Thrifty reaction catalysts

O n 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

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.

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
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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 aimost 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
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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 Universitat 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 N0 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,
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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.



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.

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)

Saline, safe and
incredibly versatile

|onic 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
108 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
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Why certain salts even melt in the cold

lonic 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,-) and hexafluorophosphate (PF,-),
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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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.

Al 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.
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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.
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