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Abstract: An energy economy based on renewable energy requires massive energy storage, approx. half of the
annual energy consumption. Therefore, the production of a synthetic energy carrier, e.g. hydrogen, is neces-
sary. The hydrogen cycle, i.e. production of hydrogen from water by renewable energy, storage and use of
hydrogen in fuel cells, combustion engines or turbines is a closed cycle. Electrolysis splits water into hydrogen
and oxygen and represents a mature technology in the power range up to 100 kW. However, the major tech-
nological challenge is to build electrolyzers in the power range of several MW producing high purity hydrogen
with a high efficiency. After the production of hydrogen, large scale and safe hydrogen storage is required.
Hydrogen is stored either as a molecule or as an atom in the case of hydrides. The maximum volumetric
hydrogen density of a molecular hydrogen storage is limited to the density of liquid hydrogen. In a complex
hydride the hydrogen density is limited to 20 mass% and 150 kg/m?® which corresponds to twice the density
of liquid hydrogen. Current research focuses on the investigation of new storage materials based on combina-
tions of complex hydrides with amides and the understanding of the hydrogen sorption mechanism in order to
better control the reaction for the hydrogen storage applications.
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Introduction

The energy turnaround requires the
storage of large amounts of renewable en-
ergy, including seasonal storage. In central
Europe for the complete coverage of our
energy demands a storage capacity that
corresponds to 2000 kg of oil per capita
would be required. The transition from an
energy economy based on mining resourc-
es, i.e. materials and fossil fuels, to a soci-
ety based on renewable energy and closed
materials cycles is essential for the global
development towards a sustainable and
prosperous economy. The growth of the
world population depends on wealth dis-
tribution, and according to the analysis of
Hans Rosling the world population is going
to increase to approx. 11 billion people in
2100. The extrapolation is based on the as-
sumption that global wealth will continue
to grow and the birth rate will accordingly
decrease worldwide. The global energy de-
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mand is expected to increase from today
to 2050 by a factor of 3. This will only be
possible if the materials cycles are closed,
especially the materials used as energy car-
riers. Despite the plans to reduce energy
consumption in the western industrialized
countries in the future the political strat-
egies are to grow economically, which is
only possible with growing consumption.
Physically, wealth is the availability of
materials and energy, therefore, increasing
wealth requires an increase in energy and
material consumption. More than 80% of
the energy demand today is covered by fos-
sil fuels, i.e. hydrocarbons that release CO,
and H,O upon combustion with air. Unlike
water CO, does not precipitate out of the
atmosphere. Due to the limited resources
of fossil fuels and materials, and the ef-
fect of the increasing CO, concentration
in the atmosphere on the climate, a large
part of the increasing energy demand must
be covered by renewable energy sources.
Therefore, the hydrogen cycle, i.e. the
production of hydrogen from renewable
energy and water, the storage of hydrogen
and the combustion of hydrogen in a fuel
cell, internal combustion engine or a tur-
bine offers a technical feasible solution to
produce an energy carrier directly from re-
newable energy in a naturally closed cycle.

In this article we describe the basis and
current level of technological development
of water electrolysis and hydrogen storage
in hydrides and describe the recent devel-
opments and achievements connected to
the Swiss Competence Center in Energy
Research (SCCER).

Hydrogen Production by
Electrolysis

The Swiss company Lonza SA was
founded in Gampel (VS) in 1897 and
used electricity to produce calcium car-
bide and acetylene. In the beginning of
the 20th century the products expanded
to synthetic fertilizers from nitrogen and
ammonia and, therefore, the need for hy-
drogen grew. Around 1940 Lonza decided
to produce the hydrogen on site. Ewald A.
Zdansky was mandated to develop a gas
generator able to deliver the hydrogen re-
quirements for the chemical production.
Due to the hydroelectric power available
in the region Zdansky worked on the con-
struction of an industrial electrolyzer in
collaboration with the Giovanola Freres
SA (GFSA), located in Monthey, that
had the large manufacturing tools to pro-
duce the first prototype electrolyzer.[!l In
1950 the development led to a patent of
the high-pressure industrial electrolyzer
(Zdansky-system) manufactured at GFSA
and commissioned at Lonza.l2l The mar-
ket demand for electrolyzers was growing
and Lonza sold the intellectual property of
the high pressure electrolyzer to LURGI
(‘Metallurgische Gesellschaft’) in Butz-
bach, Germany. LURGI commercialized
the electrolyzers and further improved the
design of the electrodes and the mechani-
cal assembly in collaboration with GFSA
in Monthey, where Jiirgen Borchardt (a
LURGI engineer) managed the research
and development. More than 100 alkaline
high-pressure electrolyzers with a power
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of up to 4 MW were installed worldwide.
In 1996, the intellectual property as well
as the customer database were acquired by
GFSA and LURGI discontinued the elec-
trolyzer development and manufacture and
closed the electrolyzer section. However,
GFSA faced financial shortages in 2001
and the daughter company, GTec SA,
created in 2002 based on the electrolysis
activities, also went out of business soon
after. Finally, the technology of the high-
pressure electrolysis was transferred to a
new company, IHT Industrie Haute Tech-
nologie SA (IHT) in 2003 with the goal to
further develop the large-scale electrolyzer
units and replace the asbestos membranes
with new materials keeping the particular
properties of very long lifetime (>30 years)
and high energy efficiency (>80%).

Electrolysis is based on the splitting
of water by means of an electrical poten-
tial. Hydrogen is evolved on the cathode
(-) and oxygen on the anode (+). Between
the electrodes is an electrolyte, which acts
as an electrical insulator and ionic con-
ductor. The ions transferred between the
electrodes are H*, OH~ or O* and the cor-
responding electrolyzers are called acidic
(PEM), alkaline or solid oxide. Between
the electrodes a membrane separates the
evolved gases H, and O,.

The membrane has to fulfill several re-
quirements, e.g. stability under operating
conditions, separation of the gases, me-
chanical separation of the electrodes, ion
conduction and mechanical support for
pressure differences between the two sides
in the cell. Electrolysis requires catalytic
electrode materials for a low over potential
of the electron transfer and an electrolyte,
which provides high conductivity for ions
but high resistance for electrons and sepa-
rates the two gases hydrogen and oxygen.
A technical electrolyzer is a compromise
between the ion conductivity of the elec-
trolyte and the mechanical stability and gas
separation of the membrane.

The polymer electrolyte membrane
(PEM) electrolyzer transports H* ions in a
solid polymer (Nafion®) at around 60 °C
(Fig. 1a). The ion conductivity of the PEM

is in the order of 6 S/m and water is pro-
vided on the oxygen side (anode). There-
fore, high purity hydrogen is produced on
the cathode. The challenges in the further
technical development of PEM electrolyz-
ers are the increase of the conductivity of
the polymer membrane, the chemical and
mechanical stability of the polymer and the
dissipation of the heat produced during the
electrolysis process.

The alkaline electrolyzer consists of
a microporous membrane (ZrO, in poly-
phenylene sulphide, Zirfon PERLS®,5!
NiO) filled with electrolyte that provides
the OH™ ion conductivity in the order of
120 S/m at 80 °C (Fig. 1b). The 25wt%
KOH in water electrolyte is pumped on the
anode and cathode side, while the water is
consumed on the cathode (H,) electrode
and half of it appears on the anode (O,)
electrode. Therefore, the electrolyte con-
centrates at the cathode and dilutes on the
anode, the electrolyte from the two sides
has to be mixed in order to compensate for
the concentration difference. The evolved
gases hydrogen and oxygen are extracted
from the circulation electrolyte in gas
separation units. A heat exchanger allows
to maintain the electrolyte at the operation
temperature.

The solid oxide electrolyzer (SOEC)“!
transports O* ions in a solid oxide (ZrO, +
8 mol% Y,0,, La,Sr ,Ga Mg .O,) with
aconductivity of 1 S/m at 500-850 °C (Fig.
1c). Water vapor is provided on the cath-
ode and therefore the evolved hydrogen
contains water and is dried subsequently,
while the oxygen on the anode is pure.l!
The major advantage of high-temperature
water electrolysis is the possibility to split
water partially by heat provided by the
steam in installations where lots of high-
temperature heat is available.

The LURGI high-pressure electrolyz-
ers are still the most efficient and world
largest electrolyzers today, followed by
the ambient pressure alkaline electrolyzers
from NELI! (former Norsk Hydro) (Fig.
2). Currently mainly alkaline systems are
found at a production rate above 30 Nm*h
hydrogen. These large scale electrolyzers

exhibit a significantly higher efficiency
compared to PEM electrolyzers of compa-
rable power. There are only a few suppli-
ers of electrolyzers on the western market.
Very little is known about the develop-
ments in Asia, where certainly companies
in China and Japan are working on the
development of large-scale electrolyzers.
Hydrogenics!”! delivers alkaline electro-
lyzers (250 kW) and Proton OnSite (Dia-
mond Lite SA) delivers PEM electrolyzers
with a power up to 200 kW. Recent devel-
opment for large-scale PEM electrolyzers
by Proton OnSitel8] and SIEMENSP! will
soon make systems >1MW available.

Hydrogen Storage

The critical point of hydrogen is at a
temperature of 32 K,!'!l therefore, hydro-
gen does not exist as a liquid at ambient
temperature.l'?l The volume of the hydro-
gen is reduced by compression, liquefac-
tion at 20 K, or interaction of hydrogen
with materials by physisorption, chemi-
sorption, intercalation and chemical reac-
tion. 1 kg of hydrogen at ambient tempera-
ture and atmospheric pressure takes a vol-
ume of 11.2 m?, while the volume of 1 kg
liquid hydrogen is 0.01413 m? (density of
liquid para-hydrogen at 20.217 K is 70.78
kg-m).

Compression of hydrogen allows in-
creasing the density of the gas up to ap-
proximately half of the density of liquid
hydrogen at ambient conditions (35 kg/m?)
and requires an isothermal compression
work corresponding to 1 kWh/kg per pres-
sure decade or less than 3% of the heating
value. Modern high-pressure composite
cylinders!'31 allow to store up to 4 mass%
of compressed hydrogen at pressures up
to 800 bar. The mechanical stabilityl!4] of
the composite over many hundred pressure
cycles and the hydrogen diffusion across
the material are beside the safety concerns
the major challenges of the development
of high pressure hydrogen storage systems.

Liquid hydrogen(!®l storage at 20 K is
a non-equilibrium storage method and suf-

u
+
H,O — 40, + 2H" + 2e
1 ¢
| U t o F
.
£ |
o ioz
o=
g/ |
........... 02
HIO‘:-:l
| |HO
EM/H,0 ]
a) | = HO
Cathode Anode

Anode

Fig. 1. The three types of electrolyzers: a) acidic (PEM: polymer electrolyte membrane), b) alkaline (AEL) and c) solid oxide (SOEC) electrolyzer cells.
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fers from continuous loss of hydrogen due
to evaporation at ambient temperature. The
storage systems are open or semi-open in
order to limit the pressure increase in the
storage tank. The energy demand for the
liquefaction process is theoretically 3.92
kWh/kg, technically around 10 kWh/kg.
The hydrogen density in the storage system
depends on the size of the storage. Liquid
hydrogen storage is the method of choice
for air and space applications, where large
amounts of hydrogen are consumed in a
short time and the energy cost for liquefac-
tion is not an economic concern. The major
challenges of the liquid hydrogen storage
technology are the thermal insulation of
the storage tank and the safe release of the
evaporated hydrogen.

Materials with a large specific surface
area physisorb hydrogen by the Van der
Waals interaction. This rather weak inter-
action, isosteric heat of adsorption,[!] var-
ies between 4 and 8 kJ/mol H,, allows to
absorb at maximum one molecular mono-
layer of (liquid) hydrogen on the substrate
material. This leads to an adsorption pro-

portional to the surface area of approx.
1.5 mass% of hydrogen on a material with
a specific surface area of 1000 m*/g.!'81 The
adsorption of hydrogen on all kind of na-
no-structured or porous materials,[!9] e.g.
graphite, carbon nanotubes, zeolites, met-
al organic frameworks, is described by the
model of Brunauer-Emmnet and Teller.[20]
Due to the rather weak interaction, sig-
nificant adsorption of hydrogen requires
low temperatures around 100 K. The ma-
jor technical and scientific challenges of
hydrogen storage by physisorption is the
increase of the interaction energy and the
search for materials with large specific sur-
face areas.

Hydrogen dissociates and chemisorbs
on many metals, intermetallic compounds
and alloys (Fig. 3).[211 The hydrogen atoms
diffuse on the subsurface layer and inter-
calate on interstitial sites. The electron
density on the interstitial sites of the metal
lattice determines the binding energy of
the hydrogen.[22! Partial substitution of the
metal elements allows the electron density
to be modified and therefore influences

the stability of the hydride formed. The
thermodynamics of the hydride formation
is described by the lattice gas model(23
and leads to the Van’t Hoff equationl24l
R:In(p/p,) = AH/T — AS. At low concen-
tration (up to 0.1 H/M) hydrogen forms a
solid solution followed by a phase transi-
tion from solid solution into the hydride
phase (1 H/M). The entropy change upon
hydrogen adsorption AS corresponds for
many systems to the standard entropy of
hydrogen AS = 130 J/(mol-K) and an equi-
librium pressure of 1 bar at 20 °C is found
for a hydride with AH =T- AS =-38 kJ/mol
H,. Hydrogen occupies sites with a radius
greater than 0.037 nm!25! and a distance be-
tween intercalated hydrogen atoms greater
than 0.21 nm.[2¢] Intercalated hydrogen can
reach more than twice the density of lig-
uid hydrogen, e.g. in metal hydrides and
complex hydrides. The highest volumetric
density was found in metal hydrides(?7! to
be 150 kg-m. Metal hydrides have many
applications, e.g battery electrode materi-
als, catalysts, sensors, stationary or marine
hydrogen storage and hydrogen purifiers,
selective separators and compressors. The
gravimetric hydrogen density of metallic
hydrides is less than 3 mass%.

The elements Al and B form complex
hydrides with hydrogen, e.g. alanates Na-
AlH, and borohydrides LiBH,. With the
discovery of the Ti-catalyzed hydrogen
desorption from NaAlH, in 1996[28! a
wide research field on a new class of solid
storage materials was opened. Few years
later the alanates were complemented by
the borohydrides.[2930] The stability of the
complex hydrides is determined by the lo-
calization of the charge3!! on the central
atom (Al, B) and, therefore, is proportional
to the electronegativity of the cation-form-
ing element. The enthalpy of formation of
a series of borohydrides was computed by
DFT calculation and a linear correlation
between the enthalpy of formation and
the electronegativity of the cation-forming
element was found.32! AH [kJ/mol BH,]=
247.4-EN — 421.2 where EN is the Paul-
ing electronegativity!*3 of M in M(BH,)_.
A similar equation can be derived for ala-
nates AH [kJ/mol AlH ]= 308-EN — 411.
Therefore, by applying the Pauling electro-
negativity of B (2.04) and Al (1.61), a gen-
eral equation for the enthalpy of formation
is derived AH [kJ/mol ZH,]= 143-EN(B,
Al)-EN — 224.EN(B, Al).34 The forma-
tion of the complex hydrides requires wet
chemical synthesis; only a few products
have been successfully synthesized from
the elements. The formation reaction is
often different from the hydrogen desorp-
tion reaction. Furthermore, the enthalpy of
formation of the complex hydride is much
larger than the enthalpy of the hydrogen
desorption reaction.l35] Alanates tend to
desorb via an intermediate hexahydride
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and finally form the elemental hydride,
while borohydrides do not exhibit a hexa-
hydride. The hydrogen desorption reaction
from borohydrides is accompanied by the
desorption of diborane, a product of a side
reaction of the hydrogen desorption. This
side reaction depends on the stability and
mobility of B H, and BH,, respectively,
therefore, above a temperatures of 200 °C
no diborane is observed. The alanates and
borohydrides have the potential to store up
to 7 mass% and 20 mass% of hydrogen,
respectively. The volumetric hydrogen
density reaches, similar to metal hydrides,
around 150 kg/m?. The scientific and tech-
nical challenges are the synthesis of the
complex hydrides preferably directly from
the elements, the control of the desorption
reaction including the development of the
catalysts. New complex hydrides, which
are liquid at room temperature and desorb
hydrogen close to ambient temperature are
under investigation. With the complex hy-
drides, the gravimetric hydrogen storage
density in hydrides was increased by an
order of magnitude from around 2 mass%
to 20 mass% in the last 20 years.

With the complex hydrides the gravi-
metric and volumetric hydrogen density is
even greater than that of the hydrocarbons
and has reached the maximum densities
possible based on the current knowledge
of hydrides (Fig. 4). Comparing the avail-
able energy from the combustion of hydro-
carbons and hydrides, the hydrocarbons
deliver twice as much energy because the
hydrogen and the carbon is oxidized, while
in case of the complex hydride only the
hydrogen is oxidized and the host material
remains unreacted. The hydrogen storage
density of 20 mass% corresponds to an en-
ergy density of 7.8 kWh/kg. Therefore, the
gravimetric and volumetric energy density

of a hydrogen storage system is limited to
less than half of the energy density of hy-
drocarbon fuels, e.g. diesel (12.8 kWh/kg,
10 kWh/l).

Outlook

The potential of complex hydrides for
large-scale hydrogen storage is huge, but
requires a better understanding and im-
proved control of the hydrogen sorption
reaction. The reaction pathway in complex
hydrides exhibits various intermediates
and transition states depending on the type
of the central atom, Al, B, or N, and on the
reaction conditions. The knowledge of the
reaction pathway and the identification of
the transient states is of fundamental im-
portance in order to control the hydrogen
absorption and desorption processes. Fur-
thermore, development of new materials
requires methods to synthesize the complex
hydrides as well as overcome the activa-
tion barriers by an appropriate catalyst. In
other cases it may be important to develop
methods to stabilize a certain hydride or to
avoid the formation of undesired interme-
diates, e.g. diborane or ammonia. Finally,
the knowledge of the reaction mechanism
represents an added value concerning all
safety issues of complex hydrides. Beside
the pure hydrides, composites, e.g. borohy-
drides and amides, represent a wide field
of new storage materials with interesting
properties. While the complex hydrides are
in a very early stage of development to the
hydrogen storage application, metal hy-
drides are on a technology readiness level
that allows the construction of large-scale
hydrogen storage systems.

Metal hydrides represent surfaces,!3°!
which offer atomic hydrogen and absorb
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Fig. 4. Volumetric vs. gravimetric energy density in the various fuels and energy carriers together

with the typical application.

CO, and, therefore, provide sites for the
catalytic reduction of CO, to hydrocar-
bons. The reaction mechanism of the CO,
reduction will be investigated in detail
with the goal to identify the parameters
determining the C—H and C—C bonds. The

understanding and control of the CO, re-

duction reaction bridges between the pure
hydrogen storage and the storage of hydro-
gen in synthetic hydrocarbons.
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