
Fuel Cells



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 with regards to half reactions and Tafel
losses.

• Understand the basic principles behind different H2 storage 
techniques.



The H2 economy
• The issue with the hydrogen economy is how do we produce 

hydrogen? – Currently we use fossil fuels.

• Electrochemistry can provide the solution.
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The H2 economy
• The ‘Hydrogen economy’ is an approach to replaces fossil fuels 

with hydrogen.
• Battle of the idiots:

• Proponents sometimes brag how it is possible to replace fossils fuels with a 
cleaner energy source such as hydrogen.

• Opponents say: Hydrogen is an energy carrier, not an energy source unlike 
coal, oil, or electricity.  

• Only the sun, wind, 
hydropower, etc. are energy 
sources.

• H2 is just like oil in that is has 
energy stored in bonds.

• While we have reservoirs of 
oil, we don’t have any of H2.



Marc Jacobsen
• He published a paper in 2013 showing how USA 

could get to 100% renewable by 2050 

• It really surprised the scientific community how easy 
it was to get to 100% renewable energy.

• From this he created the 
SolutionsProject, which tries 
to apply his ideas.

Donate

http://thesolutionsproject.org/


Bad Assumptions

• Miscalculated the amount of hydroelectric potential.

• Georgia has a 160 km  long coastline and would get 35 percent of its 
energy from offshore wind—none of which has been developed to 
date.

• Alaska, has a fragmented power system due to isolated communities 
would get 70% of its energy from wind with little storage.

• Assumed you can instantaneously use hydroelectric power from 
Washington in places like Florida

• In July 2017, 22 professors wrote a paper saying he was flat out wrong



Fuel cell cars

• In 1966 GM produced 1 fuel cell car- electrovan
- Max speed 112 km/h, range 270 km

- Deemed too expensive

• In 2008 Honda produced the FCX Clarity
- Power- 100 kW, range 384 km, fuel efficiency 94 

miles/kg H2.

- 45 of these were sold/leased.

- 600 $/month

• In 2014 Toyota produced the Mirai
- Power- 114 kW, range 500 km, fuel efficiency 

107 miles/kg H2.

- 5300 vehicles sold told as of Dec 2017

- 60,000 $ in the US, 60,000 € in Germany

Electrovan

FCX Clarity

Mirai



DOE Goals

• The US department of energy (DOE) sets fuel cell performance 
goals for the industry

• If the goals get met, the government will keep funding research 
in this field.

• Estimates of fuel cell 
cost/kW:
- 2002:  275 $/kW

- 2012:    47 $/kW

- 2017:    45 $/kW

• However we can do 
much better than DOE’s 
goals.

USDrive- Fuel Cell Technical Team roadmap, June 20132017 DOE report

http://energy.gov/sites/prod/files/2014/02/f8/fctt_roadmap_june2013.pdf
https://www.energy.gov/sites/prod/files/2018/04/f51/fcto_webinarslides_2018_costs_pem_fc_autos_trucks_042518.pdf


• Arno Evers has lots of information on 
a hydrogen society on his website.

• Some of its good but some of it is 
emotional opinions lacking detailed 
facts.

Books on Hydrogen Economy

• Jeremny Rifkin wrote a pretty 
famous book on the Hydrogen 
economy.

• It is a little overpromoted, and 
lacking concrete details.

• It’s not bad, just average.

http://www.hydrogenambassadors.com/

http://www.hydrogenambassadors.com/


Real Science



Hydrogen fuel cell efficiency

• 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))

𝜂𝜂𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝐶𝐶𝐹𝐹𝐹𝐹𝐹𝐹 =
Δ𝐺𝐺
∆𝐻𝐻

=
237 𝑘𝑘𝑘𝑘/𝑚𝑚𝑚𝑚𝑚𝑚
286 𝑘𝑘𝑘𝑘/𝑚𝑚𝑚𝑚𝑚𝑚

𝑚𝑚𝑜𝑜
1.23 𝑉𝑉
1.48 𝑉𝑉

= 83%

• From earlier we defined electrical efficiency as   𝜂𝜂 = Δ𝐺𝐺
∆𝐻𝐻

This relates to liquid water



Half Reactions
• The keys to writing half reactions are as followed:

𝐻𝐻2 +
1
2
𝑂𝑂2 → 𝐻𝐻2𝑂𝑂

𝐻𝐻2 → 2𝐻𝐻+ + 2𝑒𝑒−

2𝑒𝑒− + 2𝐻𝐻+ +
1
2
𝑂𝑂2 → 𝐻𝐻2𝑂𝑂

Anode Reaction:

Cathode Reaction:

Overall Reaction:

1) The anode reaction + cathode reaction need to equal the overall 
reaction.

2) All the atoms and charges on the left side of a half reaction need to 
balance the right side.

3) All the species on both sides need to be stable entities (in the 
electrolyte). 



Fuel Cells
• The hydrogen fuel cell has been very highly engineered

𝐻𝐻2 +
1
2
𝑂𝑂2 → 𝐻𝐻2𝑂𝑂

H2

H+ O2

H2O

+

Engineering Disaster



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

𝐻𝐻2 +
1
2
𝑂𝑂2 → 𝐻𝐻2𝑂𝑂

𝐻𝐻2 → 2𝐻𝐻+ + 2𝑒𝑒− 2𝑒𝑒− + 2𝐻𝐻+ +
1
2
𝑂𝑂2 → 𝐻𝐻2𝑂𝑂

Anode Reaction Cathode Reaction



Real world efficiency
• We have a voltage and a current, thus we should get power.

V = 1.23 V
Current (i) = Reaction rate x Faraday’s constant 

(C/s)        =       (mol/s)              x              (C/mol)

P = V x i

Current density

Highest
Efficiency

Most 
Power



Fuel Cells

Places for potential energy loss

• Electron transfer
• Proton transfer
• Anode catalysis
• Cathode catalysis



Proton exchange membrane

• The proton exchange membrane (PEM) 
is an electrolyte that allows ions to 
transfer through it, but not gases.

• Nafion is by far the most popular PEM.

• Nafion is basically Teflon with sulfonate groups added on.

• Sulfonate groups want cations (such as H+) for charge balancing.

• Teflon is very stable, thus it won’t degrade in these rough 
environments.



Nafion

• Nafion was discovered in 1960 by a scientist at Dupont.

• It the same membrane used in the commercial production of 
chlorine gas from salt water.

• It’s use in hydrogen fuel cells was one of the great breakthroughs in 
this field.

• However it is expensive and probably always will be since 
fluorination of carbons is not an easy process. 



Proton exchange membrane

• Other proton exchange membrane (PEM) are similar- mostly 
hydrophobic, but with a small part to conduct ions.

• 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.

Gierke model of Nafion



Anion exchange membrane

• Anion exchange membranes transfer OH- instead of protons.

• This means the localize environment is basic.

• The basic principles of having pores and hydration also apply to 
these membranes

• These are relatively new, thus they have durability issues.

Dang et al, J. Mater. Chem. A, 2017, 5, 21965



Proton exchange membrane losses
• Since we are simply conducting H+ through the membrane, this 

loss will come out as an ohmic loss (Rmem).

• Thus this voltage loss will increase linearly with respect to current:

Current density

𝑉𝑉 = 𝑖𝑖 × 𝑅𝑅𝑀𝑀𝐹𝐹𝑀𝑀
• The total resistance is also 

linear dependent with 
thickness.

• However if the membrane is 
too thin, H2 and O2 gas will 
crossover and short circuit the 
cell.

Loss due to membrane



Break



PEM Fuel cells

Places for potential energy loss
• Proton transfer
• Electron transfer
• Anode
• Cathode



The triple-phase boundary
• We need a spot where we can have:

- gas (for H2 or O2)

- solid (for e- transfer)

- liquid (for H+ transfer)

Catalyst

Nafion

e-

H2

e-

H+

Inefficient- Just have 1 spot for 
catalytic reaction

• How do we improve this design?

𝐻𝐻2 → 2𝐻𝐻+ + 2𝑒𝑒−

2𝑒𝑒− + 2𝐻𝐻+ +
1
2
𝑂𝑂2 → 𝐻𝐻2𝑂𝑂

Anode Reaction

Cathode Reaction



The triple-phase boundary
• We need a spot where we can have:

- gas (for H2 or O2)

- solid (for e- transfer)

- liquid (for H+ transfer)

Catalyst

Nafion

e-

H2

e-

H+

Inefficient- Just have 1 spot for 
catalytic reaction

Catalyst

e-

H2

e-

H+
H+

H+
H+

e-e-

Greatly increases active area

Srinivasan, JPS, 2001

With ionomer

Without ionomer

• How do we improve this design?



The triple-phase boundary

• Adding a carbon paper network lets 
us extend this into 3-D

• The carbon network is conductive, 
thus allowing electron transfer.

Catalyst

H+

Only 5-25 nm thick 5-10 µm thick

Srinivasan, JPS, 2001

No ionomer,
No 3-D network

No 3-D network

Cathode Mass Activity (A/ mg catalyst)

Optimized



Electron transfer loss

• Due to the carbon network, electron transfer is quite efficient.

• Just like proton transfer, electron transfer losses will appear as 
an ohmic loss (Relec).

• The corresponding voltage loss will be: 𝑉𝑉 = 𝑖𝑖 × 𝑅𝑅𝐸𝐸𝐹𝐹𝐹𝐹

Current density

Loss due to membrane

Loss due to membrane + 
electron conductivity



PEM fuel cells

Places for potential energy loss
• Proton transfer
• Electron transfer
• Anode
• Cathode



Anode and cathode

• The anode and cathode are where the true electrochemistry 
takes place. 𝐻𝐻2 → 2𝐻𝐻+ + 2𝑒𝑒−

2𝑒𝑒− + 2𝐻𝐻+ + �1
2𝑂𝑂2 → 𝐻𝐻2𝑂𝑂

Anode:

Cathode:

Reaction Co-ordinate

Fr
ee

En
er

gy

Products

Reactants

Ea

∆Grxn

Heterogeneous Catalysis

Reaction Co-ordinate

Fr
ee

En
er

gy H2 H+ + e-

H2OO2+H+ + e-

Fuel Cell 
Voltage (V)

∆G (H2/ H+ )=0

∆G (O2/H2 O) = 0

∆Erxn=1.23V

Electrochemical Catalysis



How can voltage effect Ea
• Imagine each species an a parabolic energy state.

𝐻𝐻2 → 2𝐻𝐻+ + 2𝑒𝑒−Anode:

H2 H+ + e-

Ea

Fr
ee

En
er

gy

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



Small Activation Energy (Ea)
• As you increase the voltage drop (η) you decrease the Ea.

Ea=200 mV
η =0 V

• How do you relate voltage drop (i.e. 
barrier height) to current in a fuel cell?

• Normal catalysis uses the Arrenhius
Equation:

• Electrochemists use the Tafel Equation. 

Generic Example

Ea=120 mV
η =100 mV

Ea=30 mV
η =300 mV

𝑖𝑖 = 𝑖𝑖0𝑒𝑒𝑒𝑒𝑒𝑒
𝐹𝐹𝛼𝛼 𝜂𝜂

𝑅𝑅𝑅𝑅 or 𝜂𝜂 =
𝐹𝐹𝛼𝛼
𝑅𝑅𝑅𝑅

𝐿𝐿𝐿𝐿
𝑖𝑖
𝑖𝑖0

i is the current (mA/cm2)
i0 is the current exchange density (mA/cm2)
η is the overpotential (i.e. voltage drop) (V)
α is transfer coefficient (normally 0.5)
Fα/RT = A = the Tafel slope

𝑘𝑘 = 𝐴𝐴𝑒𝑒𝑒𝑒𝑒𝑒
−𝐸𝐸𝑎𝑎
𝑅𝑅𝑅𝑅

• Experimentally the Tafel slope is rarely ever αF/RT (i.e. 29 mV)



Tafel Equation
• The current exchange density can be thought of as the intrinsic 

catalytic activity.

• The Tafel slope relates to the change in current as the overpotential 
varies.

• Below is a very rough approximation of the meaning of these terms.

𝑖𝑖 = 𝑖𝑖0𝑒𝑒𝑒𝑒𝑒𝑒
𝜂𝜂
𝐴𝐴 𝜂𝜂 = 𝐴𝐴𝐿𝐿𝐿𝐿

𝑖𝑖
𝑖𝑖0

small io

large io

e- e-

This rate is io

or

large Tafel slope

e-

e-

small Tafel slope

α=0.1

α=0.9

α=0.5



Catalysis losses

• Fuel voltage can then be described as:

Current densityFigure: Tafel losses  assuming different io

Losses from catalysis

• Losses due to catalysis can be almost completely modeled from 
the Tafel Equation. Loss from catalysis + membrane + conductivity

Mass transfer
(lack of fuel)

V= 1.23 − 𝑖𝑖𝑅𝑅𝑀𝑀𝐹𝐹𝑀𝑀 − 𝑖𝑖𝑅𝑅𝐹𝐹𝐹𝐹𝐹𝐹 − 𝐴𝐴𝐿𝐿𝐿𝐿 𝑖𝑖
𝑖𝑖0

− 𝐴𝐴𝐿𝐿𝐿𝐿 𝑖𝑖
𝑖𝑖0

Anode Cathode



Using lot’s of catalyst approach
• Platinum is well known to be the best catalyst for both the H2 half-

reaction and the O2 reaction.  However Pt is expensive.

• If you have a film of Ni and a film of Pt, how much more Ni would 
you need to achieve the same current at the same voltage? Assume 
same Tafel slope (A) for each.

• If you had the same amount of Ni 
and Pt (use 1,000 cm2), how much 
overpotential would you need for 
each to produce 10 mA/cm2.  Assume 
both have  a Tafel slope of 30 mV.

• Ni is not stable in acid.  Why is that 
bad?

𝑖𝑖 = 𝑖𝑖0𝑒𝑒𝑒𝑒𝑒𝑒
𝜂𝜂
𝐴𝐴



Exercise Solutions
• 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).
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.

• 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.

𝜂𝜂 = 𝐴𝐴𝐿𝐿𝐿𝐿
𝑖𝑖
𝑖𝑖0

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.



Increasing surface area approach

• Increasing catalyst surface area is another approach that is being 
used for all catalysts.

• Smaller particles increases the surface Pt/bulk Pt ratio, thus 
increasing the mass activity of the particles.

• If the particles become too small, the edge sites become a 
significant fraction of the overall sites.

• Edge sites have different activities, than 
planar sites.

• Very few people have the equipment to 
make and analyze these particles.

• Our cluster source at DTU physics can do 
this though. 

Edge SitesPlanar Sites
(100, 111, etc.)



Pt poisioning

• Each Pt atom will have around 10,000 reactions on it per second 
(depending upon overpotential).

• At a current of 1 A/cm2, 20 ppm CO in the H2 stream increases the 
overpotential by 500 mV.

Camara, JES, 2002

• Currently H2 is produced from fossil 
fuels, so getting a little bit of CO 
mixed with it is quite common.

• This is the biggest problem for the 
anode.

• Purifying the H2 significantly 
increases the H2 cost.

No CO

200 ppm CO



State of the art  fuel cell anode

• Currently researchers can use as little as 50 µg/cm2 and still get 
optimal performance. 20 µg/cm2 is probably as low as it will get.

• Typically 5nm particles are optimal. Smaller particles have too 
many edges (bad for catalysis) and also corrode faster.

• H+/H2 catalysis on Pt is so good that localized mass transfer issues 
typically our a bigger issue.

• Minimal research is done on the anode 
because it is very good, already.

• The cathode (oxygen evolution) is 
where the real problem is.

Bernardi and Verbrugge, JES, 1992



The problem with the cathode
• The oxygen reduction reaction (ORR) to water is the real problem 

with the fuel cell efficiency.

• Hydrogen for fuel is sexy, oxygen as a fuel is not.

• It is hard to get research funding for something that isn’t sexy. (Sad, 
but true.)

Research 
hydrogen

Research 
oxygen



ORR mechanism

• Currently platinum is used as a catalyst, but there still are major 
losses (300-400 mV).

• The mechanism for the ORR on Pt (111) as well as most other 
catalysts is given below.

4𝑒𝑒− + 4𝐻𝐻+ + 𝑂𝑂2 → 𝐻𝐻𝑂𝑂𝑂𝑂∗ + 3𝐻𝐻+ + 3𝑒𝑒−

→ 𝐻𝐻2𝑂𝑂 + 𝑂𝑂∗ + 2𝐻𝐻+ + 2𝑒𝑒−

→ 𝐻𝐻2𝑂𝑂 + 𝐻𝐻𝑂𝑂∗ + 𝐻𝐻+ + 𝑒𝑒−

→ 2𝐻𝐻2𝑂𝑂
• This isn’t completely understood, so there are some alternative less 

popular mechanisms.

• Different catalyst may potentially have slightly different 
mechanisms.

*- catalyst site



Volcano plots

• We can create a volcano plot 
for this reaction as well.

• A pure Pt ‘skin’ with an 
underlying Pt alloy allows the 
Pt to be stretched/compressed 
to be optimized.

• The rate limiting step for the ORR is normally related to the O* 
binding energy.

Catalyst

O
O

H

O O
H

Needs strong
O-Catalyst

binding

Needs weak
O-Catalyst

binding

Too weakly boundToo strongly bound

Pt skin

Pt alloy



Temperature effects
• Thermodynamically higher temperatures are a bad thing, but 

kinetically they are a good thing.

Thermodynamics

𝑖𝑖 = 𝑖𝑖0𝑒𝑒𝑒𝑒𝑒𝑒
𝜂𝜂
𝐴𝐴

k= 𝐴𝐴𝑒𝑒𝑒𝑒𝑒𝑒
𝐸𝐸𝑎𝑎
𝑅𝑅𝑅𝑅Arrenhius kinetics:

Tafel kinetics:

• Basically your Tafel slope will decrease with increasing 
temperature.

• Issues such as CO poisioning decrease with an increased 
temperature as well.



Complete fuel cells

• To maximize power, many MEA’s are stacked together.

• The graphite plate in-between serves 2 purposes:
- Introduces fuel into the chamber

- Acts as an electrical contact. Since one side is an anode and the other a 
cathode, this is called a bi-polar plate.

Figure from futureenergies.com Image from IRD Fuel cells



Energy Storage
• High energy density means our materials costs will probably be 

cheaper.

• While high efficiency means we need less sustainable energy.

We want to be here

H2 fuel cells

Option A

Option B



Fuel Cells in Denmark

• There are many organizations involved in fuel cells in Denmark, 
but only 2 really significant manufactures.

• IRD Fuel Cells
- Located in Odense

- Focuses on hydrogen and methanol fuel cells.

- Focus on stacks and mass transfer/flow plates.

• Danish Power Systems
- Located in Kvistgård

- Use an alternative to Nafion for a membrane.  This allows 
them to operate at higher temperatures (up to 200°C)

- Focused on producing the membrane electrode assembly, 
not so much balance of plant issues.

http://www.ird.dk/
http://daposy.com/home


Break



Other types of fuel cells
• Due to low temperatures and the use of hydrogen,  PEM fuel cells 

are the most researched type of fuel cells.

• However the fundamental thermodynamics advantage of fuel cells 
have made other fuels cells interesting as well

• Other major types of fuel cells are:
• Alkaline fuel hydrogen fuel cells

• Phosphoric acid fuel cells

• Direct methanol fuel cells

• Molten carbonate fuel cells

• Solid oxide fuel cells



PEMFC DMFC AFC PAFC MCFC SOFC

Fuel H2 CH3OH H2 H2
H2, CO, CH4, 
hydrocarbons

H2, CO, CH4, 
hydrocarbons

Electrolyte Solid polymer
(usually Nafion)

Solid polymer
(usually Nafion)

Potasium 
hydroxide 

(KOH)

Phosporic 
acid (H3PO4

solution)

Lithium and 
potassium 
carbonate

Solid oxide 
(yttria, 

zirconia)

Charge carried in 
electrolyte H+ H+ OH- H+ O2-

Operational 
temperature (oC) 50 – 100 50 - 90 60 - 120 175 – 200 650 1000

Efficiency (%) 35 – 60 < 50 35 – 55 35 – 45 45 – 55 50 – 60

Unit Size (KW) 0.1 – 500 << 1 < 5 5 – 2000 800 – 2000 > 2.5

Installed Cost ($/kW) 4000 > 5000 < 1000* 3000 – 3500 800 – 2000 1300 - 2000

Comparison of fuel cells

• Below is a comparison of the different types of fuel cells



Fuel cells- further interest

• This is the perfect book for 
introducing fuel cells.

• While a textbook, it is very easy to 
read and understand. 

• If at DTU (or on DTU server) it can be 
dowloaded free at: 
http://findit.dtu.dk/en/catalog/192883367

http://findit.dtu.dk/en/catalog/192883367


Break



The H2 economy
• The issue with the hydrogen economy is how do we produce 

hydrogen? – Currently we use fossil fuels.

• Electrochemistry can provide the solution.

Immediate
Electical uses
Heating

Electrolyzer

Fuel Cell

H2

Storage

H2

e-

e-

Car 
(or other energy device)

H2O → H2 +O2

H2 +O2 → H2O

Discuss this 1st

Discuss this 3rd Discuss this 2nd



Hydrogen Storage

• While H2 could work for power plants or heating, people always 
want to us 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



Goals to Viability
• The goals for hydrogen storage in automotive are set by the US 

Department of Energy.

• Some of the oil and gas 
infrastructure can also be 
used for hydrogen.

Location H2 viable pipelines 

USA 720 km 

Europe 1,500 km 

Location Natural Gas 
pipelines 

USA 2,000,000 km 

Denmark 1,500 km

Germany 530,000 km 



• Many of the DOE’s goals for H2

storage by 2020 are already 
being met.

Viability of a H2 gas tank

2.5 2.3 12Final goals



Methods



Compressed Gas
• 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

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

𝑃𝑃 =
𝐿𝐿
𝑉𝑉
𝑅𝑅𝑅𝑅𝑃𝑃𝑉𝑉 = 𝐿𝐿𝑅𝑅𝑅𝑅 𝑃𝑃 = 𝜌𝜌𝑅𝑅𝑅𝑅



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.

• Simple point- Liquids don’t follow the ideal gas law.

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

• 0.5 is all steel, no containter.

The best steel has a tensile
strength of 1100 MPa



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

• 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.

• At  room temperature the ortho-para ratio is 3:1.

• 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



Metal Hydrides



Metal Hydrides
• Stability is determined by Gibbs free energy: 

𝐺𝐺 = 𝑈𝑈 + 𝑒𝑒𝑉𝑉 − 𝑅𝑅𝑇𝑇 = 𝐻𝐻 − 𝑅𝑅𝑇𝑇
Δ𝐺𝐺 = Δ𝐻𝐻 − 𝑅𝑅Δ𝑇𝑇

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

2𝑀𝑀𝐻𝐻 ↔ 2𝑀𝑀 + 𝐻𝐻2

Generic metal-hydride reaction

M= metal



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.



Metal Hydrides

26 33 57
110

Mg2NiH4 LaNi5H6 H2(Liquid) H2(200 bar)



Metal Hydrides
• Comparison of various H2 storage techniques.



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


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 with regards to half reactions and Tafel
losses.

• Understand the basic principles behind different H2 storage 
techniques.



Exercises

• Catalysis efficiency- How much extra surface area will you get 
(using the same mass) if you go from 100 nm spherical 
particles to 5nm particles.  Assume you have 1g of Pt.

• Formic acid fuel cells- There is some thought of using formic 
acid for fuel cells.  What is the theoretical maximum voltage 
attainable for this reaction?



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

Concept Check



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



Why do we use a 3 electrode cell sometimes?
a) Increase performance

b) Increased flexibility

c) This allows us to handle different current ranges

d) As an analysis tool to determine where our efficiency 
losses are.

Concept Check



What equation relate the actual current to the voltage 
for a given half-cell reaction?
a) Kirchoffs Equation

b) Orested Equation

c) Tafel Equation

d) Nernst Equation

Concept Check



Proton exchange membranes are polymer membrane 
with what functional group to transfer protons?
a) Sulfonate group

b) Ammonia group

c) Aldehyde groups

d) Carboxy groups

Concept Check



Bonus Slides (just for your own
knowledge)



Capacitors



Supercapacitors

• The fundamentals of 
these are just like fuel
cells or electrolyzers.

• However in 
supercapacitors you do 
not have a reaction, 
but just capacitance
build up at the surface. 

• The point of these devices is to store energy from 
capacitance.



Energy from Supercapacitors

• The point of these devices is to store energy from capacitance.

Energy =
1
2
𝐶𝐶 𝑉𝑉𝑀𝑀𝑚𝑚𝑚𝑚

2 − 𝑉𝑉𝑀𝑀𝑖𝑖𝑚𝑚
2

V = voltage
C= capacitance
ε = dielectric constant
A = Area
D = distance

C = 𝜀𝜀
𝐴𝐴
𝑑𝑑

• High surface area is essential just as in fuel cells/electrolyzers.

• The capacitance distance of the electrode/electrolyte interface is 
normally less than 1 nm.

• Electrochemical systems are very well suited for supercapacitors.



Supercapacitors - Results
• Typically voltages are around 2.5-3V and capacitance

anywhere from 5 Farads up to 5,000 Farads.

• Commercially energy densities are 1.8 to 5.4 kJ/kg.

Jet Fuel

M
J/

L

MJ/Kg

• Very fast at discharging their
energy (i.e. high power)

• They can last ~10 years, thus
very durable.

• Instantaneous efficiency- 95%.

• Roughly lose about ¼ of their
power if not used for 1 month
due to leakage current.
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