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On hearing the buzz word ‘cat-
alyst’, most people spontane-

ously think of the catalytic converter in 
a car. However, the primary function of 
catalysts is not to destroy emissions, 
but to help conserve energy. Even in 
the household: they are contained in 
detergents, for example, and can elimi-
nate stains even at 30 degrees Celsius 
instead of in a boil wash. Moreover it is 
not an exaggeration to claim that with-
out catalysis most items in everyday 
use would not exist: over 80 per cent 
of all chemical products – from plastics 
to medicines to body lotion – undergo 
a catalytic process in the course of 
their production. Even life itself is in-
conceivable without catalysis. In every 
living cell, enzymes as natural catalysts 
ensure that metabolic reactions can 

take place at mild temperatures and 
normal pressure.

Catalysts are like matchmakers

Catalysts are not a uniform class 
of compounds. Their spectrum ranges 
from precious metals to simple inor-
ganic molecules through to proteins. 
What they all have in common is that 
they accelerate chemical reactions, 
steer them in the right direction or even 
make the conversion of Substance 
a into product B possible in the first 
place. With most chemical conversions 
a mountain of activation energy has  
to be surmounted on the way from 
Feedstock a to product B. The higher 
the mountain, the more energy has to 
be fed into the system to trigger the 

reaction. That is the reason why chem-
ists generally heat their reaction flasks 
vigorously when carrying out a synthe-
sis.

Catalysts can serve to lower this 
activation energy. Like a hiker in the 
alps trying to avoid a high summit, 
they show Feedstock a an easier, less 
steep route to product B. Moreover, 
they ensure that fewer undesirable by-
products arise.

Catalysts are chemically almost un-
changed at the end of a reaction and, 
like matchmakers at the end of a day’s 
work, are again ready for the next re-
action. Thus, a catalyst molecule can 
aid the synthesis of millions of product 
molecules. That also explains why an 

Thrifty reaction catalysts

Catalysts in the chemical industry:  
a laboratory technician fills a test reactor  
with a catalyst in granular form. Over 80  
per cent of all chemical products are  
produced using catalysts.  
(Image: BaSF)

CaTaLYSIS

Catalysts allow chemical reactions to proceed under mild conditions, 

causing fewer undesirable by-products. That saves energy, solvents 

and costs. They also play a key role in fuel cells.
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automotive catalyst only has to be re-
placed after 100 000 kilometres driven.

The process in an automotive cata-
lyst is an example of heterogeneous 
catalysis, by which the catalyst exists 
in a different physical state from the 
substances to be converted. In the 
automotive catalyst, gaseous nitrogen 
oxides and carbon monoxide as well 
as other incompletely burnt hydrocar-
bons react with platinum, deposited on 
a ceramic base, to form carbon diox-
ide, nitrogen and water. Heterogene-
ous catalysis is also widespread in the 
chemical industry, primarily in the com-
bination “solid catalyst in liquid phase”. 
In our body cells, on the other hand, 
homogeneous catalysis takes place, 
since the enzymes as well as the mol-
ecules to be metabolised are present in 
dissolved form in the cytosol.

Key role in energy supply

Catalysts also play a key role in 
the supply of energy carriers. petrol, 

for example, is produced by a cata-
lytic process. In catalytic cracking of 
crude oil, the catalysts are aluminium 
and silicon oxide powders which per-
mit the process to run at temperatures 
from 350 to 400 degrees Celsius and 
normal pressure – instead of at 500 to 
700 degrees Celsius and a pressure of 
20 to 100 bar.

In addition, the successful pro-
duction of alternative energy carriers 
will depend on the use of catalysis. 
Hydrogen, for example, could be an 
important factor in our future energy 
supply (see contributions on pages 30 
and 72); it can be produced energy-
efficiently by catalytic splitting of water 
into hydrogen and oxygen – for exam-
ple using energy from sunlight and tita-
nium dioxide catalysts. another option 
for water splitting is based on photo-
synthesis, by which hydrogen is pro-
duced from water and then, together 
with atmospheric carbon dioxide, is 
further converted into sugar. The plant 
cell accomplishes this biochemical wa-

ter splitting with the aid of elaborate 
biocatalysts which are the model for 
new catalysts in industrial hydrogen 
production.

Hydrogen is set to be used as a fuel 
to power fuel-cell vehicles in the future. 
That is not really a problem, since a tre-
mendous amount of energy is released 
in the process by which hydrogen 
combines with oxygen to form water 
in the fuel cell. However, the problem 
of hydrogen storage has not yet been 
solved. Not only special tanks for 
gaseous or liquid hydrogen are under 
discussion, but also chemical storage 
media, that is, compounds that contain 
a large amount of hydrogen which can 
be released, so to speak, by stepping 
on the accelerator. The alcohol metha-
nol is such a hydrogen carrier and it is 
already in use in a Daimler fuel-cell ve-
hicle. Hydrogen is separated on board 
the vehicle by a hydrogen-permeable 
membrane with a palladium-silver alloy 
as the catalyst.

Catalysis research at Technische Universität Berlin (left) and in the chemical industry (right): new catalysts increase the energy efficiency of  
chemical reactions.  
(Image: TU Berlin, pressestelle; BaSF)
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Renewable catalysts in the  
chemical industry

In the chemical industry, too, cata-
lysts play a central role en route to 
energy-conserving processes. Energy 
costs comprise a substantial share 
of the chemical industry’s operating 
costs, amounting to as much as 40 per 
cent in the production of basic chemi-
cals. However, this is not the only rea-
son why chemists are interested in cat-
alysts. It is rather the fascinating ability 
of many catalysts to steer a reaction in 
a specific direction, selectively guide it 
to the end product, while avoiding by-
products.

Many chemical compounds are 
present in two mirror-image structures 
which behave like a right hand to a left 
hand, while possessing distinctly dif-
ferent properties. One example is the 
substance limonene which releases a 
lemon-like aroma in one form, its mirror 
image an orange-like aroma. However, 
this difference is slight compared with 
the properties of some pharmaceutical 
active ingredients in which one form 
is highly effective, the other harmful. 
Catalysts which ensure that only a spe-
cific molecule forms, save solvents and 
energy since they render the complex 
separation of the mirror-image forms 
superfluous. The best of these ‘stereo-
selective’ catalysts include natural en-
zymes which nature optimised during 
millions of years of evolution.

additionally, thanks to sophisticat-
ed enzymes, nature often has a better 
synthesis pathway in readiness than 
classical chemistry, even for complex 
biomolecules like vitamins, pharma-
ceutical agents and flavours. a prime 
example is vitamin B which was once 
produced on a large scale by a multi-
stage synthesis, while nowadays in-
dustry uses microorganisms to manu-
facture the vitamin in a single stage. 
The chemical company BaSF applies 

the fungus Ashbya gossypii, for ex-
ample. Compared with the classical 
chemical process, the biotechnological 
alternative produces about 30 per cent 
less carbon dioxide with cost savings 
of 40 per cent. 

Magic no longer

The examples show that cata-
lysts have become indispensable to 
industrial processes, both for the pro-
duction of energy carriers and for the 
development of more energy-efficient 
industrial processes. The outstanding 
importance of catalysis for society is 
documented by the award of the Nobel 
prize for Chemistry in 2007 to the Ber-
lin catalyst researcher Gerhard Ertl who 
has made a significant contribution to 
our understanding of catalytic process-
es on solid surfaces. His achievement 
consists in liberating catalysis from its 
reputation as magic and transforming 
it into an exact science.

In order to develop new catalysts 
and optimise existing ones, chemists 
need a detailed understanding of cata-
lytic processes. Therefore they study 
catalysis on the molecular level, using 
spectroscopic, electron-microscopic 
and other modern research methods. 
They observe how base molecules ac-
cumulate on the catalyst, how chemi-
cal bonds split, new ones form and the 
products leave the catalyst again. That 
is no mean undertaking since many 
catalysts are porous materials and the 
centres of the catalyst are concealed 
within the pores inside the solid. The 
chemical reaction proceeds, as it were, 
in a hiding place, where not even high-
definition analysis methods can just 
take a look.

For his investigations, Gerhard Ertl 
selected single crystals, that is, ex-
tremely regular, well characterised sys-
tems as simple models for catalysts. 
In vacuum and at low temperatures, 

at which the particles move relatively 
slowly, he was able to gain insight into 
the surface chemistry and to interpret 
fundamental catalysis phenomena. 
The processes in real catalysts, how-
ever, are much more complex and, in 
many cases, they have not yet even 
been decoded. Moreover, not only the 
processes at the surface are decisive, 
but also the transport of the feedstock 
to, and the products from, the catalyst. 
The award of the Nobel prize marks a 
milestone, but the final chapter on ca-
talysis research is by no means done 
and dusted.

Hans-Joachim Freund
The author is a Director of Fritz-Haber-
Institut der Max-Planck-Gesellschaft in 
Berlin, where he heads the Department 
of Chemical Physics.
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IONIC LIQUIDS

Salts which melt at ambient temperature are chemical all-rounders.  

They are suitable as solvents, lubricants or heat storage media. 

In modern energy technology they are in demand as electrolytes in  

batteries, capacitors and fuel cells.

Ionic liquids – or, put differently, 
salts that are liquid at ambient 

temperature – make up a new class of 
substances with fascinating properties 
that connect two worlds, that of salts 
with that of solvents. Yet why are these 
salts actually liquid?

Salts consist of positively and 
negatively charged ions. For example, 
common salt, chemically known as 
sodium chloride, contains positively 
charged sodium ions and negatively 
charged chloride ions. These oppo-
sitely charged ions attract each other 
and form a crystalline lattice structure 
at ambient temperature. Only at high 
temperatures – in the case of common 
salt above 800 degrees Celsius – does 
the lattice break up, the crystal disin-

tegrate and the substance melt. This 
melt is comprised solely of ions, it is, 
therefore, an ionic liquid.

Strictly speaking, today only salts 
which melt at very much lower tem-
peratures than common salt, often 
far below ambient temperature, are 
designated ionic liquids. In this case 
the attractive forces between the posi-
tively and negatively charged ions are 
so weak that the crystal lattice already 
breaks up at low temperatures.

There are incredibly many variants 
of ionic liquids – some experts speak of 
1018 possibilities – with extremely ver-
satile properties. Liquid salts are heat-
resistant, non-flammable and do not 
evaporate. Thus they lend themselves 

to the most diverse applications. They 
are already deployed in process engi-
neering, organic synthesis and analyti-
cal chemistry. In addition they serve as 
lubricants or hydraulic fluids, as cool-
ants or heat storage media. Because 
they conduct electricity, they are in de-
mand as electrolytes in modern energy 
technology, such as in the construction 
of sensors, batteries, capacitors, fuel 
cells and organic solar cells.

New energy storage system  
for hybrid vehicles

In future liquid salts could also play 
a role in hybrid vehicles. Hybrid drives, 
which combine a combustion engine 
and an electric motor, already exist. 
Market research institutes anticipate 

Saline, safe and  
incredibly versatile

Liquid salts consist of large ions: top left, the 
model of a typical cation for such salts, below, 
an anion and beside it, for a comparison of the 
size, a water molecule. 

(Image: NIST)
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that the market for hybrid vehicles will 
boom in the next few years. The pre-
requisite is modern energy storage in 
the form of batteries, possibly com-
bined with double-layer capacitors. 
Double-layer capacitors store more 
energy than conventional capacitors, 
which is why they are called super-
capacitors. Whereas a battery absorbs 
a great deal of energy over a long pe-
riod of time, a supercapacitor stores 
less energy in a very much shorter time. 
This, for example, can benefit energy 
production in electric vehicles when, 
for instance, braking energy is con-
verted into electricity. That takes place 
for only a few seconds, but mainly with 
high efficiency. In the case of batteries, 
storage losses have to be reckoned 
with. Double-layer capacitors and bat-
teries in electric vehicles could, there-
fore, complement each other well.

all commercial hybrid vehicles 
are still equipped solely with nickel-
metal hydride batteries, but the next 
generation of hybrid vehicles will see 
the introduction of the lighter, more 
efficient lithium-ion batteries which 
already serve as energy storage de-
vices in mobile phones. admittedly, 
considerable obstacles still have to 
be overcome, not only in terms of the 
cost of the energy storage device, but 
particularly with respect to lifetime and 
safety. at least the new lithium-ion bat-
teries should achieve output power of 
up to 1500 watts per kilogram. By way 
of comparison: a conventional nickel-
metal hydride battery supplies about 
200 watts per kilogram.

In the lithium-ion batteries currently 
available on the market, organic elec-
trolytes are applied as ion-conducting 
fluids; they are relatively highly flam-
mable and thus potentially hazardous. 
By using them as an electrolyte or as 
an additive to established electrolytes, 
ionic liquids could provide more safety, 
since they are not flammable. 

Ionic liquids are salts whose crystal-
line lattices disintegrate even at low 
temperatures. What makes these 
salts that melt in the cold so special is 
that the charge of the individual ions 
is distributed over a relatively large ion 
volume. Instead of the point charge of 
a classical ion, in this case there is a 
charge cloud. This weakens the at-
tractive forces between the ions and 
the crystal lattices are not as stable.

This charge smearing can be achieved 
chemically by introducing nuclei that 
attract electrons into the structure of 
negatively charged ions (anions) or re-
pel electrons into the structure of pos-
itively charged ions (cations). In ionic 
liquids no small inorganic ions (like the 
sodium ion in common salt) are used 
as cations, but distinctly larger organic 
cations such as tetra-alkylammonium 

or pyridinium. additionally these large 
cations often absorb long alkyl chains 
that strongly repel electrons, further 
weakening the positive charge locally.

The anions of ionic liquids are also  
far more complex than the simple 
chloride ion in common salt: besides 
the well-established tetrafluoroborat  
(BF

4-) and hexafluorophosphate (pF6-), 
more complex structures are being in-
creasingly applied, particularly anions 
of superacids, such as trifluoro acetic 
acid or trifluoro sulphonic acid. Only 
recently Fap anions (tris(perfluoroalkyl)
trifluorophosphates) were developed. 
Thanks to the fluoro and fluoralkyl 
groups that strongly attract electrons, 
these anions are ideal building blocks 
for new ionic liquids.
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As viscous as olive oil

Liquid salts are already deployed in 
double-layer capacitors as an electrolyte 
or as a component of the electrolyte, es-
pecially in asia. Their use in lithium-ion 
batteries, by contrast, is still in its infancy. 
The reason is that today’s ionic liquids are 
relatively syrupy. Some are as viscous as 
coffee cream, most as viscous as olive oil, 
a few even as syrupy as honey. In highly 
viscous electrolytes, however, the lithium 
ion is less mobile. That significantly pro-
longs the charging time of the battery. 

Moreover, many ionic liquids are not com-
patible with the electrode materials in use 
today. However, with newly developed 
ionic liquids, containing, for instance, the 
‘Fap’ ion (see box) and with special mix-
tures of liquid salts and organic solvents, 
these obstacles can be overcome.

Michael Schmidt
The author is Senior Manager and 
Project Manager for Mobile Energy 
Storage at Merck, the pharmaceutical 
and chemical company in Darmstadt.

 



82

rEFErENCES aND FUrTHEr rEaDING

GENERAL LITERATURE ON ENERGY AND CHEMISTRY

Sichere Energie im 21. Jahrhundert, J. petermann (ed.), Hoffmann und Campe (2006), ISBN 978-3-455-09554-8

Leitstudie 2007 – aktualisierung und Neubewertung der “ausbaustrategie Erneuerbare Energien“ bis zu den Jahren 2020 
und 2030 sowie ausblick bis 2050. Dr. Joachim Nitsch, Stuttgart, Bundesministerium für Umwelt, Naturschutz und reaktor-
sicherheit (ed.), February 2007; www.erneuerbare-energien.de/files/pdfs/allgemein/application/pdf/leitstudie2007_zusf.pdf

Kosten und potenziale der Vermeidung von Treibhausgasemissionen in Deutschland, McKinsey & Company (ed.);  
ww2.bdi.eu/initiativen/klimaschutz/initiative/Seiten/Klimastudie.aspx

World Energy Outlook 2007, International Energy agency; www.worldenergyoutlook.org

Energieversorgung der Zukunft – der Beitrag der Chemie (2007); www.dechema.de/positionspapier_energie.html

Nachrichten aus der GDCh-Energieinitiative – “potenziale der Chemie für mehr Energieeffizienz“, april 2007;  
www.gdch.de/oearbeit.htm

HighChem hautnah – aktuelles aus der Elektrochemie und zum Thema Energie, GDCh 2007, ISBN 3-936028-44-3

ENERGY USE IN EVERYDAY LIFE

Textile Verbundweisen und Fertigungstechnologien für Leichtbaustrukturen des Maschinen- und Fahrzeugbaus,  
Werner Hufenbach, Klaus Köhler (eds.), Technische Universität Dresden, ISBN 978-3-00-022109-5

Organic Light Emitting Devices; K. Müllen & U. Scherf (eds.); Wiley-VCH, Weinheim 2006, ISBN 3527312188

Series Forum für Verantwortung, Fischer Taschenbuchverlag, vols.:  
Nutzen wir die Erde richtig?, F. Schmidt-Bleek, ISBN 978-3-596-17275-7 
”Was verträgt unsere Erde noch?”, J. Jäger, ISBN 978-3-596-17270-2

METHODS OF ENERGY SUPPLY

Conjugated polymer-Based Organic Solar Cells, Serap Guenes, Chemical reviews (2007), 107(4), 1324-1338

Organic solar cells. Long-term from niche to market, Heinz Eickenbusch, CLB Chemie in Labor und Biotechnik (2007), 58(1), 
27-29, 31

Organic photovoltaic cells: strategies for increasing solar energy conversion efficiencies, Stephen r. Forrest, pMSE preprints 
(2006), 95, 160

Material challenge for flexible organic devices, Jay Lewis, Materials Today (2006), 9(4), 38-45

Solar photovoltaics r&D at the tipping point: a 2005 technology overview, Lawrence L. Kazmerski, Journal of Electron  
Spectroscopy and related phenomena (2006), 150(2-3), 105-135

Semiconducting polymers for Thin-Film Electronics, Michael Chabinyc, polymer reviews (2006), 46(1), 1-5

Organic-based photovoltaics: toward low-cost power generation, Sean E. Shaheen, MrS Bulletin (2005), 30(1), 10-19

Organic solar cells: an overview, Harald Hoppe, Journal of Materials research (2004), 19(7), 1924-1945

“Strom von der Sonne”, M. C. Lux-Steiner and G. Willeke, physikalische Blätter 57, p. 47 (2001)

photovoltaik: Solarstrahlung und Halbleitereigenschaften, Solarzellenkonzepte und aufgaben, H.-G. Wagemann, H. Eschrich 
(eds.), Teubner 2007, ISBN 978-3-8351-0168-5

aspects of Thin-Film Superlattice Thermoelectric Materials, Devices, and applications, H. Böttner, G. Chen,  
r. Venkatasubramanian, MrS Bulletin, Vol. 31, March 2006, pp. 211-217

Thermoelektrische Multitalente, Jana Sommerlatte, Kornelius Nielsch, Harald Böttner, physik Journal Heft 5, 2007, p. 35

Thermoelektrika – Energiewandler mit großem Zukunftspotential, Sabine Schlecht, Harald Böttner, Nachrichten aus der 
Chemie, February 2008, p. 136

“Erneuerbare Energie in Zahlen”, Bundesministerium für Umwelt, Naturschutz und reaktorsicherheit (ed.), June 2008,  
www.bmu.de/erneuerbare_energien/downloads/doc/2720.php

“resource savings and CO2 reduction potentials in waste management in Europe and the possible contribution to the CO2 
reduction target in 2020”, prognos aG, Berlin, May 2008, www.prognos.com

“Beispielhafte Darstellung einer vollständigen, hochwertigen Verwertung in einer MVa unter besonderer Berücksichtigung der 
Klimarelevanz”, ifeu Institut für Energie- und Umweltforschung, Umweltbundesamt Texte 16/08, October 2007,  
www.umweltbundesamt.de/uba-info-medien/mysql_medien.php?anfrage=Kennummer&Suchwort=3445



83

“Energie aus abfall”, K. J. Thomé-Kozmiensky, M. Beckmann (eds.), TK Verlag, Vol. 4, January 2008,  
ISBN 978-3-935317-32-0

Brennstoffzellen im Unterricht: Grundlagen, Experimente, arbeitsblätter; Stefan Höller, Uwe Küter and Cornelia Voigt (eds.), 
Hydrogeit-Verlag, 2007, ISBN-10: 3937863095

Der Wasserstoff-Boom: Wunsch und Wirklichkeit beim Wettlauf um den Klimaschutz; Joseph J. romm (ed.), Wiley-VCH, 
Weinheim, 2006, ISBN 3527315705

Wasserstoff für alle: Wie wir der Öl-, Klima- und Kostenfalle entkommen; Karl-Heinz Tetzlaff (ed.), Books on Demand GmbH, 
2008, ISBN 978-3-8370-6116-1

RENEWABLE RESOURCES

Herausforderung Zukunft; Technischer Fortschritt und Globalisierung, M. F. Jischa (ed.), Elsevier/Spektrum akademischer 
Verlag, 2nd ed., 2005, and Chem. Ing. Techn. 79, 2007, 29-41

rohstoffwandel, H. Vogel, Chem. Ing. Techn. 79, 2007, 515f.

Die rolle der Chemokatalyse bei der Etablierung der Technologieplattform Nachwachsende rohstoffe, p. Claus, H. Vogel, 
Chem. Ing. Techn. 78, 2006, 991ff.

Technologien zur Herstellung von Designerkraftstoffen, H. Vogel, TU Darmstadt, thema forschung 3, 2007, 32f.

Energie aus Biomasse - Grundlagen, Techniken und Verfahren, M. Kaltschmitt, H. Hartmann, H. Hofbauer (eds.),  
Springer Verlag, Heidelberg, 2001, ISBN 3-540-64853-4

Ökobilanz von Energieprodukten, Ökologische Bewertung von Biotreibstoffen, EMpa (Switzerland), May 2007

Biogas praxis, B. Eder, H. Schulz (eds.), ökobuch-Verlag, Staufen, 2006, ISBN-10: 3936896135

Handreichung Biogasgewinnung und –nutzung, FNr (ed.), Gülzow, 2005, ISBN 978-3-00-014333-5

Biogasanlagen, U. Görisch, M. Helm (eds.), Eugen Ulmer Verlag, Stuttgart, 2007, 3-8001-5573-7

Biogas from Waste and renewable resources, D. Deublein, a. Steinhauser (eds.), Wiley-VCH, Weinheim, 2008,  
ISBN-10: 3-527-31841-0

Nutzung nachwachsender rohstoffe in der industriellen Stoffproduktion; r. Busch, T. Hirth, a. Liese, S. Nordhoff, J. puls,  
O. pulz, D. Sell, C. Syldatk, r. Ulber; Chem.-Ing.-Tech. 3 (2006) 219-228

The Utilization of renewable resources in Industrial production; r. Busch, T. Hirth, a. Liese, S. Nordhoff, J. puls, O. pulz,  
D. Sell, C. Syldatk, r. Ulber; Biotechnology Journal 1 (2006) 770–776

Weiße Biotechnologie – Energielösungen für die Zukunft?; D. Sell, J. puls, r. Ulber; Chem. Unserer Zeit 41 (2007) 108–116

Use of renewable raw materials for the chemical industry – beyond sugar and starch; K. Muffler, r. Ulber, Chem. Eng. Tech 
31 (638-646) 2008

Wie aus Bio Chemie wird, r. Busch, B. Kamm, M. Kamm, Th. Hirth, J. Thoen; Nachrichten aus der Chemie 53, 130 (2005)

a number of scientific series and also information can be ordered from Fachagentur Nachwachsende rohstoffe (FNr, 
agency for renewable resources) (www.fnr.de)

HYDROGEN – AN ENERGY CARRIER OF THE FUTURE?

Der Wasserstoffboom, Wunsch und Wirklichkeit beim Wettlauf um den Klimaschutz, J. J. romm (ed.), Wiley-VCH,  
Weinheim, 2006, ISBN 978-3-527-31570-3

Wasserstoff – Der neue Energieträger; Deutscher Wasserstoff- und Brennstoffzellen-Verband e.V. (ed.), Hydrogeit Verlag, 
Kremmen, 2006, ISBN 978-3-937863-08-5 (for download of 3rd revised edition 2009: www.dwv-info.de)

Hydrogen as a future energy carrier, a. Züttel, a. Borgschulte, L. Schlapbach (eds.), Wiley-VCH, Weinheim, 2008,  
ISBN-13 978-3527308170

Hydrogen Technology: Mobile and portable applications, aline Léon (ed.), Springer-Verlag GmbH, 18 July 2008,  
ISBN-13: 978-3540790273

Gasspeicherung in nanoporösen Materialien, r. E. Morris and p. S. Wheatley, angewandte Chemie, 2008, 120, 5044-5059

Untersuchungen der Desorption von Wasserstoff in metall-organischen Gerüsten, B. panella et al, angewandte Chemie, 
2008, 120, 2169-2173



84

rEFErENCES aND FUrTHEr rEaDING

NEW TECHNOLOGIES FOR IMPROVED ENERGY EFFICIENCY

application of Ionic Liquids in the Chemical Industry, N. V. plechkova, r. Seddon, Chem. Soc. rev., 2008, 37, 123-150

What are Batteries, Supercapacitors and Fuel Cells?, M. Winter, r. Brodd, Chem. rev. 2004, 104, 4245-4269

Nonaqueous Liquid Electrolytes for Lithium-Based rechargeable Batteries, Kang Xu, Chem. rev. 2004, 104, 4303-4417

rahmenkonzept “Forschung für die produktion von Morgen”; Bundesministerium für Bildung (ed.); die kommende Zeit.  
www.bmbf.de/pub/ffdpvm.pdf 

Katalyse eine Schlüsseltechnologie für nachhaltiges Wirtschaftswachstum – roadmap der deutschen Katalyseforschung, 
DECHEMa (ed.), February 2006, www.connecat.de



85



86

LEGaL NOTICE

Publisher: 
Deutsche Bunsen-Gesellschaft für physikalische Chemie

Dr. andreas Förster
Deutsche Bunsen-Gesellschaft
für physikalische Chemie
Theodor-Heuss-allee 25
60486 Frankfurt/Main 
Germany
E-mail:  foerster@bunsen.de
Wesite: www.bunsen.de

prof. Dr. Wolfgang von rybinski
Henkel aG & Co. KGaa
Global r+D Laundry and
Home Care advanced Material
Henkelstr. 67
40589 Düsseldorf
Germany
E-mail: wolfgang.rybinski@henkel.com

This publication was supported by funds from Deutsche Bunsen-Gesellschaft für physikalische Chemie (DBG), Gesellschaft 
Deutscher Chemiker (GDCh), DECHEMa Gesellschaft für Chemische Technik und Biotechnologie, and Fonds der Chemischen 
Industrie (FCI). The authors are responsible for the content of this brochure.

Every effort has been made in preparing this publication. Nevertheless, the authors, editor and publisher disclaim all liability for 
the accuracy of information, references and recommendations and for any printing errors.

Bibliographical information of Deutsche Bibliothek (German Library)
Deutsche Bibliothek has registered this publication in the Deutsche Nationalbibliografie; detailed bibliographical data are availa-
ble on the Internet at http:dnb.ddb.de.

© 2010 Deutsche Bunsen-Gesellschaft für physikalische Chemie e.V., Frankfurt am Main

all rights reserved, in particular that of translation into other languages. No part of this publication may be reproduced, stored in 
or introduced into a retrieval system, or transmitted in any form or by any means – whether electronic, photocopying, microfilm, 
mechanical or otherwise, especially data processing equipment. The reproduction of trademarks, trade names or other com-
mercial designations in this book does not justify the assumption that they may be freely used by anyone. rather, this includes 
registered trade marks or other legally protected designations even if they are not specifically designated as such.

printed on acid-free, chlorine-free paper.

production:
printed in Germany

ISBN 978-3-9809691-3-0



F R O M  F U E L  C E L L S  T O  L I G H T- E M I T T I N G  D I O D E S

Publisher:
Deutsche Bunsen-Gesellschaft 
für Physikalische Chemie 
(German Bunsen Society for Physical Chemistry)
Theodor-Heuss-Allee 25
60486 Frankfurt am Main
Germany

with the participation of Gesellschaft Deutscher Chemiker (German Chemical Society),
DECHEMA Gesellschaft für Chemische Technik und Biotechnologie 
(DECHEMA Society for Chemical Engineering and Biotechnology)
and Verband der Chemischen Industrie (German Chemical Industry Association)




