Ohmic
Mass
Transport

𝑽 = 𝟏. 𝟐𝟑 − 𝜼𝑪 − 𝜼𝑨 − 𝒊𝑹𝜴 −  𝜼𝑴𝑻

 𝑉 − Actual/Measured Cell Potential
 𝐸𝑜 − Open Circuit Potential
 𝜂𝐶  − Cathodic Over Potential
 𝜂𝐴 −Anodic Over Potential
       i – Measured Current
 𝑅𝛺 − Ohmic Resistance
 𝜂𝑀𝑇 − Mass Transport / Concentration  Over  

    Potential



Concept Check

Where is the biggest efficiency loss in a fuel cell?
a) Ohmic resistance due to electron transfer

b) Ohmic  resistance due to ion transfer

c) Catalytic loss at the anode

d) Catalytic loss at the cathode



Hydrogen Storage

• While H2 could work for power plants or heating, people always want to use it to 
compete with oil for the transportation field.

• While salt caverns have already been used to store H2 for stationary applications, 
storage for automotive and mobile applications need to be compact.  

Transportation HeatingElectrical Power



• Denmark wants to supply 
10-25% of Germany’s H2
needs (as of 2021) 

H2 pipelines in Europe



Methods for H2 storage



• Compressed gas is the most popular option.

• Compression is typically 700 atm, 5.4 wt.%.

• Compressor efficiency is between 75-90%.

• Obviously, compression leads to safety concerns.

Compressed Gas



Compressed Gas

• What assumptions do we make about the ideal gas law?

𝑃 =
𝑛

𝑉
𝑅𝑇𝑃𝑉 = 𝑛𝑅𝑇 𝑃 = 𝜌𝑅𝑇



Compressed Gas
• The graph below show H2’s deviation from ideal gas conditions.

• The higher the pressure, the thicker the container walls need to be.

• Hydrogen embrittlement 

• Ratio of steel wall thickness to 
diameter needed to prevent the 
container from cracking.

•  0.5 is all steel, no container.

The best steel has a tensile 
strength of 1100 MPa

Figure from here

https://hydropole.ch/en/hydrogen/storage/


Liquid H2

• H2 liquefies at -252 °C.

• At room temperature we have 75% ortho-H2 and 25% para H2.

• However liquid H2 is 99% para-H2.

• Heat of conversion from ortho to para = 527 KJ/Kg (exothermic)

• Heat of vaporization = 449 KJ/Kg

• Entropy effects decrease the theoretical efficiency of this process.



Liquid H2

• The ortho-H2 is a triplet state that has 3 degenerate states.

• The para-H2 is a singlet state with no degeneracy.

• Due to symmetric effects, the ortho-H2

has higher rotational energy at low 
temperatures.

• Uncatalyzed ortho to para transition is 
slow, but gives off a lot of energy.

• If ortho-H2 is liquefied it will convert to 
para-H2, and the heat of conversion 
will boil it again.



Energy needed

H2
contains 
33 kWh/kg

This means up to 1/3 of the 
hydrogen’s usable energy is 
consumed just to liquefy it



Methods for H2 storage



Molecular organic frameworks
“for the development of metal–organic frameworks”

Their molecular architecture contains rooms for chemistry



Molecular organic frameworks



Metal Hydrides



Binary Metal Hydrides
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Metallic bonding
(weak)

Covalent + ionic
e.g. NaBH4



Metal Hydrides
• Stability is determined by Gibbs free energy: 

• We want a reaction with a low G, so we can fluctuate the 
temperature to allow for adsorption and desorption of the reaction.

Δ𝐺 = 𝑅𝑇 𝑙𝑛 (𝐾) 𝑙𝑛 (𝐾) =
Δ𝐺

𝑅𝑇

Δ𝐺 = Δ𝐻 − 𝑇Δ𝑆

Equilibrium:

Breakdown of G:

l𝑛 𝐾 =
Δ𝐻

𝑅𝑇
 - Δ𝑆 

𝑅
Breakdown of G:

Combine 2 above Eqns

l𝑛 𝑃

𝑃0 =
Δ𝐻

𝑅𝑇
 - Δ𝑆 

𝑅

P0= equilibrium pressure

2𝑀𝐻 2𝑀 + 𝐻2



Metal Hydrides

2𝑀𝐻 2𝑀 + 𝐻2

Generic metal-hydride reaction

M= metal

• Plot 1/T should tell us the pressure of H2 being 
released

Practical ‘good numbers’ for metal hydride for H2 storage

• S ≈ 120 J/K/mol H2
• H ≈ 30 kJ/mol H2 Chem. Rev. 2018, 118, 10775−10839



Metal Hydrides
• In metal hydrides, the mole faction of H2 is high, whereas 

the mass fraction of H2 is quite low.

• Why?

• Below is a list of some of the best H2 adsorption materials.

Schlapbach, L. and Züttel, A., Hydrogen-
Storage Materials for Mobile Applications. 
Nature, 2001. 414(6861): p. 353-358.

Schneemann et al.: Chem. Rev. 
2018, 118, 10775−10839



Metal Hydrides

26 33 57
110

Mg2NiH4 LaNi5H6 H2(Liquid) H2(200 bar)

Schlapbach, L. and Züttel, A., Hydrogen-Storage Materials for Mobile Applications. 
Nature, 2001. 414(6861): p. 353-358.



Metal Hydrides
• Comparison of various H2 storage techniques.

Schlapbach, L. and Züttel, A., Hydrogen-Storage Materials for Mobile Applications. 
Nature, 2001. 414(6861): p. 353-358.



MgH2

• High storage capacity (7.6 wt %)

• Cheap and easy to handle

• Challenges- Slow kinetics
- Particle size 
- Dissociation of hydrogen

• Challenges- too stable (> 250 °C)
- The Mg-H bond is too strong

• Potential solutions
- Alloying
- Catalysts

Good review by Cheng et. al, E&ES, 2012

http://doi.org/10.1039/c2cc30740e
http://doi.org/10.1039/c2cc30740e
http://doi.org/10.1039/c2cc30740e
http://doi.org/10.1039/c2cc30740e


The most thermodynamically favorable state for H2 in liquid is?
a) The para form

b) The meta form

c) The alpha form

d) The ortho form

Concept Check



Lecture - Learning Objectives

At the end of this lecture, you should be able to:

• Understand the major components in the hydrogen economy and in a PEM fuel cell.

• Understand where the efficiency losses are in fuel cells

• Understand electrocatalysis concerning half reactions and Tafel losses.

• Understand the basic principles behind different H2 storage techniques.
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