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K.	T.	Möller et	al.	Prog.	Nat.	Sci. 27	(2017)	34

Hydrogen has the largest
potential for large-scale
energy storage, which for
chemical storage is far out
of the scale in the figure.

H is the most abundant
element and accounts for
~15 mol% on the surface of
earth, e.g. in water, fossil
fuel, and biomass.

Discharge	time	as	a	function	of	system	size

Overview	of	energy	storage	and	conversion	technologies
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Hydrogen	storage

4



Joint EPS-SIF International School on Energy

Very low density:	1	kg	of	H2(g)	occupies 11	m3 at	RT	and	atmospheric pressure

Storage	density must be	increased

W Q H2-binding	materials
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Categorization of hydrogen storage technologies*

*based on the nature of the interaction between the stored hydrogen and the storage
vessel or material

No significant physical or
chemical bonding to other
materials

H2 adsorbed onto or into a
material by weak physical
van der Waals bonds

H chemically
bonded
(absorbed)

J.	Andersoon and	S.	Grönkvist,	Int.	J.	Hydrog.	Energy 44	(2019)	11901
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Physical storage of	H2(g)	and	H2(l)

§ The one currently employed on any significant scale

Examples:	 H2(l)	in	space industry
Large salt cavity caverns in	Texas	(USA) and	Teeside (UK)

A.	Ozarslan,	Int.	J.	Hydrog.	Energy 37	(2012)	14265

NASA

7



Joint EPS-SIF International School on Energy

Physical storage of	H2(g)	and	H2(l)

§ The one currently employed on any significant scale

Examples:	 H2(l)	in	space industry
Large salt cavity caverns in	Texas	(USA) and	Teeside (UK)

NASA
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Storage	of	compressed H2(g)

G.	Sdanghi et	al.	Renew.	Sust.	Energ.	Rev.	102	
(2019)	150

§ Large amounts of H2(g) are
usually NOT stored at p>100 bar
in aboveground vessels and
p>200 bar in underground
storages.

§ At 100 bar and 20 °C, the density
of H2(g) is ∼7.8 kg/m3.

§ First FCVs utilized an onboard
storage pressure of 700 bar.

§ Alternatives to salt cavity
storages aremetallic pipes.
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Storage	of	liquid H2(g)

§ The density of pure hydrogen
may also be increased
by liquefaction (condensation).

§ At 100 bar and 20 °C, the density
of H2(g) is ∼7.8 kg/m3. The
density of sat. H2(l) at 1 bar is
70 kg/m3 → distribution medium

§ Drawback: liquefaction is energy-
intensive
o Tb = -253 ºC at 1 bar
o Precooling with N2(l) since

H2 does not cool down
during throttling processes
at T>73 ºC

Kawasaki
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Storage	of	liquid H2(g)

§ The density of pure hydrogen
may also be increased
by liquefaction (condensation).

§ At 100 bar and 20 °C, the density
of H2(g) is ∼7.8 kg/m3. The
density of sat. H2(l) at 1 bar is
70 kg/m3 → distribution medium

§ Drawback: liquefaction is energy-
intensive
o Tb = -253 ºC at 1 bar
o Precooling with N2(l) since

H2 does not cool down
during throttling processes
at T>73 ºC

§ Evaporation should be minimized
following storage
o Loss of energy
o Pressure build-up inside the

storage vessel → venting
o Loss of stored H2 over time:

boil-off. It is quantified as
the % of stored H2 lost per
day (boil-off rate)

o Cold boil-off gas from the
storage vessel(s) may be
injected back into a late
stage of the liquefaction
process using an ejector
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Storage	of	liquid H2(g)

Cape	Canaveral
230–270 t

NASA	release on Dec 19.	2018
12
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Chemical storage of	H2 (metal	hydrides)

§ Hydrogen is chemically bonded
in	the metal	hydrides →	chemical bonds stronger than physical bonds

o Stronger bonding allows storing at	high density even at	ambient
conditions.

o ↑∆E	is needed to	release the chemically bonded hydrogen.

§ Release achieved by:

o Heating (thermolysis)
• Endo,	reversible	in	same cases,	solid state phase,	elevated T
• MgH2,	AlH3

o Reaction with water (hydrolysis)
• Exo,	irreversible,	in	solution,	might be	spontaneous at	RT
• NaBH4

13



Joint EPS-SIF International School on Energy

Example:	MgH2

✔Advantages	

§ High	theoretical	hydrogen	storage	capacity:	7.6%	wt.%
§ Mg0 is	widely	available	at	low	cost

✘ Drawbacks	

§ ∆H	dehydrogenation is	≃75 kJ/mol
§ Kinetics	of	both	hydrogenation	and	dehydrogenation	reactions	are	sluggish	→	

T	>	300 °C	must	be	applied	to	dehydrogenate	pure	MgH2 at	a	reasonable	rate

➫ Improvements

§ Nanoconfinement
§ Particle	size	reduction	by	ball	milling
§ Alloying
§ Addition	of	TM	additives
§ Compaction	with	expanded	natural	graphite	(ENG)	to	improve	𝞳

14
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High-energy	ball	milling	and	addition	of	additives	

MgH2 + 5 wt% nanocast
NiO
NiCo2O4
Co3O4

ü Stainless steel balls
(10:1 BPR ratio) 

ü 360 r.p.m.

ü 24 h

ü Ar atmosphere

Example:	MgH2

Pure MgH2 NiO-doped MgH2
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Example:	MgH2

ü b-MgH2 and g-MgH2
phases

ü MgO due to powder 
handling

ü Additives detected

NiO
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Pure MgH2 Co3O4-doped MgH2

NiCo2O4-doped MgH2 NiO-doped MgH2

1st 
TPD 
run

324 ºC

Lower TON in 
the doped 
samples

352 ºC

315 ºC

323 ºC

313 ºC

321 ºC

310 ºC

Example:	MgH2

Manometric-calorimetric TPD	runs

17



Joint EPS-SIF International School on Energy

Example:	MgH2

2nd 
TPD 
run

Pure MgH2 Co3O4-doped MgH2

NiCo2O4-doped MgH2 NiO-doped MgH2

329 ºC 318 ºC

303 ºC
298 ºC

Lower TON in 
the doped 
samples. The 
NiO-doped 
MgH2
displayes the 
lowest value.

Manometric-calorimetric TPD	runs
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Sample
Gravimetric 

capacity (wt.% H2)

Sorption 
efficiency

(%)

vabs,6%

(wt.% H2/min)

vdes,6%

(wt.% H2/min)

Pure MgH2 7.0 92 3.00 0.41
MgH2 + Co3O4 6.1 84 1.26 0.71

MgH2 + NiCo2O4 6.2 85 2.72 1.66
MgH2 + NiO 6.4 88 8.00 2.93

Eatt (KJ/mol) 57   pure MgH2 50   NiO-doped MgH2 

Eatt(kJ/mol) 345 pure MgH2 335 NiO-doped MgH2

H2 ABSORPTION

H2 DESORPTION

M. Cabo et al. Int. J. Hydrog. Energy 36 (2011) 5400

Example:	MgH2

Hydriding kinetics
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J.	Andersoon and	S.	Grönkvist,	Int.	J.	Hydrog.	Energy 44	(2019)	11901 20
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Hydrogen	production
(water	splitting)

21
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H2 production:	overview	(I)
H2 production approaches:	
technologies,	scales and	
timeframe

https://www.energy.gov/sites/prod/files/2014/
09/f18/fcto_hydrogen_production_fs_0.pdf

H2 economy concept
by Pablo Jiménez-Calvo 22
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The development of clean, sustainable, and cost-competitive hydrogen production
processes is key to a viable future hydrogen economy. Hydrogen production technologies
fall into three general categories: thermal processes, electrolytic processes, and
photolytic processes.

1. Thermal Processes
n Some thermal processes use the energy in various resources, such as natural gas,

coal, or biomass, to release hydrogen, which is part of their molecular structure.
In other processes, heat, in combination with closed-chemical cycles, produces
hydrogen from feedstocks such as water—these are known as "thermochemical"
processes.
l Reforming of Natural Gas
l Gasification of Coal
l Gasification of Biomass
l Reforming of Renewable Liquid Fuels
l High-Temperature Water Splitting

H2 production:	overview	(II)
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H2 production:	overview	(III)

2. Electrolytic Processes
n Electrolytic processes use electricity to split water into hydrogen and oxygen, a

process that takes place in an electrolyzer. Hydrogen produced via electrolysis
can result in zero greenhouse gas emissions, depending on the source of the
electricity used. The source of the required electricity—including its cost and
efficiency, as well as emissions resulting from electricity generation—must be
considered when evaluating the benefits of hydrogen production via
electrolysis. The two electrolysis pathways of greatest interest for wide-scale
hydrogen production, which result in near-zero greenhouse gas emissions, are
electrolysis using renewable sources of electricity and nuclear high-
temperature electrolysis.

3. Photolytic Processes
n Photolytic processes use light energy to split water into hydrogen and oxygen.

Currently in the very early stages of research, these processes offer long-term
potential for sustainable hydrogen production with low environmental impact.
l Photobiological Water Splitting
l Photoelectrochemical Water Splitting
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25

Electrolytic	processes:	HER	on	metal	electrodes

J.	Peng et	al.	Mater.	Today Adv.	8	(2020)	100081
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A	molecular	scale-view:	HER	mechanisms (in	acid medium) Taken from Jaramillo’s group

Electrolytic	processes:	HER	on	metal	electrodes

26
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2H+(aq)	+	2	e- ® H2 Multi-step electrochemical reaction

2)	Electrochemical	desorption	(Heyrovsky	reaction)

M-H*	+	H+(aq)	+	e- ®M	+	H2 (acid	solution)
M-H*	+	H2O	+	e- ®M	+	OH - +	H2 (alkaline	solution)

OR

3)	Chemical	desorption	(Tafel	reaction)
2M-H*	® 2M	+	H2 (both	acid	and	alkaline	solutions)

1)	Electrochemical	hydrogen	adsorption	(Volmer	reaction)

H+(aq)	+	M	+	e- ®M-H* (acid	solution)
H2O	+	M	+	e- ®M-H* +	OH - (alkaline	solution)

1),	2),	3)	depend	on	(electro)chemical	and	electronic	properties	of	M

Electrolytic	processes:	HER	on	metal	electrodes
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Experimental	set-up Taken from Jaramillo’s group

Electrolytic	processes:	HER	on	metal	electrodes

28
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Electrolytic	processes:	HER	on	metal	electrodes

Electrochemical reaction kinetics
Taken from Jaramillo’s group
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Electrocatalyst activity:	figures	of	merit Taken from Jaramillo’s group

Electrolytic	processes:	HER	on	metal	electrodes
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Tafel plots for various HER	catalysts Taken from Jaramillo’s group

Electrolytic	processes:	HER	on	metal	electrodes
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Towards quantitative ‘descriptors’	for catalysis Taken from Jaramillo’s group

Electrolytic	processes:	HER	on	metal	electrodes

32
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Star material for HER: Platinum (high j0 and small Tafel slope)
- Activity well studied as a function of (hkl)

…. Drawbacks: high cost and insufficient Pt reserves O

Other candidates: Fe, Co and Ni alloys, semiconductors (MoS2), TMPs… P

Current trend: modify, partially or fully replace Pt while
keeping a resonably high activity towards HER

- Increase of surface area (porous films, NPs, NWs…)

Electrolytic	processes:	HER	on	metal	electrodes
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R.	Subbaraman et	al.	Nature	Mater.	11	(2012)	550	

Pt(111)	modified	with	3d-M	metal	hydr(oxy)oxide	clusters
(3d-M	=	Ni,Co,Fe,Mn)

Electrolytic	processes:	HER	on	metal	hydr(oxy)oxide	electrodes
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Increasing the	stirring	rate													Decreasing the	[Cu(II)]	and	[Ni(II)]	

600	rpm 800	rpm

0.02	M	[Cu(II)]	
0.3	M	[Ni(II)]

0.01	M	[Cu(II)]	
0.15	M	[Ni(II)]

Cu	content increasesFoam	structure	gets	worse
Increasing the	[Ni(II)]	/	[Cu(II)]	ratio

Cu	content increases

30:1 1:115:120:1

Pure Cu

§ Copper-nickel

HER	on	high	surface	area	metallic	electrodes
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Increasing the	applied	current	density	(A	cm–2)													

-0.7 -1 -2 -3

j	=	-4	A	cm–2

Cu		Ni
85 15

Cu		Ni
80 20

Cu		Ni
75 25

Cu		Ni
65 35

Cu		Ni
40 60J.	Zhang	et	al.	Nanoscale 6	(2014)	12490

§ Copper-nickel

HER	on	high	surface	area	metallic	electrodes
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the	most	active!

Theory:	Metals with	more	
unpaired	electrons	in	the	d-
band	interact	strongly
with	electron-donating	
adatoms or	molecules

® Ni	shoud be	more	active	
than	Cu!	

H2O	+	M	+	e- ®M-H* +	OH - (alkaline solution)

J.	Zhang	et	al.	Nanoscale 6	(2014)	12490

§ Copper-nickel

HER	on	high	surface	area	metallic	electrodes

Trasatti's volcano plot for HER	in	alkaline media 37
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§ Copper-cobalt-phosphorous (phosphides)

P boosted HER performance in
KOH " chemical shifting of
metal–P bonds " charge
separation between the
negatively charged P (δ–) and
positively charged Cu and Co
(δ+) " decrease of HER
overpotential.

H+ could	be	trapped	by	the	small	negative	charge	of	P	atoms	
on	the	surfaces	of	metal	phosphides

Y.S.	Park	et	al.	ACS	Sustainable	Chem.	Eng.	7	(2019)	10734

HER	on	high	surface	area	metallic	electrodes
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HER	on	high	surface	area	metallic	electrodes § Nickel-platinum
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only	Ni-Pt	fcc	phase	
observed	for	all	
compositions

irrespective	of	porosity!

Cu
{1
11

}

Cu
{2
00

}

HER	on	high	surface	area	metallic	electrodes § Nickel-platinum
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2H$(aq) + 2𝑒+ → H-(g)

medium:  0.5 M H2SO4

graphite rodHER	on	high	surface	area	metallic	electrodes
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Cyclability	(durability)

Tafel slopes – provide an
indication of the mechanism

HER	on	high	surface	area	metallic	electrodes

42K.	Eiler et	al.	Appl.	Cat.	B	Environ. 265	(2020)	118597	
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§Metallization of (commercial) macroporous foams

Ni	foam

Polyurethane foam
(should be	made
conductive by electroless)

Cu	foam

e.g.	polyurethane,	Ni,	Cu,	etc.

HER	on	high	surface	area	metallic	electrodes
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§Metallization of (commercial) macroporous foams

1.0	M	NaOH	solution	at	a	scan	rate	of	2	mV·s–1

(A) Low- and (B) high-magnification
SEM images of Co/CoP-NF. (C) EDS
elemental mapping images of
elemental Co and P in Co/CoP-NF
catalyst.

NF = Ni foam

N.	Bai	et	al.	ACS	Appl.	Mater.	
Interfaces 8	(2016)	29400

HER	on	high	surface	area	metallic	electrodes

44



Joint EPS-SIF International School on Energy

§ 0D (nanoparticles) and 1D (nanorods, nanowires) structures

1	M	Na2SO4

Distorted	semicircle	at	high	frequencies	" some	
areas	become	inaccessible	to	electrolyte	contact

P.-O.	Chen et	al.	Int.	J.	
Hydrog.	Energy 34	(2009)	
6596

HER	on	high	surface	area	metallic	electrodes
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choronoamperometry LSV	cycles

Issues that might take place:

o Corrosion
o Catalyst agglomeration
o Leaching (especially in	acidic media)

Possible	solutions:	Graphene	encapsulation to	avoid catalyst dissolution

K.	Hu	et	al.	ACS	Energy	Lett.	
3	(2018)	1539

HER	on	high	surface	area	metallic	electrodes
§ Durability
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H2 production:	photolytic	processes

Photoelectrochemical water	splitting

§ no	wires	/	external	electronics
§ low-cost	semiconducting absorbers
§ direct	energy	storage	in	chemical	bonds
§ H2 for	fuel	cells,	turbines,	liquid-fuel	synthesis	from	CO2
§ closed-loop	cycle	

Advantages:

Disadvantages:	Difficult	to	find	right	materials	and	to	scale.

O.	Khaselev et	al.	Science 280	(1998)	425
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Proton	exchange	membrane	fuel	cells
(energy	conversion	device)

48
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Positive electrode (or cathode) 
Air is fed to the cathode

The fuel	cell (FC)

Negative electrode (or anode) 
H2 is fed to the anode
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B.	J.	Pollet et	al.	Curr.	Op.	Electrochem.	16	(2019)	90–95
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Comparison	of	various	electrochemical	energy	storage	and	conversion	devices	
(Ragone plots)

Note that they are at the same time energy storage and conversion systems e.g. energy stored in
the battery is converted to traction power for use by an AC motor with the aid of an onboard
DC/AC converter.

Electrochemical	energy	storage	and	conversion	(EESC)	devices

M.E.	Plonska-Brzezinska et	al.	J.	Mater.	Chem.	1	(2013)	13703
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S.P.S.	Badwal et	al.	Front.	Chem. 2	(2014)	79

Electrochemical	energy	storage	and	conversion	(EESC)	devices

A fuel cell takes an energy source, such as
propane, diesel or natural gas, and converts it
into electrical energy. As long as you have
access to your energy source, you have access
to electricity any time you need it.

The electrical energy contained
within a battery is either from the
factory where it was made, or from
charging the battery via an outlet.
If your battery dies, you are
dependent on either being near a
source of electricity to re-charge,
or near a store to buy a new one.
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Proton	exchange	membrane	fuel	cells	– Electrode	materials

=	Nafion
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Proton	exchange	membrane	fuel	cells	– Electrode	materials

https://www.youtube.com/watch?v=_MsG9REFN3s
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Proton	exchange	membrane	fuel	cells	– Electrode	materials

Electrode structure
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Proton	exchange	membrane	fuel	cells	– Electrode	materials

Electrode structure

56
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Proton	exchange	membrane	fuel	cells	– Electrode	materials

The catalyst

§ Search	for	new	materials	to	improve	PEMFC	efficiency	→	catalyst	that	is	less	susceptible	to	
poisoning	by	CO,	especially	in	low	temperature	fuel	cell	developments	that	use	hydrogen	
coming	from	an	alcohol	or	hydrocarbon	fuel.

CO	poisons the anode reaction through preferentially adsorbing to	the Pt	surface and	blocking
active	sites:

Voltage drops induced by different CO	concentrations in	
MEA	at	a	constant load	of	1.0	A/cm2

S.	Prass et	al.	Molecules 24	(2019) 3514
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Proton	exchange	membrane	fuel	cells	– Electrode	materials

The catalyst

Methods to	mitigate the effect of	CO	poisoning:	
§ the use	of	a	Pt	alloy catalyst
§ higher cell operating temperature or pressure
§ introduction of	oxygen into the fuel	gas	flow →	oxygen bleeding

PtCo
PtNi
PtCoMn
WSnMo
PtRu
PtAgRu
PtAuRu
PtRhRu
Pt–Ru–W2C
Core-shell structures

Anode:	PtNi/C

Q.	Wang	et	al.	RSC	Adv.	7	(2017)	8453
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In addition, oxygen
reduction reaction (ORR) is
more sluggish in PEMFCs
than hydrogen oxidation and
requires 3 to 5 times as
much Pt. The high cost and
scarcity of Pt have driven
efforts to reduce Pt usage.

Proton	exchange	membrane	fuel	cells	– Electrode	materials

The catalyst

Cathode:	Co-Pt	alloy supported on a	MOF

L.	Chong	et	al.	Science 362	(2018)	1276
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Proton	exchange	membrane	fuel	cells	– Catalyst	degradation

Simplified representation of	suggested degradation mechanisms for Pt	particles on a	carbon
support in	fuel	cells:

J.	C.	Meier,	Beilstein J.	Nanotechnol.	5	(2014)	44

Macroscopically
reflected in	a	loss of	the
electrochemically
active	surface area
(ECSA)
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Proton	exchange	membrane	fuel	cells	– Carbon	corrosion

Corrosion of	C	support causes	pronounced detachment of	Pt	NPs and	massive ECSA	losses
→	can	be	followed by Raman spectroscopy and	differential electrochemical mass spectrometry (DEMS)

DEMS:	Current versus	potential curves	were recorded simultaneously with the mass intensity versus	potential
curves,	for selected values of	the mass/charge (m/z)	ratio.

The CO2 produced during the carbon oxidation
reaction is monitored at	m/z	=	44	(CO2

+)

Note:	b)	is a	CV

Degradation maximal for Pt/HSAC

Subject to accelerated stress test (AST)
protocols mimicking load-cycling or start-
up/shutdown events in a PEMFC

L.	Castanheira et	al,	ACS	Catal.	5	(2015)	2184 61
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Proton	exchange	membrane	fuel	cells	– Catalyst	degradation

Activity loss during long-term operation caused by:

§ Pt	agglomeration and	particle growth (e.g.	by Ostwald ripening)

TEM images of Pt/Vulcan 3–4 nm catalyst before and after
5000 potential cycles between 0.4 and 1.4 VRHE in 0.1 M
HClO4 (scan rate 1 V s−1, room temperature). Green circles
indicate examples for agglomeration of Pt nanoparticles.
The particle size distributions before and after 5000
degradation cycles indicate both particle growth and
dissolution to occur.

J.	C.	Meier,	Beilstein J.	Nanotechnol.	5	(2014)	44
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Proton	exchange	membrane	fuel	cells	– Catalyst	degradation

Activity loss during long-term operation caused by:

§ Pt	agglomeration and	particle growth (e.g.	by Ostwald ripening)
§ Pt	loss and	migration
§ Active	sites contamination (poisonous effects aroused by contaminants)

Ptz+ species are	chemically and	
electrochemically reduced to	Pt	particles
by H2 that has	crossed over the PEM	and	
cathode.

The process of	Pt	dissolution most likely
occurs on the cathode side.

*	Denotes	ionic species present in	water or in	the ionomer phase.

The redistribution of	Pt	nanoparticles is actually a	complex process involving (1-3):
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Proton	exchange	membrane	fuel	cells	– Catalyst	degradation

Activity loss during long-term operation caused by:

§ Active	sites contamination (poisonous effects aroused by contaminants)

Gas	contaminates from the fuel	
and	the air
CH4,	CO,	CO2,	H2S,	NH3,	NO,	NO2,	
SO2,	SO3,	and	O3

System-derived contaminants
Trace	amounts of	metallic ions or
silicon from system components
(e.g.,	bipolar	metal	plates,	
membranes,	and	sealing gaskets)
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S.	Zhang	et	al.	J.	Power	
Sources 194	(2009)	588

Physical/chemical and	
electrochemical
investigation methods
employed during the
catalyst degradation
research
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Physical/chemical and	
electrochemical
investigation methods
employed during the
catalyst degradation
research

Cyclic voltammogram of PEM fuel cell catalyst layer for ECSA
analysis by hydrogen adsorption/desorption. Conditions: Scan
rate = 40 mV/s; Cell: 35 °C; 100% RH anode/cathode; 1 atm.

The shaded area is the charge
density due to H adsorption
during the reverse scan and is
used in the ECSA calculation

K.R.	Cooper,	Fuel	Cell Magazine,	Jan/Feb	2019
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Physical/chemical and	
electrochemical
investigation methods
employed during the
catalyst degradation
research

The shaded area is the charge
density due to H adsorption
during the reverse scan and is
used in the ECSA calculation

K.R.	Cooper,	Fuel	Cell Magazine,	Jan/Feb	2019

Γ:	charge required to	reduce	a	
monolayer of	protons on Pt	
(210	µC/cm2

Pt)
L:	Pt	content or loading in	the
electrode,	in	gPt/cm2

electrode
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CONCLUSIONS

§ Hydrogen based economy can be (or is) a reality.

§ Hydrogen can be stored using different means. Physical storage still
dominates but there has been an incredible progress in chemical
storage pathways.

§ Hydrogen production by water splitting can be entirely green if
electrical energy comes from renewable sources. There is a need to
find cheaper and affordable catalysts.

§ The FCV is already a reality and its market will increase in the
forthcoming years. Powering of other devices is anticipated.
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Thank you for your attention

Eva.Pellicer@uab.cat


