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Often the targets of the Department of Energy 
of the USA are quoted

www1.eere.energy.gov/hydrogenandfuelcells/storage/current_technology.html

Hydrogen storage requirements
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Last week we saw hydrogen storage requirements

- High capacity expressed in wt.% H2 of the system
- High capacity in kg H2/L of the system
- Practical operating conditions (T and P ‘close’ to 
RT and 1 Bar)
- Energy efficient (compared to energy content)
- Fast in loading and unloading
- Safe
- Cheap
- Reloadable for many cycles
- Environmentally sound
- no leaking of hydrogen
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gasoline gallon 
equivalent 
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Hydrogen surface adsorption; towards stronger bonding

Nanocarbons Metal organic frameworks

Kubas compounds 

Electrophilic activation
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A ‘breathing’ MOF: ‘MIL-53’
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Adsorption up to 3 – 3.5 wt % in MIL53 at 77 K

Some H2 seems 
to get stuck here
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Neutron diffraction: a technique which is sensitive to hydrogen
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Large change of neutron diffraction pattern when D2 is loaded. 
This tells you that this technique is sensitive to D2.
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Neutron diffraction on MIL53 (GEM, ISIS, Oxfordshire)
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0.2 wt.%

2Bar, 25K, 
7.5 wt. % 

0Bar, 25K

Mulder et al. J. Phys. Chem. C, 114 (2010) 10648 
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‘Fourier maps’ of the diffraction data show where the 
hydrogen (or rather deuterium) is located:
Right picture: in blue the MIL structure, yellow: the loaded D2



12

Increasing D2 load
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‘Rietveld refinements’ give site occupations as a function of: 
load, pressure, temperature.

All hydrogen gets out 
again, but higher 
temperatures are 
needed: stronger 
interactions
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Most remarkable result: the loading with hydrogen causes the lattice
Parameters to change a lot, up to 7%. This was not observed before for 
Hydrogen. 
However, for strongly interacting solvents this has already been observed.
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MIL53 ‘breathing modes’
upon water uptake

Chem. Eur. J. 10 (2004) 1373
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Basic results MOF’s

- adsorption capacities up to ~11.5 wt. % can be obtained at 77K 
and 120 Bar
- adsorption takes place at low T
- hydrogen can be loaded and unloaded in a fast way
- different adsorption sites are present: 

-next to metal clusters
-next to organic spacer molecules
-on a second ‘layer’ in the pores

- adsorption energies are largest near the metal cluster:
~ 800K maximum next to Zn of MOF5, 
~ 500K next to organic spacers

- surprising changes in the lattice can occur. 
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So far we looked into surface adsorption materials

Now stronger interactions
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Increasing the interaction strength: From surface adsorption 
towards chemical bonding of H2 molecules in ‘Kubas complexes’

In Kubas complexes: the H2 molecule does not jet split in separate H atoms, 
but still remains intact.

G.J. Kubas, Acc Chem. Res. 21 (1988) 120.

The bound H2
molecule
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The Kubas Complex 
W(CO)3(P-i-Pr3)2(H2) 

How does it work?

- The electrons in a hydrogen molecule 
are forming a normal sigma bond.
- The complex has an empty d orbital of 
its metal ion
- Some electronic density is transferred 
from the H2 sigma bond to the empty d
orbital (1).
-Some electronic density of another –
occupied- d orbital is donated back to the 
unoccupied s orbitals of the H2 (2). 1

2 2

The bound H2
molecule

W-because the bond is not broken, mixtures
of D2 and H2 do not form H-D by 
interacting with the complex (unlike above
a Pd surface where H2 / D2 is split and
recombined to form H2, D2, and HD)
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- typical hydrogen storage capacities are low: 1 H2 on e.g. 15 atoms that are 
heavier than C

Kubas complexes; properties

- the hydrogen molecules can be added under mild hydrogen pressures at 
temperatures close to room temperature.

- typical interaction enthalpies are ~ 15 kJ/mol ~ 1800 K/ H2 molecule: indeed 
just what we needed for the surface adsorption to occur at RT

- hydrogen can be added in solid state (slow) or when the complex is in 
solution (fast) in some solvents (e.g. THF)

- hundreds of different complexes have been identified.

- all complexes need a transition metal like W, Cr, Fe, Ru, Ir
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Kubas complexes; properties continued

- the hydrogen molecule has a weakened H-H bond that is also lengthened 
somewhat from 0.74 Å in free H2 to e.g. 0.9 Å. This can be observed in 
Infra Red (IR) absorption spectroscopy as a lowering of H-H stretch 
frequencies (weaker bond), and in neutron diffraction as a larger separation 
between the H atoms.

- In various complexes the H-H bonds appear to vary between 0.82 Å to the
limit of 1.6 Å, the point at which the bond is considered to be broken in order 
to form a normal hydride.

- the H-metal bonds are longer and weaker than a normal H-metal bond. 
In the W complex shown: 1.89 Å instead of ~1.7 Å for a normal W-H bond.

- the complex is viewed as an intermediate along the reaction pathway of H2
‘oxidative addition’
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Relevance of Kubas compounds and such electrophilic activation compounds? 

- they reversibly bind hydrogen at ~RT and moderate pressure

- however: low capacity (wt.%) due to large number of other atoms.

To become useful, new materials are required that contain many of 
these binding sites. One might e.g. think of MOF’s with Kubas binding sites.
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Metal hydrides see also Gupta Ch 11.

LaNi5+ 3H2 → LaNi5H6

Example of ‘classic’ metal hydrides:
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So far we looked into surface adsorption materials

Now stronger interactions
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Metal hydrides: chemically bound hydrogen, strong interactions

Metal hydrides can have higher volumetric H densities than liquid H2
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Hydrides of the elements

No hydrides
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Compound NH H wt.%
1022 at./ml

Liq. H2 4.2 100
TiH2 9.2 4
ZrH2 7.3 2.1
LaH3 6.5 2.1
LaNi5H6 5.3 1.4
TiFeH1.95 6.2 1.85
AlH3 8.9 10
LiBH4 7.5 18.3
PdH0.7 4.3 0.7
MgH2 6.6 7.6
NaAlH4 6.5 7.5

Some metal hydrides and ‘complex hydrides’

High wt% capacities
only for light 
elements in hydride
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Varying operating conditions
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Comparison with pressurized gas cylinders
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Equilibrium 
pressures   
or ‘plateau’
pressures 

are 
temperature 
dependent

H in Pd metal

Loading does not 
occur with continuously
increasing pressure,
but with steps during 
which the pressure can 
remain constant.
This is caused by the
occurrence of specific 
crystalline phases
that are in equilibrium
with each other.
For Pd there is one such 
step/plateau.
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H in Pd metal α is a H-poor phase, α’ a
H rich phase. Below the parabola 
they occur next to each other.

The reason for the phase separation into 2 phases
is the same as for Li-insertion compounds (see batteries) 
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The enthalpy and entropy of metal hydride formation; 
van ‘t Hoff equation

Hydrogen that reacts with a metal has the reaction:

½H2 (in gas phase) → H (in metal hydride) 

General Gibbs free energy change upon reaction:

∆G = ∆H - T∆S

Now upon adding hydrogen atoms to the metal hydride the chemical
potential of the added atoms is defined as:

Where nH, nM, are the number of hydrogen and metal ions involved.

, ,M

H
H n P T

G

n
µ  ∂=  ∂ 
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At equilibrium between the gas phase and metal hydride phase, there is no
difference for a hydrogen atom to enter the gas or the hydride phase so:

when gas and hydride are in equilibrium

Where   µH2 and µH are the chemical potential of the H2 molecules in the gas 
phase and the H atoms in the hydride phase respectively. Ediss. is the 
dissociation energy of the H2 molecule in 2 H’s.

where                 are the partial molar enthalpy and entropy of the hydride
formation.             is the chemical potential of one mole H (not a single 
molecule)

2 .

1

2H in gas H in gas dissEµ µ− − − −= −

H H HH T Sµ∆ = ∆ − ∆

,H HH S∆ ∆
Hµ∆

It costs less energy to put 2H atoms in the gas because
they react to H2 producing Ediss

H in gas Hµ µ− − =
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In SHEES5 (p32) we saw that compressing the H2 gas required an energy:

The chemical potential of the gas (per molecule now) equals: (with
NAkB=R)

Where p0, µ0
H2 equal respectively a reference pressure (e.g. 1Bar), and the 

chemical potential for adding a single molecule at p0.

The change in chemical potential in the metal - hydrogen reaction is:

So

0
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Because in equilibrium:

This leads to:

Using                                      we obtain the

2

1

2 H diss HEµ µ− =

0

1
ln
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H H HH T Sµ∆ = ∆ − ∆

0

1
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2
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Van ‘t Hoff equation

A graph of ln(P/P0) versus 1/T will show a line that has a slope related to
the enthalpy of formation ∆HH and an axis 1/T=0 intercept related to the
entropy change ∆SH upon hydride formation at pressure P0. 
Such graph is called van’t Hoff plot.
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Van ‘t Hoff equation in practice

Here there is equilibrium between gas, α, and hydride β phase.
The α phase corresponds to the normal metal with some dissolved
H in it, but too little to form the real hydride. 

Left from the parabola the pressure is too low to reach the β phase

‘β phase’‘α phase’
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Van ‘t Hoff plots for some metal hydrides
Misch metal: mixture of
Rare earths

More Al leads to higher stability of hydride: lower P at 
same T
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Some more
van ‘t Hoff
plots

The steeper
the slope the
higher the
enthalpy of
formation, the 
more stable 
the hydride
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LiH: high capacity ~ 1/8 = 12.5 wt.%

However: very stable, equilibrium pressure of 0.1 Bar at 1000 K.

So unfortunately this is not a suitable storage material.
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‘General’ phenomena during gas absorption and desorption in metal hydrides

- first: dissolving hydrogen in the α phase (H-poor)

- second: subsequent hydride formation: β phase, H-rich 

- dumping/withdrawal of formation enthalpy causes heating/cooling, can be 
very significant. This can directly limit the hydrogen uptake/release speeds.

- swelling of the crystal lattice: about 3 Å3 per H atom. For instance LaNi5
swells 25% upon hydrogen uptake to LaNi5H~6  !!! To put this in perspective: one 
would require a pressure of ~200kBar to compress a solid like this by 25%: very high strains on the material

- the hydride phases and intermetallic compounds are often brittle. This 
together with the swelling can cause beak down of the crystallites in pieces.

- kinetics of hydrogen uptake/release can depend strongly on the type of 
metal hydride. It will depend on how fast H atoms can diffuse through the
α and β phase.
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For coping with thermal heating effect during H loading:
One incorporates heat exchangers in storage tanks. These 
exchangers can also supply heat during H release.

Observing the large negative ∆H for materials like MgH2 (-77 kJ/mol H2):
Loading H2 rapidly will cause heating effects since heat is released!

Strong interactions: negative ∆H and operating conditions
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Store heat in additional heat storage material: then also available for later use
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LaNi5 for ‘cold start’, MgH2 for most H2 release when heated up



45

Currently commercial  relevant metal hydride for hydrogen storage:

MmNi3.55Co0.75Mn0.4Al0.3 H5.18      as used in nickel metal hydride batteries:

Drawbacks of the pure binary compound LaNi5 for a battery: 
- La is too expensive because it is always mined together with chemically 
similar (i.e. expensive to separate) other rare earths.
- has fairly low stability, i.e. at elevated T H2 gas evolution (50 oC ~ 1Bar)
- it has a large lattice expansion upon H storage
- it corrodes heavily in a battery

Solutions: 
- use Misch metal (Mm), a cheap mixture of rare earths 
- use Al substitution of Ni to strengthen H binding and reduce corrosion.
Corrosion appears to be related to lattice expansion, i.e. the volume change
upon H uptake. Also Al oxide at the surface reduces corrosion.
- exchange Ni with some transition metal, this reduces expansion somewhat
- Co appears to limit corrosion. Not too much Co because it is expensive
- H capacity reduced from ~H6.5 to ~H5.2
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LaNi5H6.5 LaNi5H0.5 LaNi5

View 
along
a-axis

View 
along
c-axis

Looks like a lot of H atoms, but these 
sites are only fractionally occupied
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TEM pictures after cycling
(a) LaNi3.55Mn0.4Al0.3Co0.75 (b)LaNi5 (c) LaNi4.25Co0.75 (d) LaNi4Mn



48

Surface activation of the hydride:

Many metal hydrides consist of corrosive materials where the surface can 
e.g. be oxidized. In LaNi5 this is the case. Because of the large lattice 
expansion the material breaks in small pieces and clean surfaces are 
exposed to the gas. In that way the problem solves itself after the first 
difficult loading cycles: this is called ‘activation’.

Some other materials can be loaded better by applying catalysts at the 
surface. Mg is an example. Here the idea is that the catalyst penetrates the 
MgO oxide layer and also splits hydrogen. Typical catalyst: V, Nb or Ti, i.e.
hydride forming metals. Later more.
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‘Density of states’, which
indicates the number of electrons that have these energies

Electronic structure changes upon hydrogen absorption

The metals without hydrogen load are 
metallic. This means that the valence 
electrons are in a conduction band in 
which they are free to move. This leads to 
a high electrical conductivity. In addition
metals reflect most if not all light that 
shines on it.

The hydrides can have a completely filled
conduction band. 
Examples are MgH2 and YH3. This leads
to poor conductivity/ high resistivity, and it
can also lead to a material which is 
transparent for light.

Metal

Insulating 
metal hydride

εF

εF

En
er
gy

En
er
gy

Valence 
band=
conduction
band

No electrons 
which can easily
move in applied
field

These electrons 
can easily be
moved in applied
field (low 
‘excitations’
possible)
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Example: Switchable mirrors as 
demonstrated by Huiberts et al.
(Free University Amsterdam)

Glass support

Yttrium

Pd layer for oxidation
prevention

H2 gas pressure = 0 to 1 Bar

light
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Yttrium before H2 admittance

After partial loading YH~2, still metallic

YH3 transparent insulator

Huiberts et al. Nature 380 (1996) 231.



52

Y                 YH~2 YH~3

resistivity

Light transmission
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Magnesium metal                 whitish, transparent and 
insulating MgH2
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Energy landscape for adsorption, dissociation and binding of H2 at a 
metal hydride surface
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Same energy landscape but now with barrier for dissociation
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H dynamics relevant for loading/unloading a metal hydride,
rate limiting steps?

Gas phase dynamics 
Will be fast

Surface ‘activation’
may be required to 
enhance splitting

The potential energy landscape
in the crystal determines the H 
diffusion rates



57

H dynamics relevant for loading/unloading inside the crystals

High hydrogen mobility in H diluted LaNi5H0.12. Hopping 
between sites on ps timescales. This is a ‘quasi elastic neutron 
scattering measurement’

q: Different ‘angles’.
This can be translated
to distances over which
H are moving

ħω is the change of the neutron energy after collision with 
proton. It appears that because H are moving ħω can be 
different from 0 (H can give or take kinetic energy to/from neutrons).
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Higher T required
to obtain the 
same mobility

Nuclear magnetic resonance
The linewidth of proton spectra becomes narrow when H start to diffuse. 
For increasing H content higher T are needed because the crystal has fewer 
empty H sites.
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r Dtπ=

Average distance r 
traveled by a proton during 
a time t can be estimated 
from:

300K

FCC structures

BCC structures

Measured diffusion constants D of H atoms in metals
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‘Classical’ metal hydrides: good but not good enough

Good:
- Favorable operating conditions possible: moderate pressures & temperatures
- Applicable in batteries (commercially available) and for gas phase storage

- Rapid loading and unloading possible
- Safe 

Not good enough:
- Capacity in terms of wt.% lower than 2 wt.%

- Can be expensive 
- Corrosion needs fine tuning

-Cooling and heating effects do play a role during sorption

New compounds are required: recently significant advances in
light metal hydrides and complex hydrides
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Light metal hydrides:

Elements to choose from, that are light enough:

Li, Be, B, C, N, O, F, Na, Mg, Al 

poisonous Bind too strong
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Sustainable Hydrogen and Electrical  Energy Storage
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Some extra slides
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Structure determination of hydrides: 
neutron diffraction

-the neutron behaves as a wave with a certain wavelength

- the wave is reflected under certain angles by atom planes in 
the crystal lattice

- analysis of the reflected intensity as a function of angle gives 
direct information about the crystal structure

- neutrons are sensitive to light elements like hydrogen 
and lithium (Röntgens, electron microscopy, … are not) 
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•no electric charge - can penetrate deep into a specimen 
(easy sample environment, unlike X-rays or electron 
microscopy)

•Thermal neutrons have wavelength similar to atomic 
spacing -can be used to determine the positions of 
atoms.

•Thermal neutrons move at a speed similar to that of atoms 
at room temperature (~800m/sec) - can investigate motion of 
atoms in a unique way.

Properties of Neutrons - close to ideal for energy materials research

•Isotopic sensitivity allows contrast variation: for hydrogen: 1H 
and 2D are visible in very different ways
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Interaction strengths neutrons and X-rays with elements. 

~ electron number

Rather random
values, very sensitive
to light elements 
H,Li 
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Neutron source
ISIS, Oxfordshire, UK



68

Diamond

ISIS ILL
ESRF

ISIS and ILL: Large scale facilities for neutron scattering
Diamond and ESRF: Large scale facilities for synchrotron X-rays

Oxfordshire, UK Grenoble, France



69Neutron sources world-wide

Bragg Inst.
New reactor 2007 

FRM2
New reactor 

2006

ILL 
Instrument 

upgrades 20061010
55

ISIS        
New target 

2006

44

44

SNS 
New spallation

2007 

SNS 
New spallation

2007 

1010

2020

JPARC
New spallation

2007 

1010

1515

ESS 
New spallation 2015-2020 

3030

5050

60x60x

100x100x
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ILL

Neutron facilities worldwide: growing competition 
1.5GEuro

1.5G$
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- sensitivity to hydrogen 
(deuterium) results in
changing intensities of 
diffraction peaks
- different materials have
completely different 
diffraction spectrum


