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2.1.1 Introduction

The catalytic synthesis of ammonia is one of mankind
largest synthetic chemical reactions. It is of strategic
importance since it is the key to nitrogen chemistry. All
other nitrogen-atoms containing chemicals are synthesised
from ammonia. Nitrogen containing molecules are required
for several general purposes:

* |nstantaneous release of the chemical energy
stored in the separated N-N triple bond: explosives and
propellants

* Use of the affinity of molecules containing
nitrogen in different formal oxidation states to couple and
to form e.g. a chromophoric electron system: dyestuffs

* Use of the basicity of the nitrogen atom lone
pair: amino compounds, nitrogen heterocyclic functional
molecules, fertilisers and biosynthetic applications.

The supply of ammonia required for these
branches of chemistry is generated from air and fossil fuels,
today mostly natural gas or from petrochemical products.
The synthesis of ammonia in integrated plants is so
perfectionised today that the cost of ammonia is to alarge
extent given by the energy cost of the fossil fuel. This setsa
limit for possible improvements by the catalytic science of
ammonia synthesis.

Another strategic relevance of ammonia synthesis
is its use as ,bellwether reaction‘[1] or ,drosophila
reaction® in catalysis science. Most  conceptual
developments in catalysis science were tested with the
ammonia synthesis reaction which can be considered as the
best understood catalytic process. This is reflected in the
enormous body of literature which was recently collected in
several monographs.

Catalytic Ammonia Synthesis

Editor: J.R. Jennings, Plenum 1991

M. Grunze, in:

The Chemistry and Physics of Solid Surfaces and
Heter ogeneous Catalysis

Editors: D. A. King, D. P. Woodruff, Elsevier, 1982, Vol. 4
A. Nielsen: Ammonia Synthesis

Soringer 1995

These references are characterised for the benefit
of the reader as follows: The first book deals primarily with
the catalysis science including surface science, kinetics and
solid state chemistry and reviews the history of ammonia
synthesis as well as further possible developments, in
particular for non-iron catalyst systems. The second review
deadls exclusively with the details of the fundamental
surface science of ammonia synthesis on well-defined iron
substrates. The book of the third reference aims at a
complete referencing of the relevant literature and contains
a complete account on the technology of ammonia
synthesis including engineering kinetics and plant design.
The fundamental science chapters present one picture of
the process and contain less factual material than the first
book which in turn is much less complete in coverage of
the literature. These comments are biased by the author but
may help the reader to consult the most relevant review
source as the present article does not intend to cover al
literature as well as it aims not at a reconstruction of the
historic development of our present understanding. The
present article tries to give a picture of today’s
understanding of this reaction from the point of view of a
chemist interested in the mechanism at an atomic level and
in the solid state chemistry of the extremely successful
catalyst system.

2.1.2 Some basic consider ations

At afirst glance, the reaction of two main group elements
to a small molecule has little spectacul ar.

3H,+N, U 2NH;
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There are two principa reaction pathways how
the ammonia can be formed. Common to both is the
activation of molecular hydrogen into the reducing agent
atomic hydrogen and some kind of activation of the
nitrogen molecule. The difference lies in the choice of the
nitrogen molecule dissociation step to occur before
hydrogenation of atomic nitrogen or after partia
hydrogenation to diimine and hydrazine. In the most
efficient biological nitrogen fixation systems the molecular
approach is observed [2] whereas the technical reaction
proceeds via the atomic nitrogen route[3, 4].

The inorganic catalyst has thus to accomplish two
functions, namely to activate molecular hydrogen and to
activate molecular nitrogen. The activity for both reactions,
on the other hand, has to be moderate enough not to
decompose the product ammonia faster into its atomic
congtituents than its formation occurs. Another boundary
condition for the choice of a catalyst is to avoid the
chemical reaction of atomic hydrogen or atomic nitrogen
with the catalyst to stable hydrides or nitrides. This would
self-poison the catalyst in the same way as strong
chemisorption of the Lewis base anmonia on a Lewis acid
catalyst surface. In this context it is pointed out that
ammonia and its atomic constituents provide a relevant
virtual pressure [5] which is significantly higher than its
corresponding hydrostatic pressure alowing thus for the
formation of hydrides or nitrides which would be assumed
to be metastable from normal phase diagrams. The example
of ammonia synthesis over metallic iron forms a drastic
example for the operation of the virtua pressure effect as
quantitatively shown in [6].

The choice of the catalyst requires thus a system
which provides free electrons to activate the molecular
congtituents. This activation by electron transfer has to be
moderate enough to create reactive atomic species.
Chemically speaking, neither strongly Lewis acidic systems
such as Ti or Mo nor strongly basic systems such as Ni, Pt
are good candidates and the found optimum of iron and
ruthenium is no surprise following these general ideas. It
should be pointed out that such estimates were done using
thermodynamic data [7] but it should also be noted that
these estimations occurred after the good catalysts were
found by Mittasch empirically (see below). Recently, the
same chemica trend rules were used to interpret the
conclusion from a quantum chemical treatment of the
choice of the ideal catalyst that the best catalysts are those
with an intermediate number of d-electrons in the valence
band [8].

In the situation having to optimise two different
reactions it is useful to estimate the relative ease of their
progress which is done to a first approximation by looking
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at the thermodynamic boundary conditions of the reaction
(see section 2.1.3). It is apparent that the activation of
nitrogen is the most difficult step. This process is now
understood in many of its details (see below) thanks to the
surface science approach targeting at a study of each
elementary step required for the whole reaction from
gaseous molecular nitrogen to reactive atomic nitrogen.
The activation of molecular hydrogen is easier to
accomplish leading to a situation in which the catalyst may
be covered with hydrogen atoms in large excess over
nitrogen atoms. If hydrogen is bonded too strongly to the
catalyst a self-poisoning reaction may occur similar to the
case of hydride or nitride formation.

Unfortunately, there are several impurity species
such as water, oxygen or carbon monoxide which are even
more easily activated than hydrogen and which bond firmly
to the catalyst surface. These common impurities of the gas
feed act thus as poisons of the catalyst and must be avoided
to an extent that the gas feed is pure to a sub- ppm level in
modern plants. The preparation of the gas feed is a major
part of the technical ammonia synthesis process requiring a
significantly larger fraction of the equipment than the
synthesis step itself. The development of catalysts which
are significantly more tolerant to impurities than the
present systems provides a potential for a simpler overall
synthesis plant.

The analysis of the ammonia synthesis process in
its mechanistic details is even more complicated as
technical catalysts consist not only of a transition metal
element but contain small amounts of desired impurities of
main group element oxides which act as promoters and
enhance the performance of the catalyst significantly. This
enhancement is so significant that it is not possible to
separate the catalyst in a pure system and a promoted
system. The presence of the promoters as well as a specia
fusion process of the precursor oxide material create a
unique form of the transition metal iron which is the active
component in most industrial systems today. For the single
crystal approach [9] special orientations of the model
surface have to be chosen and surface preparations have to
be performed before any sustained activity can be obtained.
This shows that ammonia synthesis is a structure-sensitive
reaction occurring not on any form of iron metal. It will be
described how this fundamental result of surface science is
reflected in the preparation of the technical catalyst. It has
to be pointed out that the technology existed much earlier
than its scientific foundation.

The application of ruthenium catalysts which are
intrinsically highly active in technical systems[10] requires
a support of the active metal onto an inert substrate and
keeping it in high dispersion under synthesis conditions.
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The price of the metal and its physical properties do not
permit its application as a fused catalyst system with a low
surface area.  Significant scientific  [11,12] and
technological efforts [10] brought about a system
competitive to the iron technology using Ru on carbon
supported catalysts. The mode of operation and its
promotion by alkali metals contain still scientific puzzles,
similar to the situation for the iron system about 25 years

ago.

2.1..2.1 Ammonia Synthesis as Reference Reaction in
Catalysis Science

In a recent review [1] it was pointed out why ammonia
synthesis is of so eminent importance for catalysis science:
al general concepts of catalysis were developed and
formulated in relation to ammonia synthesis. This is not
only a conseguence of the historical impact and the
enormous practical importance of the reaction, but also
because of the apparent simplicity of the process. There is
no selectivity problem, the catalyst is conceptualy simple
as a pure metallic element seems to be the adequate model
system for the technical catalyst. The reaction can be
operated under conditions ranging from equilibrium and
near-equilibrium situations up to conditions very far from
equilibrium at low pressures and temperatures. In addition,
the reaction can be conveniently studied in both directions,
i.e. formation and decomposition of ammonia can be
observed with comparatively little experimental problems.

The first concept is that of the rate determining
step (rds). It implies that in a catalytic cycle of severa
dementary steps one step is not in thermodynamic
equilibrium which determines with its individua reaction
rates the overall rate equation for the conversion. In
ammonia synthesis this step is the adsorption of nitrogen
[5] which may be refereed to better as the activation of
nitrogen. In ammonia decomposition this step is the
recombinative desorption of di-nitrogen from the surface.
The experimental technique of isotope labelling of one
educt and observation of its occurrence in the product
under equilibrium reaction conditions was designed [13] to
identify the rds in ammonia synthesis. It is noted that the
nature of the rds may change with the external reaction
conditions, afact which has led to significant controversies
in the past. A discussion of this point in general terms can
be found in [14].

Related to this concept is the definition of the
most abundant reactive intermediate (mari). A single
atomic or molecular species present on the catayst
determines by its steady state abundance the overal
kinetics of the process. This mari is in many cases not
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known with its exact atomic arrangement but occurs as a
~joker" species such as ,,chemisorbed nitrogen® in the rate
equation formalisms.

A central concept in catalysis is the unambiguous
definition of ,activity“. For this purpose the concept of
turnover frequency (tof) was defined [15, 13]. The
quantity describes the number of catalytic cycles per active
site and time. Its definition implies the concept of active
sites as well-defined and countable surface structural
elements on a catalyst. This has been illustrated for iron
supported particles in ammonia synthesis in a combined
structural and kinetic study [16] and large variations of the
tof with particle size from 1000 to 35.000 s* have been
found. The particle size was determined by a combination
of physical and chemisorption techniques yielding good
numerical agreement. The following table lists the results.

Table 1. Ammonia synthesis with iron/MgO
supported model catalysts

Loading | Particle| Particle | Turnover [ Turnover
size surface | frequenc per unit
area y* surface area
% Fe
(nm)
() (s (nm’s)
10 15 7.06 1000 142
5.0 4.0 50.24 9000 179
40.0 30.0 2825 35.000 12

* 678 K, stoichiometric mixture, 1 atm total
pressure

The data for the tof were here determined under
conditions of pure kinetic control allowing to reflect true
properties of the catalyst samples. The tof increases with
particle diameter which was taken as indication for the
structure sensitivity of ammonia synthesis [17], another
concept in catalysis meaning that the activity (or tof) of a
reaction will be dependent on the surface crystallographic
structure of the catalyst. Underlying is the principle that on
different particles or crystal face orientations different local
geometries of active sites or different site densities will be
found. This follows evidently from the tof per unit surface
area (for the simplistic case of spherical particles) shown in
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teble 1. The large particles contain either less-active
catalytic centres or a smaller number per unit surface area
of the same active centres than found on the small particles.
Asthe physical characterisations gave no hints on principal
differences of the surfaces of the three samples the
assumption of a smaller site density seems adequate. This
assumption clashes, on the other side, with the fundamental
concept of a heterogeneous site distribution which has to
be assumed for the derivation of the formal kinetic
description of ammonia synthesis according to the Temkin
approach. The case serves as example for the problems
which are encountered in catalysis science with defining
such a conceptually simple quantity as ,, activity*.

Ammonia synthesis is aso one prototype
example [18] for the current strategy in catalysis science
referred to as the ,single crystal approach® [9]. This
approach requires first a solid knowledge of the working
catalyst surface constitution and information on the mode
of action of each constituent of this surface. Based on this
information a simplified single crystal surface of suitable
size can be prepared and all elementary reactions of the
catalytic cycle can be studied qualitatively and
quantitatively. On the basis of this set of data set a
microkinetic model containing the elementary step
parameters from the single crystal data can be set up which
ultimately will allow to describe the behaviour of a catalyst
under technical reaction conditions without having to
assume unique surface chemistry or even having to use
model parameters without known physical meaning. All
this was accomplished for ammonia synthesis. Although
some details of the procedure are still under debate this
reaction is the first worked example of a completed suite of
experiments and theoretica evaluations to understand
successfully a technical catalytic process. The present
article is intended to supply the currently available
information for each step of this procedure in order to
alow the reader to estimate the physical validity of the
final result of the whole procedure displayed in Figure 1.

In this Figure the correlation is illustrated
between a theoretical prediction and actual measurements
of the performance of an ammonia synthesis catalyst over a
wide range of total pressure. Although the scale is double
logarithmic this result is seen [18] as a magjor breakthrough
in catalysis science. This success was only possible through
the co-operation of several scientific and engineering
disciplines highlighting the interdisciplinary character of
targeted catalysis science.

2.1.2.2. Choice of the catalyst system

In the course of the history of ammonia synthesis a large
number of catalysts systems were tested. Many of them
proved to be active systems but only two systems are of
practical relevance. The by far most important is promoted
elemental iron prepared in a special reduction procedure
from promoted fused iron oxides. The other system is
promoted elemental ruthenium in dispersed form. Both
systems will be covered in this article but following the
available literature a strong emphasis will be placed on the
iron system.

For a historic description of how iron was
discovered as ammonia catalyst see the literature of A.
Mittasch, the inventor of the present catalyst system
[19,20]. Iron was first used by A. B. Berthollet in 1808 and
subsequently by W. Ostwald (1900) and F. Haber (1904)
for their fundamental studies. In the process of
commercialisation iron was used after reduction of mineral
matter rich in magnetite. One special source yielded a good
ammonia catalyst and soon it was realised that an artificial
mix of the analytically determined components of this
mineral under exclusion of impurities yielded a stable
catalyst after an oxidative fusion process followed by
reduction in synthesis gas mixture. This finding described
1910 is still the essence of today”s catalyst manufacture and
activation. The procedures and the recommendations to use
synthesis gas as reducing agent, not to exceed the reduction
temperatures above 900 K and to subject the oxide to a
flash heating to 1100 K immediately prior to reduction (i.e.
to produce nonstoichiometry within the oxide) were al
described in a series of fundamental patents in 1910 to
1911 (DRP 247852, 259702, 256855). We note that this
information was accessible to the researchers giving the
scientific explanation of ammonia synthesis without being
used by them in any traceable way.

It is most interesting to learn that Mitasch used a
combination of ,physica“ (pore size distribution, bulk
density, particle size) parameters which he was unable to
quantitatively determine and ,chemica“ parameters
(promoters, nitride formation) which he could determine
quantitatively as guidelines to the successful catalyst. The
driving force for his development was the idea of a
~Metastable” nitride as reaction intermediate and much in
parallel to the ideas outlined in the Introduction he thought
of the promoters as materials which support the formation
or reaction of the central nitride species the previously
determined stability of which led him to choose iron as the
most successful catalyst candidate.
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Ruthenium was first suggested in 1912 and
patented as 5% Ru on MgO catalyst (DRP 292997,289105)
operating at 80 bar and 723 K. It was noted that such
catalysts should be specialy resistant to poisoning effects.
These promising experiments carried out by a research
ingtitute for the explosives industry were terminated after
1918 on grounds of cost arguments of ruthenium vs. iron.
These studies are characterised by systematic research into
metal-support interaction and described for Ru on
chromium oxide systems effects which we would refer to as
synergistic.

For a more detailed account on the history of the
catalyst system see reviews of eg. Topham [21] and
Tamaru [22].

2.1.3. Thermodynamic aspects of the reactants

2.1.3.1. Dinitrogen

The bond strength of dinitrogen is with 941 kJmole
indicative of the stability of the triple bonded molecule
with a short interatomic distance of 109.76 pm. The first
ionisation energy is 1503 kJmole precluding a chemical
way of direct oxidation. The Gibbs free energy for the
dissociation reaction was determined to be

N2« 2N DG =911.13 kJmole

The data indicate that the comparatively cheapest
method is the reductive activation with the formation of
anionic intermediates which do, however, not exist as
known chemical species.

2.1.3.2.Relevant Nitrides

Most elements in the periodic table form one or several
nitrides with several structural motives. For the present
discussion the structure of interstitial compounds is
relevant. In this structure family small main group atoms
(or anions) are intercalated into voids (first choice
octahedral) of the close-packed arrangement of the host
metal structure. As the nitrogen atom with 70 pm hard
sphere radius is larger than most interstitial sites in metals,
only a smal number of al available voids will be filled
resulting in strained metal lattices. In cases where the
nitrogen atoms do order tetragonal distortions result of the
parent cubic elemental structures. In any case a wide range
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of stoichiometries with poorly developed phase boundaries
result from this structura principle [23].

The determination of thermodynamic data for di-
nitrogen activation is associated with the problem of
ammonia synthesis as in both problems the cleavage of the
strong N-N triple bond has to be achieved in a controlled
way. This was redlised dready in early studies of the
reduction of nitrides by hydrogen thought to be the
mechanism of ammonia synthesis over iron [24]. For the
formation of nitrides two solutions are used. In most cases
the principle of virtual pressure is used and nitridation is
easly accomplished with ammonia a elevated
temperatures. Most thermodynamic data were obtained,
however, with , activated* surfaces. Deliberate introduction
of defects by fresh evaporation, sputtering or suitable
thermal treatments created surface defects which were
reactive enough to dissociate nitrogen at around 300 K.
The resulting heats of chemisorption [25] were found to be
extremely dependent on ,,coverage which should be read
as , saturation of defects by nitride formation“. The
average value of 200 +20 kJmole[7] was aso found for
single crystals from a kinetic analysis [26,27]. On technical
catalysts the values scatter far more between 50 and 210
kJ'mole at various temperatures which is not surprising in
the light of the difficulty to control degree of reduction of
the oxide precursor.

The large variation in number and the strong
dependence on coverage render it difficult to assign the
data in the literature to an intrinsic chemisorption process.
The most accurate gravimetric [28] determination on a
controlled pre-activated catalyst gave values of

-288 + 446.5 Q kJmole for low coverages (up to
0.22 Q) and

-136 + 122.2 Q kJmole for high coverages

These data allow to conclude that the average
value is representative for the initial heat of chemisorption.
It is pointed out that under practical reaction conditions the
value may be drastically lower if the chemisorbed atomic
nitrogen is the mari species.

The dissociative chemisorption of nitrogen on
metallic surfaces leads to a state of adsorbed nitrogen
atoms which is sometimes referred to as , nitride" athough
they are dissimilar in their electronic structure to the nitride
N% ion, which is found in bulk nitrides. The term , surface
nitride" was introduced to discriminate the unique location
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and electronic structure of the chemisorbed species from
those of bulk nitrides.

Much less data are available for Ru surfaces. A
series of measurements on supported and K promoted
polycrystalline samples revealed initiadl heats of
chemisorptions between -90 and -150 kJ'mole [11].

The determination of thermodynamic data of
ammonia chemisorption on polycrystalline surfaces is not
possible without significant interference with nitride
formation [29]. On single crystals thermal desorption data
allowed to determine vaues of -71 kJmole for Fe (110)
[30] and -84 kd/mole for Fe (111) [31].

It is noted that the same trends and problems
occur with the thermodynamics of the chemisorption of the
catalyst poison oxygen. At low coverages the initial
enthalpy of chemisorption of oxygen is up to 420 kJ/mole
[32] dropping to less than 10% for full coverage. The
reaction is fully irreversible and cannot be investigated
with temperature programmed methods as dissolution and
bulk oxide formation setsin.

2.1.3.3 Hydrogen

The data for the enthalpy of chemisorption of hydrogen on
single crystals as well as on technical catalysts and
polycrystalline surfaces agree rather well in the span
between -85 kJ/mole and -105 kJ/mole [33,26,34].

For Ru the chemisorption of hydrogen at low and
intermediate temperatures is so strong that it poisons the
ammonia synthesis. Above 431 K the inhibition is lifted
and an extremely active catalyst results with a very difficult
to measure kinetics (transport limitations). For the use of
hydrogen to titrate the number of active sites on Ru see the
literature [35,36]. It was found that the analogous
procedure does not hold for iron catalysts as hydrogen is
desorbed at too low temperatures to reside with appreciable
coverages under reaction conditions on the active centres

[37].

2.13.4. Thereaction

The ammonia synthesis reaction is an exothermic reaction.

N, +3H, = ® 2NH3: DH® =-92.44 kImole
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The precise thermodynamic data at reaction
temperatures and pressures can be evaluated with extreme
precision from the eguation of state and the reaction
equilibrium data. A recent review summarises the current
most detailed data on these technologically most important
quantities [38]. To be taken into account are the
modifications of the phase equilibrium by mixing effects of
the idea synthesis gas with ,inerts’. These gases are
admixtures from the gas purification stages which do not
poison the synthesis catalyst. Most prominent are argon
and methane (technical mix: hydrogen, nitrogen, argon,
methane 3: 1: 0.18: 0.44).

In Figure 2 the equilibrium conversion is shown
for a stoichiometric gas feed. The drastic effects of both
temperature and pressure are clearly seen. The beneficia
high pressure effect is explained in al textbooks of
physical chemistry as the principle of ,Le Chatelier*
meaning that a change in molar volume shifts the
equilibrium into the direction of a lower total molar
volume. Figure 3 exemplifies the performance of technical
catalyst operating at atmospheric pressure under steady
state in stoichiometric feed at high purity (criterion: no
delay in the output response to a temperature change). The
characteristic shape arises from kinetic reaction control at
low temperatures and from thermodynamic control at high
temperatures (in Figure 3 above 710 K). The plateau is of
mixed control type and allows under technical conditions
the stable operation of the catalytic converter. The Figure
shows that great care must be taken in the evaluation of the
Lactivity” of a catalyst without knowing the whole relation
of conversion to temperature. Only at intermediate
conversions and at low temperatures the quality of the
catalyst expressed in an optimum of kinetically controlled
conversion can be analysed. At high temperatures or at low
conversions al catalysts are aimost equal for either slow
kinetic control or thermodynamically limited conversion.
The difference in the two runs in Figure 3 is the
temperature program of activation (24 h for run 77 and 50
h for run 98) of the same catalyst in the same reactor. The
significant difference in performance calls for a detailed
analysis of the process of catalyst activation.

In the discussion of potential advantages of
biosynthesis of ammonia over the current technical process
it is stressed that the high pressure process would be
Jinefficient* and energy consumptive due to its , energy
waste" of compression and expansion [2]. To illustrate the
efficiency of a modern ammonia plant the following points
must be considered. Ammonia is required for further
applications not as diluted agueous solution but as pure gas
at atmospheric pressure. It is thus not the conversion step
alone but the total process efficiency which has to be
considered. This includes the generation of the pure
feedstock from the general equation:
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0.4422 methane + 0.6155 water(l) + 0.6407 air b
ammonia (1) + 0.4424 carbon dioxide + 0.006 argon

(air: 0.20990xygen, 0.7804 nitrogen, 0.0003
carbon dioxide, 0.0094 argon)

At ideal efficiency, the energy which is required
for one ton of ammonia irrespective of which synthesis
strategy is chosen, equals the energy of ammoniarelative to
its decomposition into liquid water and air. This value is
4.73 Gcal/ton ammonia (gas, 300 K). Modern integrated
ammonia plants can reach according to environmental
conditions and technology values of 6.8 Gcal/ton or a
thermodynamic efficiency of 70% for a technical product.
This sets the limit for the discussion of the necessity to
replace the current technology for reasons of energy
efficiency. A full discussion of ammonia technology can be
found in the recent literature [39].

2.1.3.5. Phase diagrams

For the analysis of structural aspects of the ammonia
synthesis catalyst it is useful to refer to the relevant sections
of the iron-nitrogen and iron-oxygen phase diagrams.
These diagrams were determined in amospheres of
ammonia and oxygen, respectively, at a total pressure of 1
bar.

Figure 4 shows the iron-nitrogen phase
diagram[40]. It can be seen that a g phase co-exists with an
e phase (phase boundary at ca. 8.25 wt% N). A phase
boundary with pure iron occurs at 0.4 % nitrogen. Under
the influence of nitrogen in the lattice the conversion
temperature between aand giron is lowered from 1170 to
870 K. This is of importance, as the solubility of nitrogen
in g iron is significantly larger than 0.4%. In the whole
temperature window of ammonia synthesis down to 300 K
the stable g’ phase exists with an average anaytica
composition of Fe4N. The more concentrated Fe,N phase is
thermally less stable and occurs as linephase in the z phase
region. The e phase has an intermediate composition
between Fe;N and Fe;N in the relevant section of the phase
diagram.

In the light of this phase diagram and considering
the concept of virtual nitrogen pressure [6] together with
the thermodynamic results about the heat of formation for
nitrides it is fully plausible that the surface of a working
ammonia synthesis catalyst may exhibit the structure of the
FesN phase irrespective of the fact that this phase is
thermodynamically metastable in nitrogen or inert
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atmospheres at ambient pressure [6]. The fact that this
nitride is an interstitial compound allows for a perfect
epitactic relationship of the two structures as seen from
Figure 5. In the (111) plane an almost perfect match of the
lattice parameters exists with the nitrogen atoms located in
octahedral voids causing a dight lattice expansion due to
the oversize of the nitrogen atom. It is noted that the
occupation of every possible nitrogen position will not be
equal to one under synthesis conditions as the high activity
of atomic hydrogen and the diffusivity of the nitrogen
atoms in iron cause two antagonistic factors for reducing
the steady state abundance of nitrogen atoms at the surface
and provide the possibility to create a gradient of nitrogen
concentration from the surface into the bulk of the iron.
The formation of such situations with nonstoichiometric
nitrides (Fe;p1g N) and gradients from the surface to the
bulk have been reported in a detailed study of the iron-
atomic nitrogen system [23]. The lattice match of sub-
stoichiometric nitrides with elemental iron will be even
better than for stoichiometric Fe;,N as a tendency to form
chains of nitrogen-occupied octahedral sites will cause
residual lattice strain only in the (110) direction of the
interface.

This lattice epitaxy between the model iron
surface and the iron species present under reaction
conditions is one adventageous fact which contributed to
the success of the single crystal work in mimicking
quantitatively the catalytic process on the technical catalyst.
In this specia case there is no material gap between model
and technical system caused by the high chemical potential
of the reactants.

The discussion in the literature about a possible
surface nitride [6] or a bulk phase with a segregation
enthalpy for nitrogen of 107 kJmole [41]present in the
active phase is not conclusive yet as al data have not been
measured under ammonia pressures relevant for synthesis
conditions. Instationary storage experiments probing
atomic nitrogen [42] conclusively showed the presence of
sub-surface nitrogen stored in the catalyst bulk. As the
ammonia partial pressure of its generation was only less
than 10 of the value under technical conditions it can be
assumed that a fair fraction of the activated iron will be
present as nitride-type phase. The decomposition
experiments in the literature [6,41,29] provide evidence for
the most likely presence of FeN structural units in an
equilibrated system atomic nitrogen-iron metal.

The phase diagram for the iron-oxygen system is
much more complex as seen from Figure 6. Only a section
is displayed[43,44,45] containing the relevant phase
boundaries which are crossed during synthesis and
activation of theiron (dotted line).
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The catalyst precursor is generated by fusion of
iron oxides of various composition until a oxygen
composition of ca. 52 at% is reached. This composition can
either be obtained from thermal evolution of oxygen from
hematite based oxide or by addition of iron-rich
components to the precursor mix. At this point the
promoters are added as oxides. Then a suitable cooling
procedure is applied bringing some of the wuestite (FeO)
as metastable solid into the regime of co-existing iron metal
and magnetite[44,45]. The metastable phase mix of metal
and several oxides is the essence of the catalyst precursor.
Chemical reduction at temperatures below 830 K leads to
the catalyst consisting of elemental iron and non-reducible
oxides in small quantities. On this route no other phase
boundaries are crossed meaning that mixtures of magnetite
and iron metal are perfectly stable at any composition
which in turn explains the kinetic difficulty to fully reduce
the catalyst precursor. In the experimental literature the
term ,well reduced” and ,strongly reduced‘ designates
samples which are analytically free of magnetite. The phase
range of syn-proportionation of Fe and FeO has to be
avoided as in this range eventualy aso elemental iron is
obtained but with a different internal texture than in the
low temperature reduction process. The syn-
proportionation destroys structural relationships between
magnetite, wuestite and iron nuclei which are of extreme
importance for the formation of anmoniairon [46,47]. The
solubility of oxygen in iron in the temperature range of
interest is with less than 0.01 at% very low.

The structural relationship between the iron-rich
wuestite and the iron-poorer magnetite is illustrated in
Figure 7. Both structures are dominated by their closed-
packed arrangements of oxygen anions (large spheres). The
close packing allows for perfect positional match as
indicated by the arrows in Figure 7. The top structure of
wuestite contains al iron in octahedral voids, whereas all
tetrahedral positions are empty. The perspective view
allows to see the octahedral co-ordination of the ferrous
ions which are in the same arrangement as the sodium ions
in sodium chloride. The lower structure in Figure 7
represents magnetite in a dightly different perspective to
alow the view into the different void filling. Octahedral
iron(light bonds) co-exists with tetrahedral iron (dark
bonds) with both types of voids being incompletely filled.
It can be seen that chemical reduction to wuestite can occur
by moving the tetrahedral iron in every other layer into the
partly empty octahedral void under expulsion of a rod of
oxygen anions. It is obvious that the solid-solid state
transformation associated with the chemical reduction can
occur with a minimised movement of atoms but will be in
its kinetics clearly topochemically controlled.

2.1.4. Generation and Structure of the Iron
Catalyst

2.1.4.1 Some Reference experiments

The exact nature of catalytically active iron [46] referred to
frequently as ,ammonia iron® was discussed
controversially ever since the description of Mittasch [20]
who knew that special requirements for its purity together
with the necessity of the presence of synthesis gas during
activation were mandatory to form a good catalyst. The
correlation of these requirements with the catalytic function
was unknown as well as the exact nature of the active
phase. In this situation a series of reference catalysts was
prepared and characterised chemically and kinetically in
great detail by Boudart and co-workers [48,16,49]. The
model system was iron particles supported on MgO. This
system dlowed a variety of techniques to be
simultaneously applied, including M ésshauer spectroscopy,
transmission electron microscopy, magnetic measurements,
CO chemisorption and conversion experiments after
different activation procedures. The iron metal particles
were available in sizes from 1.5 to 30 nm allowing to study
the variation in reactivity from mainly surface iron atoms to
mainly bulk iron atoms. This range of particle sizes alowed
further to apply the bulk-sensitive technique of Mdssbauer
spectroscopy to elucidate surface catalytic properties of the
iron atoms. The MgO support was further of advantage as it
could be shown that no metal-support interaction modified
the properties of the iron particles with their varying size.
In addition, it was shown that no promoters were present
nor essential to alow for activity of these particles in
ammonia synthesis which simplified the analysis of the
mode of operation.

The first issue to check was the speculation [50]
that ammonia synthesis is a structure sensitive reaction.
This term meant that the ton should depend on the particle
size as the relative fraction of different crystallographic
faces changes with particle size [51]. The conversion
experiments were further used to prove that atomic
nitrogen reconstructed the iron particles into a form
exhibiting a higher ton. This effect was described earlier in
model experiments with iron tips in field emission
microscopy studies [52,53]. The data revealed that iron
reconstructed under the influence of atomic nitrogen into
the (111) orientation. Using the principle of virtual
pressure Boudart treated the iron particles with ammonia,
thus providing a high virtual pressure of nitrogen. The most
important results [16] from the catalyst testing are collected
in Figure 8. The representation is special for ammonia
synthesis as this reaction can be studied at equilibrium
allowing to represent the conversion as efficiency. This
quantity is defined as the ratio between observed ammonia
production and equilibrium ammonia concentration under
the conditions of pressure and composition used for testing.
The ton contains the information about the number of
active sites which was determined by CO chemisorption
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[49]. The technica sample was a unsupported doubly
promoted (alkali and structural promoters) iron catalyst.
The data points indicate the results after activation in
synthesis gas, the lines refer to activation in nitrogen-free
hydrogen.

The data show first that ammonia synthesis is
indeed a structure-sensitive reaction with a pronounced
dependence of the ton on particle size. It appears that that
the often used rule ,the smaller the catalyst particles, the
more active they are” is clearly not valid for ammonia
synthesis. Well prepared iron metal particles are at least as
efficient as the optimised technical catalyst under the
conditions of atmospheric pressure and relatively low
conversions which were chosen to detect kineticaly
controlled differences in activity and not transport
limitations (see Figure 3).

- The data further show that ammonia activation
is always superior to hydrogen reduction and that this effect
is the more pronounced the smaller the particles are. By
changing the sequence of exposures from ammonia to
hydrogen and vice versa the authors could show that the
effect is fully reversible. The time constant of the reversal
was found to be large for small particles and smaller for
large particles. In any case it was much larger than the
estimated time for covering the iron surface with nitrogen
atoms. From this and a number of other observations the
authors concluded that a bulk structural modification
occurs with exposure of iron particles to atomic nitrogen.
This reconstruction was investigated in detail by
Mossbauer  spectroscopy and CO  chemisorption
measurements. From an accurate analysis of the qualitative
and quantitative effects it was deduced that reconstruction
creates preferentially (111) orientations on the surface
thereby reducing the overall surface anisotropy which is
characteristic for hydrogen-reduced particles. The
Mdsshauer data revealed further that sequential ammonia-
hydrogen treatment reduced the recoil-free fraction of the
metallic iron which was attributed to a decreased magnetic
anisotropy of the particles. It could aso be interpreted in
terms of a decreased structural ordering of the iron, an
argument which was not considered in the origina
discussion.

Figure 8 further exemplifies that ammonia
synthesis is self-inhibiting as the ton decreases with
increasing efficiency. It is pointed out that al these
findings apply only to reaction conditions far away from
the technical high pressure situation with efficiencies close
to unity (plateau in Figure 3).
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In summary, these data on a model system allow
to conclude the following points for ammonia synthesis
over iron which should aso hold for technical catalysts:

-The reaction is structure sensitive with large
particles being favourable for the ton. Irregular roughness
or a maximum of surface-exposed iron atoms are not
sufficient for effective ammonia synthesis.

-The promoter additives are helpful but not
essential for the reaction which operates reproducibly and
stable over well-prepared iron particles (contrary to
findings with bulk iron which require promoters for
sustained operation [54].)

-The active surface reconstructs under the
influence of its own reaction product atomic nitrogen. The
reconstruction is reversible by applying nitrogen-free
hydrogen

-The reconstruction favours uniform surfaces
with (111) orientation.

These statements are in agreement with earlier
findings and ideas by Brill [53] concerning the nature of
the active surface. These ideas are inconclusive, however,
with respect to the mechanism of ammonia synthesis and
the reason for the special relevance of the (111) orientation
which was tentatively explained with molecular orbital
arguments by several researchers [52,55] asindication for a
dinitrogen molecular reaction intermediate. This mari
would be bound effectively only on the (111) plane which
exhibits the required trigonal symmetry of the iron d-
orbitals.

In a recent series of experiments the course of
the reduction of iron oxide particles ex iron cyanide salts
supported on alumina and magnesia were studied as
function of the water abundance and the nature of the
support [56,57]. Using Mdsshauer spectroscopy it was
concluded that the reduction always produces wuestite ex
magnetite as intermediate compound. At high water partial
pressures the ferrous oxide phase is stabilised through an
interaction with alumina or magnesia leading to a ternary
oxide with the help of hydroxide species. At low water
partial pressures a stabilisation of FeO only by aluminawas
also found but with a different mechanism not involving
the formation of a ternary oxide. It was aso noted that the
onset of reduction occurred at lower temperatures if the
water content of the precursor was lowered (by using
different precursor chemicals). The same system was
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studied by another group [58] with surface sensitive
techniques and rather similar results were obtained
regarding the ternary compound formation with aumina.
The presence of an oxide ex cyanide species as clearly seen
by Mossbauer spectroscopy is rejected by the authors of
[58] but their published XPS data are compatible with the
presence of a divalent oxide species. Common to all this
work is the identification of pronounced interactions of
iron species with alumina which is promoted by the
presence of water. Water seems further to support
redistribution of the akali salt component towards a
coverage of the iron by potassium which was found to be
beneficial for nitrogen absorption. It was further found [58]
that the gas phase during activation had a drastic effect on
the performance of the final system which was highly
active after activation in synthesis gas. It was concluded
that the iron-alumina interaction should be much weaker
after activation in synthesis gas than after treatment with
inertly diluted hydrogen.

The micromorphology of activated iron for
ammonia synthesis was studied in series of experiments
using iron-zirconium metalic glasses as model catalysts
[59,60,61]. This precursor consists of a disk-like internal
microstructure  which  can  be preserved during
crystalisation leading to aggregates of iron platelets
separated by zirconium oxide spacers. This microstructure
is long-term stable and exhibits a high ton relative to the
datain Figure 8 allowing to conclude that on the iron disks
the density of active sites is high due to its specid
morphology. Thermal treatment to isotropic iron without
platelets creates an inactive catalyst with the same chemical
composition. In this work anomalies of the X-ray
diffraction pattern caused by ordered stacking faults and
other disorder effects were observed. Again structural
disorder seems to be an element of an active ammonia
synthesis catalyst. These model studies created the idea
[54] that an active catalyst should co-exist of stacks of
platelets possibly exposing the (111) face as basal plane.

2.1.4.2. The structure of the iron oxide precur sor

Figure 9 displays a well-resolved powder X-ray diffraction
pattern (XRPD) indicating all components constituting a
technical catalyst for ammonia synthesis [62]. The main
reflections can be assigned to magnetite (Fe;0,) and
wuestite (FeO). Additional faint reflections are observed
arising from calcium ferrite (CaFe;Os), potassium hydrogen
carbonate (KHCO,), and a-iron (denoted as C, K, and a-Fe
in Figure 9). The pre-history of this catalyst precursor is
reflected in the coexistence of magnetite, wuestite, and a-
iron within a single sample. This combination of phasesis
unique for the catalyst precursor as within one solid
metastable phases both with respect to their oxygen
fugacity and the phase equilibrium at ambient conditions
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(see Figure 6) [54] do co-exist. Under topochemical control
of the activation process a non-uniform agglomerate of
elemental iron will be formed which in itself may be one
explanation of the nature of "ammoniairon” [42].

Energy dispersive X-ray elementa anaysis
(EDX) in the electron microscope showed that the
precursor material also contains some titanium, silicon and
aluminium in addition to calcium, potassium, and iron.
While some of the wuestite and the titanium and silicon
components are not detectable by phase analysis with
XRPD because of their X-ray amorphous microstructure,
the presence of aluminium is indicated by distinct textural
changes of the reflection intensities of the magnetite
precursor. The fine structure of some reflections, together
with a reduction of the lattice constant of magnetite point
to the presence of a solid solution of magnetite with
hercynite (FeAl,Oy) and additional calcium ions
[20,22,23].

The example of Figure 9 is only one variety of
structural modifications of the precursor oxide mix. Other
examples have been treated in the literature [63,54,64,65].
Common to al materials is the significant structural
deviation of ammonia magnetite from conventional
magnetite caused by solid solutions with promoter oxides
and a textural inhomogeneity with magnetite crystals
separated by a grain structure filled with non-iron oxides
and a glassy phase as detected by transmission electron
microscopy and electron probe microanalysig46,54,66].

2.1.4.3. The activation process

All research in ammonia synthesis catalysts aways
emphasised the relevance of the activation step for the
performance and stability of the catalysts. Technical
catalysts are supplied with detailed prescriptions for the
users for the activation process requiring control of
temperature, time and water effluent partial pressure. The
prescriptions either apply a slow linear heating ramp from
300 K to about 800 K over 100 h or use a two-step
reduction with an isothermal bresk of severa hours at the
point of maximum water evolution (at ca 650 K) with a
much reduced overall activation time of about 40 h.[54].
Rapid activation within severa hours leads to irreversible
structural damage of the catalyst system [67] and poor
catalytic performance (see Figure 3). The reason for this
lengthy activation procedure lies in the reduction kinetics
of the fused oxide precursor which comprises severa well
discernible steps becoming detectable in non-isothermal
experiments only at heating rates below 10 Ks [54].

Temperature-programmed reduction experiments
of atechnical catalyst (Haldor Topsoe KM1) in synthesis
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gas are displayed in Figure 10. The DTG curves show some
structure at low heating rates with the prominent pre-peak
being due to the thermal decomposition of wuestite. This
structure occurs also in inert atmosphere with significantly
lower intensity indicating that the decomposition is assisted
by the chemica reduction of the secondary magnetite
arising from the dis-proportionation of FeO:

4FeOb Fe+Fe0,

The main reaction occurs in severa poorly
resolved steps. This stepped reaction progress is not in
agreement with a simple core-and shell model of reduction
as proposed from time-resolved studies [68]. The top panel
of Figure 10 shows the conversion vs. temperature of the
catalyst for two heating rates. Both TG curves lead to the
same incompl ete reduction degree of 90 % relative to pure
magnetite (weight loss 27.7 %). The difference is due in
part to the presence of the binary promoter oxide phases
which reduce the abundance of iron oxides and convert
during activation into ternary oxides non-reducible at the
temperatures employed. It is noted that also in isothermal
experiments an incomplete reduction was observed [69].
The formation of ternary iron containing promoter oxides
which will not reduce at the low temperatures used here is
also not excluded from these observations.

The DTA curve indicates by the feature above
960 K (line) that after reduction a further process occurs
which reduces the sample weight only dlightly but clearly
modifies the heat capacity of the activation product. This
process is very slow and can occur below 800 K at
isothermal heating. All kinetic curves in the literature
exhibit a slow final stage at reduction degrees above 80%
which is not due to inadequate gas flow or particle size as
carefully determined by Baranski and co-workers [69]. The
effect indicates a post-reduction process which may be
related to the development of the final porosity and the
activity of the catalyst which aso occurs only after
completion of the reduction process [42].

It is noted that in a macroscopic experiment
involving 150 g of technical catalyst it was found that even
after 410 h reduction time at 850 K the catalyst still lost
continuously some weight. The magnitude of the weight
loss was found to depend on the initial temperature
program and affected the ability of the catalyst to
chemisorb nitrogen in a rather drastic way. This
observation supports the view that the final structuring of
the catalyst is a very slow process and may be understood
in terms of a replacement of dissolved oxygen by dissolved
nitrogen. An iron suboxide phase is replaced by a iron
nitride phase which is beneficial for the nitrogen
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chemisorption ability of the material.. The formation of the
nitride may account for the pronounced effect of the slow
process on the DTA signal in FigurelO which indicates a
substantial heat of reaction to be associated with the slow
final activation process.

The reduction of magnetite with hydrogen as part
of the reduction of hematite to iron was studied aso
outside of the context of ammonia catalysts [70] and it was
found that the reaction rate was positively affected by the
presence of potassium whereas the presence of alumina had
the adverse effect. These studies have shown that the
topochemical reaction control is only operative in a certain
window of reaction parameters given by temperature and
reductive chemical potential. The kinetics can either be
controlled by the reduction rate (chemical control) or by
the gas diffusion through the product layer (diffusion
control). Transition regions of a mixed control type were
observed when the crystallites started to fracture into
radially arranged fragments (pie texture). Most remarkable
is the extreme case of reduction at high temperature and
very high chemical reduction potential which is applicable
to the case of ammonia catalyst activation. For the case of
hematite to magnetite reduction the transformation of
isotropic starting crystals into a lamella metastable form
was observed by TEM images. This morphology is the
consequence of conditions which favour efficient iron ion
solid-solid interface diffusion without the possibility of a
fast gas-solid interface reduction. Such conditions occur
with a perforated skin of reaction inhibitor (iron metal, iron
aluminates, alumina) at the surface of each grain and ahigh
chemical potential for iron reduction around the holes of
the inhibiting skin.

The scenario sketched in Figure 11 is so relevant
for ammonia synthesis as it can explain how isotropic
precursor crystals transform under the decisive influence of
wuestite and alumina promoters into a unique metastable
platelet morphology. If it can be shown that the activation
process creates the (111) orientation as basal planes of the
platelets, then it becomes possible to understand on a
fundamental basis the successful modelling of industrial
ammonia synthesis by the single crystal approach with
macroscopic (111) iron single crystals. This point will be
discussed later in this section.

Isothermal kinetic studies of the activation of
technical catalysts as well as of partly promoted fused
model oxides were conducted in great detail by the group
of Baranski and co-workers [69]. The state of the art is
reported in reference [68], a discussion of the severe
slowing down of the kinetics by alumina and excess water
is given elsewhere [71, 72]. The group uses a microbalance
set-up with a very precise control of the gaseous
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atmosphere in which the reduction takes place. In addition,
the external particle shape and the chemical composition
including the wuestite content are known for the catalysts
specimen. In this way precise conversion vs. time curves
for various materials (industrial catalysts and model
systems with varying promoter contents) in severa
atmospheres (,dry“ with about 100 ppm water and , wet*
with about 5000 ppm water) were established and analysed
numerically according to a phenomenological kinetic
model. This model has to take into account the following
aspects:

-Wouestite reduces with a different rate law than
magnetite [ 73], with the difference being dependent on the
non-stoichiometry of the wuestite [74, 75]. In addition, the
activation energies for the reduction of wuestite and
magnetite differ significantly, as can be seen e.g. from
Figure 10. The issue is further complicated as the iron
formed by the wuestite decomposition acts as nucleation
centre for magnetite reduction (Figure 11) [76] and exerts
an autocatalytic effect on the magnetite reduction.

- The adumina promoter affect the reduction
kinetics of magnetite, but not that of the wuestite. The
mode of interaction proceeds via the water content which
has no intrinsic effect on the kinetics of pure magnetite
reduction.

- The potassium content exerts a reverse effect,
i.e. it accelerates the reduction most remarkably in the
presence of alumina. The acceleration effect does not
depend on the water content of the atmosphere.

-As gas-solid interface reaction the transport
properties of the solid for gases are of eminent importance.
On the macroscopic scale this leads to a correlation of
porosity with reduction kinetics [54]. On the atomic scale
the volume reduction factor for the magnetite to iron
reduction is the smallest of al iron oxides and the dense
product layer iron metal will quickly inhibit efficient gas
exchange at the reaction front.

The mathematicall model used for the kinetic
analysis [69, 68] assumes a particle of constant dimensions
which converts into a porous iron shell and a non-porous
initial magnetite core. The reaction front migrates in a
topotactic fashion through the particle and conversion
occurs only at the interface. The chemical reduction is
assumed as a first order process. The reaction control is
complicated by the diffusion of hydrogen and water
through the porous iron shell. The model was successfully
tested with pure magnetite [77].
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In the light of the experimental facts described
above, this model [78] contains many simplifications and is
chemically questionable as molecular water diffusing
through porous iron would immediately re-oxidise it. It is
not too surprising that one of the three fit parameter of the
model, the activation energy for the diffusion of water out
of the shell yielded a value of about 130 kJ/mole which led
the authors of reference [68] to the conclusion that the
model is physically unfounded and remains despite its
explicit physica assumptions a forma description rather
than a mechanistic approximation. This is underlined by
the fact that in wet atmospheres a simple parabolic rate law
fits the data significantly better than the above described
model. Finaly, it should be mentioned that several other
models were aso developed to describe the reduction
kinetics which, however, all fail to describe the
experimental data. In view of the above cited complexity of
the chemical reality it is not surprising that the simplifying
models cannot describe the observations.

Thisisrather unfortunate as a valid description of
the activation process could give insight into the structure
of the active phase. The core and shell model would
describe the activated catalyst as a porous derivative of the
initial precursor mosaic crystals. A structural relationship
would then exist between the precursor oxide and the
active catalyst which would mean that the comparatively
simple analysis of the oxide would allow to deduce a
picture of the experimentally almost inaccessible active
state of the catalyst structure. In practice, a wide spread in
textural and compositiona properties [54] of precursors
lead after suitably adapted activation (main critical
parameter is the water evolution kinetics in full agreement
with the results of Baranski and co-workers [71,68]) to a
comparatively homogeneous performance of the resulting
catalyst, at least for the purposes of fundamental scientific
considerations [47].

A more atomistic consideration of the reduction
reaction reveals that the motions of electrons and reactions
through intrinsic and extrinsic defects will determine the
reduction kinetics. This was established in considerable
detail during the study of the reduction of metallurgical
magnetite [70,79,77]. A gradient in chemical potential of
the iron ions is required for a suitable reaction progress.
This gradient is built up by the iron metal nuclel which are
essential for the process and which are supplied for the
ammonia catalysts by the incorporation of metastable
wuestite in the precursor mosaic crystals. Consequently,
there will be no homogeneous topotactic reaction interface
as assumed in the core and shell model. The active catalyst
grows not as a shell around a precursor core but as a core
within an oxidic matrix. The chemical equations [77, 42]
for this model read as follows.
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40 + 4H, P 4H,0 + 8¢

Fe;O0, + FE* + 2¢ b 4FeO

4FeO b 4Fe + 407

AFe* + 8€ b 4Fe

Total reaction: F&s0, + Fe + 4H, b 4Fe+ 4H,0

Kinetically this means that metalic iron is
essential for the low-temperature hydrogen reduction of
magnetite. In addition, the process is autocatalytic on a
formal basis as the reaction product iron is in excess to the
required educt iron. This behaviour can be coarsely found
in the DTG trace at 1K/min in Figure 10. The effect is,
however, much less drastic as expected from the net
equation. The reason is the solid nature of educt and
product. The educt iron (in fact two migrating electrons
associated with a Fe?* ion) has to be mobile whereas the
product iron will crystalise onto the existing nuclei and
will thus largely be inaccessible for initiating new reaction
cycles.

All atoms of the final catalyst will have to move
through the matrix. This will destroy the structura
correlation between educt and product on an atomic scale.
In addition, eventual restructuring processes are
energetically simple as no high activation barriers for co-
operative movements are required ( see Figure 7). Further,
the reaction rate will be heterogeneous in the mosaic crystal
due to the distribution of extrema of the gradients of the
iron chemical potential (distribution of the iron metal
nuclel). Even within each crystalite of magnetite the
reaction rate expressed as the mobility of the iron ions will
be different for different crystal faces according to the
centre density on these faces. For this reason a
reproduction of the oxide crystal morphology in the final
iron metal crystal is not to be expected in contradiction to
the simple core and shell model.

In this picture it is the topochemistry of the iron
nuclei which determines the shape of the grown iron
crystals. It is most significant [70,80] that it is known that
decomposition of wuestite proceeds by disproportionation
into iron and platel ets of secondary magnetite:

4Fe0 P Fe+Fe04
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In this way a platelet microstructure (see Figure
11) of the resulting catalyst could be established which
would not be present without any wuestite content. This
could be one first hint towards the difference between
ordinary iron and ammoniairon.

The activation kinetics was aso investigated by
state-selective in-situ Mdssbauer spectroscopy [73]. A
technical catalyst and synthesis gas were applied. The
activation temperatures had to be chosen very low at 623 K
to 723 K in order to accumulate sufficient Mdssbauer
absorption within each time interval. The spectral analysis
yielded conversion data for wuestite and magnetite and
formation data for iron meta simultaneously. The
numerical results given in the reference are replotted in
Figure 12. The top panel shows a simple exponential
analysis as given in the paper. One key point was a
decreasing activation energy with increasing conversion
which seemsin the light of the data set not fully supported.
The other observation was a correlation of the reduction
rate with the presence of wuestite in the way that the
conversion of magnetite was faster as long as it was co-
existing with wuestite. This observation is aso
questionable in the light of the errorsin the data points as it
isillustrated in the central panel of Figure 12. The data can
be converted in relative reaction rates as illustrated in the
lower panel of Figure 12. From these data it is clear that the
reaction drastically accelerates after the wuedtite is
converted indicating that wuestite reduction is an
independent process from magnetite reduction and that
wuestite pre-reduction is beneficial for the magnetite
reduction. Both points are compatible with the TG data of
Figure 10 and support the view that wuestite reduction
forms nuclei for the magnetite reduction which is an
intrinsically much faster process than the wuestite
conversion. It is not possible to decide if the turnover of
magnetite is faster or if the number of reaction sites has
increased by eg. the opening of additiona gas-solid
interfaces from cracking of the magnetite-wuestite
crystallites. The fact that the increase in rate between
wuestite and magnetite reaction is smaller at higher
temperature indicates the importance of kinetic reaction
control for atopotactic reaction. At higher temperatures the
reaction is dominated by a fast chemical reduction without
alowing ion diffusion processes to control the
topochemistry of the process. Thisis again in line with the
sengitivity of the TG data in Figure 10 and in the literature
[54]. Finally we see that after about two third of total
reduction the rate is accelerated again which is aso in
agreement with the DTG datain Figure 10.

The role of the alumina promoter as rate-
determining factor for the activation kinetics can aso be
rationalized in this model. As there is no gradient for the
aluminium cations and they cannot be reduced to metallic
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aluminium the oxide particles will not take place in the
rearrangement of the iron matrix. They will segregate from
the initial solid solution with magnetite[81] and form a
kind of ,ash“ in the reaction mosaic crystal. As its
abundance increases at the end of the reduction process the
ash will inhibit the iron motion or even encapsulate
residual oxide patches(formation of iron auminate,
hercynite during activation). This could explain the general
trend of a dow fina stage of overall reduction. As the
effect will be operational on each crystallite of the mosaic
precursor crystal it may also act as a genera retarding
factor as observed in the work of Baranski. Early chemical
analysis of the surface composition of activated iron
catalysts revealed the idea of perforated skin of aumina
covering the iron surface[82,83,64]. As the effect will
occur at the surface of each crystallite in the mosaic crystal
any final iron particle will contain a significant amount of
alumina in its grain boundary region where it was located
with X-ray diffraction [64] and Mdosshauer effect
measurements [84]. The ability of the alumina to spread
over the final iron crystallite surface will depend on its own
size. Larger particles will not cover the iron but remain
immobile within the initial oxide matrix. In this way they
will be incorporated in the growing iron particle and
account for the small abundance of structural promoter
affecting the M dssbauer data [84].

The observation of Baranski about the
accelerating effect of potassium fits also in this picture as
the alumina in highly akaline environment will dissolve
into aluminate [AlO,]” molecular complexes and so become
more mobile. The fact that no potassium auminate species
can be detected by X-ray diffraction [67] which was used
by Baranski to exclude this mode of action of akali can be
understood taking into account that auminate is
amphoteric and will precipitate out as alumina as soon as
the alkali component is reduced in its local abundance. The
participation of these effects is connected with the local
concentration of molecular water acting as solvent (wet
atmosphere) or as transport lubricant (dry atmosphere).

In summary, the presence of the promoters exerts
a complicated influence on the reduction kinetics. As ion
transport is a dominating process in the reduction
mechanism it is to be expected that concentration gradients
of the promoter phases will occur with the tendency to
concentrate in the outer part of the iron crystal which grows
from a nucleus to the outside and not from an external
surface into the oxide particle, a reaction which would
leave the promoters dispersed as they are in the precursor
oxide.

The careful kinetic analysis of the catalyst
activation and the failure to analyse these data in terms of
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conventional gas-solid reaction models leads to the
formulation of a more complex scenario which is
schematically depicted in Figure 11. The central point is
the incorporation of a iron cation motion along a gradient
of Fe?" ions created by the decomposition of an
intermediate form of wuestite which forms the reaction
interface. The term ,wuestite does not designate large
crystals suitable for X-ray diffraction but designates a zone
of reactivity consisting of only Feé?* ions in the oxygen
lattice (see Figure 7) which is located next to an iron metal
nucleus or particle. Such a concept will also be valid for
the reduction of any norma iron oxide and could not
account for the hypothetical specia nature of the ammonia
iron. The action of the promoters with their interference
into the kinetics will lead under suitable external conditions
of water partial pressure and temperature to a maximised
anisotropy of the reaction rate. Most importantly, their
presence will prevent the initially formed iron morphology
to grow into the thermodynamically favoured form of large
iron particles, a process known as Ostwald ripening or
LSintering”. The freezing of the intermediate microstructure
under operation conditions of the activated catalyst makes
the difference to normal iron metal. This conjecture assigns
to the promoters an additional function which not only
creates the kinetic control of the activation but aso
preserves the product of the activation in the sense of the
concept of structural promotion.

The activated catalysts is considered as a
heterogeneous iron metal particle. Around a core of
perfectly normal bulk iron a metastable intermediate of the
reduction process is arranged which is kinetically hindered
by the presence of non-reducible spacer impurities to
undergo structural transformations into the bulk iron stable
form. Thermal activation and/or re-oxidation followed by
re-reduction will allow to spatially rearrange the promoter
impurities and the remaining iron which grows into one
stable phase with the promoter ash spatially well-separated
from it. The phenomena of transient ammonia activity upon
oxygen poisoning as well as the irreversible thermal
degradation effect of oxidised activated catalysts [85, 42,
46] would be compatible with it.

2.1.4.4, Microtexture of the activated catalyst

The evolution of the geometric surface area of the catalyst
is of importance for both the activation kinetics and the
performance in ammonia synthesis as both processes are
gas-solid interface reactions. A typical oxide precursor
exhibits a surface area of about 0.5 m’gt After full
activation surface areas of about 18 m’gt to 22 m’g? are
characteristic [54, 42, 86]. The final surface area was found
to depend for one particular oxide precursor sensitively on
its pre-history with pre-oxidation or pre-reduction in pure

Preprint of the Department of Inorganic Chemistry, Fritz-Haber-Institute of the MPG (for personal use only) (www.fhi-berlin.mpg.de/ac)



Ammonia Synthesis in Handbook of Heterogeneous Catalysis

hydrogen before activation in synthesis gas reduced the
surface area by 15% and 30% [42]. The value of the
activated catalyst surface scales roughly with the geometric
surface area of 30 to 50 nm large particles yielding 15.5
m?g? to 25.8 m?g? for cubic or spherical particles. This
estimate indicates that the internal texture of the activated
catalyst must allow access of the nitrogen probe molecule
of the BET experiment to ailmost al of its interna surface.
A mercury porosimetry study of carefully activated
catalysts revealed a bimodal distribution with maxima at
about 10 and 33 nm. The large pores develop at low
reduction degrees, whereas the small pores occur first after
20% degree of reduction and account for all of the further
increase in geometric surface area [87,63].

The evolution of the surface area in interrupted
instationary activation experiments [54] is shown in Figure
13 together with the weight loss data for the same catalyst.
In these experiments the surface area develops in parallel
with the conversion as it was found in an early activation
study [86]. It appears that a small increase in surface areais
connected with the reaction of the wuestite which is
necessary to start the main increase after the magnetite
reduction is initiated. This observation is in line with the
formation of iron nuclei and voids (of 33 nm average size)
at the beginning of the reaction and the increase in porosity
as the oxide is consumed. Such a behaviour is typical for a
paralel reaction at many interfaces with little topotactic
anisotropy.

If the activation is carried out isothermally at a
low temperature such that 33 hours were required to
generate all water (similar to a technical activation) then a
quite different evolution of the surface area is observed as
displayed in Figure 13 bottom trace [42]. The initia trend
is similar as described above with the main difference that
about 60% of the total surface area evolve from the last 5%
of reduction, i.e. after the reduction of the bulk of the
oxide. The conversion was with 96% very high in this
activation experiment and the jump in surface area
occurred in the region of the slow weight change described
in Figure 10. The process indicates that the outer regions of
the iron particles remain oxidised until the water partial
pressure is very low due to the removal of most of the
oxide. A particular high reactivity of the crystallite surfaces
can be expected which may be beneficial for the ammonia
synthesis activity. In the fina period of reduction a
structural rearrangement of the crystallites seems to take
place such as to alow the formation of the smaller pores
detected in the porosimetry study. At this point the
promoters have to prevent the reaction of the active iron
faces of adjacent iron particlesto form larger isotropic bulk
iron crystals. Under the non-isothermal conditions of the
experiment in Figure 13 (top) the final surface area
remained 20% smaller than in the isothermal experiment.
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This and the different temporal evolution indicate that the
microstructure of rapidly activated cataysts and slowly
activated ones may be different. The creation of the
textured structure of each iron crystallite can fully develop
only under slow activation conditions. Sufficient time then
is available for the complicated migration of the iron ions
according to the reduction gradients and the functioning of
the promoters as agents inducing the textured structure by
their exsolution profiles. Rapid activation creates too many
nuclel and causes isotropic crystal growth with no temporal
separation of the individual processes as can be seen from
the diffuse reduction profile in Figure 10.

The surface texture of the activated catalysts has
been studied with scanning electron microscopy [54, 47].
These data revea that the activated catalyst surface after
passivation consist of flat patches with micron sized
crystals of exsoluted promoter phases namely calcium
ferrite and hercynite. At high magnification regular crystal
edges in the 20-100 nm size range were detected. Rapid
passivation creates a crack system [47] from the
overheating of the crystallites during oxidation. These
cracks decorate a platelet anisotropy with pronounced
cleavage preferences in one direction.

Metallographic preparation of activated catalyst
particles were aready used earlier to reveal the texture of
the material [46]. In arecent study [88] this technique was
applied with electropolishing of the mechanically ground
surface. The result of optical polarised light microscopy is
summarised in Figure 14. The grain boundary structure is
clearly decorated by a porous non-iron materia. The
structural promoter oxides forming the glassy phase or the
oxide particles on fracture surfaces investigated by SEM
(see above) fill the voids and create the family of large
pores in the pore size distribution curve [63,86]. This can
be seen from the linescan in Figure 14 taken along a grain
boundary filled with the granular material revealing holes
in the micron size range. The metal particles exhibit regular
crystal faces but are by far too large to represent single
crystalline particles as can be deduced from linebroadening
measurements of X-ray diffraction data reveding a
crystallite size of 30 - 80 nm [54,64,89,81,90]. The
polycrystalline nature of the metal particles is aso in line
with the frequent inclusions of oxide scales seen as black
holes in Figure 14. The light halos around each iron
particle arises from partia oxidation caused in the
passivation process of the activated catalyst. The fact that a
weel-developed boundary of equal thickness exists for the
oxidised zone indicates the success of the careful
passivation which had not destroyed the microtexture by
uncontrolled local oxidation and simultaneous overheating.
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The assignment of the granular material to
promoter oxides and its distribution not only in the grain
boundaries but also in the iron crystals was established by
EDX point analyses of a prepared catalyst particle as
displayed in Figure 15. The conductivity contrast image
reveals the grain boundaries and the many small inclusions
as insulating material. But aso the conducting
homogeneous areas consist not only of iron but small
amounts of structural promoter oxides (point 3). The
insulating areas consist of a varieties of mixtures of oxides
as can be seen from the analyses of points 1,2,4 in the
image. The electronic promoter potassium can be
immobilised in silicates as seen at point 2.

High resolution SEM data of , homogeneous
areas of the electropolished iron crystals showed a further
level of structuring as can be seen from Figure 16. A
»Sponge" structure with anisotropic objects and small oxide
inclusions (dark) appears giving an impression of the gas
transport channels in the ,solid® activated catalyst.
Linescans perpendicular and parallel to the grain boundary
(straight line in the lower right of Figure 16) reveals the
anisotropy of the particles by the anisotropy of the
roughness. The texture is built from stacks of objects of
below 100 nm individual size which can be assigned to the
individual crystallites seen in the x-ray diffraction
experiments. The stacking anisotropy extending over large
areas of the large crystals will account for intensity
anomalies seen in the XRPD data.

2.1.4.5. Microstructure of the activated catalyst

In this section the structural details on an atomic level of
the activated catalyst will be discussed. This issue has
created a great deal of controversy during the history of
ammonia catalysis research as reports concluding that pure
elemental iron[54,84] is the active catalyst were contrasted
with studies in which the specia nature of activated
ammonia iron was related to a unique non-iron metal
crystal structure with endotactic defects causing the
crystallographic effect of paracrystallinity [90,81]. The
presence of alumina inside the iron metal lattice was aso
established by determinations of the phase transition
temperature between apha and gamma iron which was
found to be too high relative to pure iron. Progressive
cycling through the phase transition lowered the value back
toits normal value indicating a phase separation and stress-
induced precipitation of the impurity [65]. It is pointed out
that the phase transition temperature is above the
recommended reaction temperature for iron catalysts and
that alpha iron-aluminamixed systems are metastable in the
temperature window of their activation.
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Activated and used catalysts may consist not only
of iron metal but may contain a skin of a metastable form
of an interstitial nitride Fe;N[6]. Also amorphous structures
for the active iron form [54,67,60] were taken into
consideration. These controversial findings indicate that a
detailed structural study is difficult to perform and will
require in-situ diffraction experiments which have been
performed recently [62]. On the other hand the clarification
of the structural nature of the activated catalyst is essential
for arational application of the single crystal model study
approach, as the incorrect choice of the substrate evidently
prevents any meaningful physical model of the reaction to
be studied.

The presence of promoter species has not only a
decisive influence on the formation of the active catalyst
but also on the performance. The concept of structural
promoters summarises the presence of non-reducible
oxides such as alumina, hercynite or calcium ferrite as to
prevent the sintering of the activated iron into low-surface
area large crystals. This may be accomplished by the
presence of either a particulate form dispersed between the
iron crystals or in the form of a thin skin over the catalyst
surface. Early chemisorption data [82] on a technical
reference catalyst [91] which were supported by Auger
analytical data [92] are in favour of such a microstructure
as well as modern surface spectroscopic investigations on
industrial catalysts carried out after in-situ activation
[93,94,54]. Such a skin can explain why only a small
fraction of the nitrogen BET surface area is found to be of
iron metallic nature[82,95]. The polycrystalline model
systems discussed above reveal that pure iron is a suitable
catalyst for ammonia synthesis. The formation of an iron-
nitrogen compound during operation seems aso to be of
significance in the model systemg[96]. A microstructure
consisting of a norma iron particle surrounded with a
patchy layer of non-iron oxides is thus the alternative to the
suggested modified bulk structure of ammoniairon.

A variety of techniques and experiments has been
used to decide between these two models of the active
phase. The essential results will be discussed followed by a
detailed description of in-situ diffraction work yielding a
microstructure model which accounts for all experimental
observations.

Mossbauer spectroscopy is a bulk analytical
technique which indicates sensitively the local chemical
environment of iron atoms. Any modification of the
average iron metal structure by endotactic impurities would
affect sufficient iron atoms to cause absorption lineprofile
modifications. Disperse iron-noniron ternary oxides would
disclose themselves by quadruple split lines with Fe?*
isomer shifts. Amorphous species would occur as

Preprint of the Department of Inorganic Chemistry, Fritz-Haber-Institute of the MPG (for personal use only) (www.fhi-berlin.mpg.de/ac)



Ammonia Synthesis in Handbook of Heterogeneous Catalysis

components with low-recoil free cross sections and hence
modul ate the background of the spectrum.

A comprehensive and critical review of the work
of three different groups on this problem is presented by
Topsoe and co-workers [97]. In this review it was pointed
out that only in-situ experiments are suitable for the
microstructural evaluation as the ex-situ passivation
products (see Figure 14) cause Mossbauer absorptions
exactly of the kind as expected for the bulk-modified iron
model. The in-situ experiments exhibit the disadvantage to
be performed at high temperature at or above 300 K. This
could reduce the recoil-free fraction of defective structural
components below recognition. In addition, the analysis of
the review shows that no in-situ experiment was ever
performed on technical samples which were activated in
synthesis gas. Thisis an interesting contrast to the accurate
work on synthesis gas activated model catalysts described
in section 2.1.4.1 [17, 98] which gave essential clues on the
structure-sensitivity of ammonia synthesis.

The present conjecture [99,100] can be
summarised as follows. About 95% of the bulk catalyst
consists of pure apha iron with absolutely no sign of a
structural anomaly. The remaining iron occurs as trivalent
and divalent oxidic species and is attributed to particles of
non-reducible ternary oxides (hercynite, calcium ferrite).
The size of these particles is at or above 10 nm. The
presence of small particles of non-iron metal particles was
carefully ruled out within the above mentioned limitations
which did also not allow to detect the possible formation of
nitride species.

The Mossbauer data rule out the endotactic
model and the aluminium skin model and support a spacer
particle or the ,combined“ model sketched in Figure 4. It is
further noted that the line profile of the alpha iron pattern
gave no indication for substantial stress or strain in the
reduced material as it was suggested in the interpretations
of the X-ray diffraction data. The by far most iron atoms
are under the condition of sample activation applied for
these studiesin one perfect local chemical environment.

This conclusion can be tested using EXAFS Fe
K-edge data which allow to determine with an even higher
precision the local iron environment without the
requirement for a crystalline phase. This means that even if
an amorphous promoter-induced special structure would
exist within ammoniairon it should be detected in EXAFS.
In a true in-situ activation study [99] it was found that
several phases of iron oxide occur during reduction. In
addition, the first iron metal particles were detected at 600
K far below the main reduction temperature. These results
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strongly support the activation scenario described above.
An additional promoter effect was found for potassium
lowering the activation onset temperature by 40 K relative
to a sample promoted with caesium. This is aso in
agreement with the above findings.

The activation was completed at 650 K to 690 K
and yielded an EXAFS Fourier transform spectrum
identical with that of alpha iron. No indication was found
for the existence of a non-apha iron phase nor for an
unusua stress or strain environment (lineprofiles of the
radial distribution function). An anomalous low intensity of
the EXAFS amplitude was stated which would point to a
lower co-ordination number as in bulk iron, an effect
normally found in cluster compounds. A cluster nature of
the activated iron was, however, excluded by absence of
any evidence for this in X-ray diffraction and M&ssbauer
spectroscopy. It is noted here that in this study no technical
catalyst but a model catalyst was used with unknown
precursor structure and catalytic performance.

A sample of a technical catayst was studied by
ex-situ  EXAFS [54] after activation and Kkinetic
characterisation using a Be air-tight sample container and a
well defined sample geometry prepared in a glove box.
This complementary study to the in-situ work arrived at the
same conclusion and stated again no sign of any special
iron environment in the ammonia iron. The intrinsically
better sample geometry alowed to raise the level of
confidence for the comparison of the EXAFS data between
iron powder and the catalyst by extending the range in k-
space and by an improved signal-to noise ratio. The lack in
intensity was also stated but to a much lower extent than in
thein-situ study.

EXAFS data support the structural model derived
from Mossbauer spectroscopy and rule out the significant
abundance of iron atoms in unusua geometries. The
method is bulk-sensitive and cannot detect the small
fraction of surface iron atoms which must have, of course,
irregular geometries. This sets a detection limit for the
abundance of the irregular phase. Any effect detectable in
X-ray diffraction should, however, have been detectable in
EXAFS too. The possibility to assign a specia average
bulk structure to ammonia iron is ruled out according to
these experiments.

X-ray diffraction is maybe the most sensitive tool
for the detection of bulk structural anomalies due to the
extensive possibilities of accurate data analysis [101]. This
data analysis can give details about the average crystal
structure, the mean shape of the crystallites within amosaic
crystal and even about micromechanical stress and strain
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in the particles. For areliable analysis the X-ray diffraction
experiment requires external input such as the chemical
composition and information about the local geometric
environment such as presented above.

An early study [91] of the microstructure of the
oxide and the activated catalyst stated already a drastic
effect of the promoters on structure and on catalytic activity
the correlation of which was attempted first. Aluminum
oxide was found to be the most effective promoter in a
series of fused catalyst from a commercial source. In this
paper the existence of wuestite was detected first and the
position of the main diffraction lines was reported. The
magnetite matrix was found to be dlightly affected (lattice
contraction of 0.15% for 3% Al in iron oxide) by the
incorporation of Al into the lattice giving rise to a spinal.
The structure of hercynite was described first. In-situ
reduction transformed the coarse oxide crystals into small
iron particles of ,colloidal particle size* with significant
line broadening of the diffraction pattern. No sign of any
anomaly of the lattice parameter (285.9 pm) of the apha
iron was noted irrespective of the composition of the
precursor oxide. The reduction in particles size and the
corresponding increase in surface area was shown to arise
from the alumina content which was thought to inhibit
sintering. The concept of structural promotion was
described. The hardness of the ammonia iron as compared
to the ductility of pure iron was noted and traced back to
the location of the alumina in spinal form in the grain
boundaries acting as inhibitors for crystallite gliding.
Finally it was found that ammonia iron is metastable and
transforms above 900 K into low-surface area normal iron
plus exsoluted oxide. This process destroyed almost all
catalytic activity. The report is the first account of a
structural  difference  between ammonia iron and
crystallographically pureiron.

The importance of aumina in the ammonia
catalyst structure was further investigated in detail at BASF
[63]. It was confirmed that alumina formed a spinel phase
and is present in solid solution with the precursor oxide.
After activation it was found to form small particles
separating normal iron particles of 10 nm to 100 nm
diameter. The amount of beneficial alumina was carefully
optimised by correlating catalytic activity, BET and CO
surface areas with the alumina content. The CO surface
area titration revealed that pure iron exhibist the same iron
metal surface area as its geometric surface area which was,
however, with 1.6 m2/g very much lower than the
geometric surface area of the optimum promoted catalyst
with 22.5 m2/g. In this state only 45% of the geometric
surface area were accessible for CO , a fraction which
reduces to below 20% for higher alumina loading. It was
estimated that at optimum loading the alumina could form a
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monolayer film of spinell on the geometric surface area of
theiron.

This report showed that alumina is vital for the
creation of the high surface area in the same way as it is
necessary for the conservation of the small particle size.
This effect has to be seen in context with the strong
inhibition of alumina on the reduction kinetics which
allows the heterogeneous nucleation of the wuestite to
remain the controlling factor for the particle size of theiron
metal. The idea about the monolayer film shows that the
spinell must be present in two forms (two-dimensional
patches and three-dimensional particles) in order to allow
for the presence of freeiron. At the optimum loading of 3%
Al afree surface area of 10m2/g of iron in a material with
22 m2/g geometric surface was available yielding a
maximum activity. The correlation between iron surface
area, activity and Al loading was replotted from data of
reference [63]and is shown in Figure 17 . At a first glance
there is a correlation between activity and free iron surface
area. From this figure it is clear why no correlation of
activity with the BET surface area or the particle size of
promoted catalysts can be expected. Al increases the total
surface area up to about 2% addition but decreases the
fraction of iron exposed with higher loading. The specific
relative activity per unit iron surface area is reduced upon
addition of Al to the oxide precursor. This implies that Al
reduces almost independently of its abundance the number
density of active centres on iron or interferes with the
elementary steps of ammonia synthesis which would be
incompatible with the idea of a structural promotion by
aluminium.

This effect is not due to a modified accessibility
of the iron surface by a modified pore system. It was found
[63] that a bimodal proe size distribution is formed by the
addition of Al with large pores (micron size) being present
in al catalyst compositions, while small pores (ca 30 nm
diameter) were formed as consequence of the addition of
Al to the oxide with a maximum abundance of the small
pores occurring at 3% Al addition. The enhancement of the
BET surface area could be traced back exclusively to a
reduction in particle size by comparison with TEM and X-
ray diffraction linebroadening data. The formation of
porous iron metal crystallites can be clearly ruled out. All
structural promotion must take place in the grain boundary
system of the iron formed. Keeping in mind that in the
reduced catalyst the Al must be present in both particulate
and film form it can be concluded that small additions of Al
first form a patchy film between the iron crystals. Upon
addition of up to 3% Al the increase in surface area adds to
the effect of film formation and increases the porosity.
Above the 3% limit an additional site blocking effect
without compensation by an increased BET surface area
blocks small pores and reduces the iron metal surface area.
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The modified specific activity per iron surface area points
to amicroscopically inhomogeneous site distribution and to
an inequality between sites for ammonia synthesis and CO
chemisorption. Al seems to modify the ratio between CO
chemisorbing sites and ammonia synthesising sites in an
unfavourable way. The beneficial mircrotextural effects
overcompensate this catalytically negative effect of
aluminium on the molecular scale.

The effect of Al on the catalyst was further
investigated by high precision X-ray diffraction techniques
[81,90]. For the oxide system the co-existence of
magnetite, wuestite and hercynite was verified, a result
which was confirmed recently [54]. Precision lattice
constant measurements revealed a value of 839.0 pm for
magnetite and 8135 pm for hercynite. The linear
relationship between lattice constant and fractional
abundance of hercynite in magnetite was found to end at
3% Al in magnetite. At this point the system spontaneously
exsoluted in three phases with varying Al content. This
finding explains the ,magic’ number of 3% in the activity
vs. composition plot of Figure 17. At this level the atomic
dispersion of alumina in magnetite leading after reduction
to very finely divided oxide particles and the formation of
the alumina film end and is replaced by the formation of
large crystalites of ternary oxides which cannot reduce
during activation conditions and remain this as ineffective,
only site blocking particlesin the activated catalyst.

A series of iron oxides [81] promoted with
varying contents of alumina were reduced in flowing
hydrogen at 673 K and passivated by traces of oxygen. A
second temperature treatment up to 900 K reveaded the
metastable nature of the initially obtained product. After
this treatment the samples were studied by high-precision
X-ray powder diffraction. All samples showed only apha
iron as crystaline phase after complete reduction. The
particles were reduced in size from over 150 nm in the
oxideto 50 -25 nm in the metal with the increasing alumina
content causing smaler particles. Wuestite and Mg
contents were found not to affect these values. The lattice
constant was found to be close to the expected value with,
however, a systematic deviation to larger values with
increasing Miller index of the reflection used. This
phenomenon is known in powder diffraction as
paracrystallinity and occurs in many partially disordered
systems.

MOssbauer spectra revealed norma alpha iron
with dlightly broadened resonance lines and a trace amount
of hercynite with a nominally higher Al content than in the
oxide precursor. The oxide became enriched in the
aluminium impurity during activation. The presence of
alumina in chemical contact with iron on the surface of
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activated (and passivated!) samples was substantiated by
SIMS [102] measurements revealing a series of fragments
which allowed to conclude that a ternary oxide and not a
physical mixture was present.

The anomaly of the iron reflections was excluded
to arise from dynamic disorder as high temperature
treatments caused a change in the pattern only above 1200
K at which temperature a phase segregation into gamma
iron and alumina was observed. In this way it was assured
that an auminium containing heterostructure should be
responsible for the X-ray diffraction anomaly. All data
were consistently interpreted by the model of endotactic
intergrowth of hercynite molecules into the iron lattice. It
was found that one hercynite molecule fits into the space
required for seven iron metal atoms. A dight misfit of this
»molecular epitaxy” would cause an elastic distortion of the
iron lattice planes which will give rise to the
paracrystdlinity in the diffraction pattern. This deformation
was also thought to limit the particle size as the kinetics of
crystal growth will be affected by the imperfection of the
surface geometry caused by the statistical intergrowth of
the hercynite molecules.

This model which assigned a special crysta
structure on the atomic level to ammonia iron caused
considerable controversy in the literature and raised the
fundamental question about the relation of bulk crystal
structures to surface catalytic activity.

The material from the paracrystallinity study
[90,81] was reinvestigated by another group [84]with X-
ray diffraction and precision M&sshbauer spectroscopy. The
presence of high-purity alpha iron was found. The stated
line broadening of the Mdossbauer absorptions were
attributed to the presence of clusters of alumina of 3 nm
size within the iron metal causing macroscopic strain. Very
careful reduction procedures and measurements excluding
contact with air allowed to exclude any endotactic oxide as
postulated from X-ray diffraction.

The same group investigated later the industrial
catalyst used in the early X-ray diffraction study [91] again
with Mésshauer spectroscopy and X-ray diffraction. The
data are presented within a review paper on microtexture
[64]. The sample contained more aumina than the
exsolution limit found by Hosemann [81]. It was reduced
with pure hydrogen and yielded iron particles of 61 nm
size. The diffraction pattern showed aso paracrystallinity
and the Mdssbauer spectrum revealed 1% ferrous ions in
the sample. These findings were then interpreted as support
for the endotactic model: , All data presented are
compatible with Hosemann®. But it was aso stated in the
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same paper that a model with a patchy skin of alumina
would be compatible with the data. The alumina content
was divided into three locations namely 10% within the
iron crystals (endotactic of clusters), 5% as patchy
monolayer and 85% as extra phase within the intergrain
space.

Using the hydroxyl groups present on alumina it
was possible [103] by selective deuterium exchange to
determine the abundance of alumina on reduced catalyst.
The results showed a significant coverage of iron by
aluminabut it was stated that not all alumina present can be
accounted for by the film. This experiment which was
repeated severa times is independent confirmation of the
heterogeneous distribution of aluminain the active catalyst.

The existence of the paracrystalinity anomaly
was further shown in another study [65] of the activation of
a 2% alumina containing magnetite with hydrogen at 773
K. The resulting iron particles were found to be anisotropic
in shape with the equilibrium face (h00) being the small
face and (hk0) being the long direction. A texture in (hkl)
cannot be shown by X-ray diffraction due to symmetry
reasons. It was found that the anisotropy remained after
recrystallization at 1223 K which caused, however a
significant increase in particle diameter. Using X-ray
diffraction and differential therma analysis (DTA) it was
found that the mechanism of recrystallization is associated
with the structural phase transition bcc to fcc at 1131 K
(and not at 1223 K as stated in the paper) which causes
segregation of hercynite. The DTA experiments further
show that the alumina kineticaly delays the structural
phase transition whereas no effect on the magnetic phase
transition at 1039 K (Curie point) can be seen in the data
published. This can be taken as strong indication against
the endotactic model and the continuos lattice strain which
should affect the magnetic phase transition. The modified
structural phase transition is well compatible with hercynite
particles in the grain boundary region (such as in cast iron
with graphite) and does not require a molecular dispersion
of the impurity. This is aso the conclusion of the authors
who support the oxide cluster model.

The considerable experimenta effort on the
microstructure did not reveal a clear picture of the active
catalyst which is required for a meaningful model study.
Common to all results seems the presence of both particular
and film-like auminium oxides. Common is aso the
statement of the causality between surface area evolution
and alumina content in the solubility limit of magnetite.
Neither wuestite nor potassium nor magnesium had any
microtextural effect. Common is further the confirmation of
paracrystalinity and the dight broadening in the
Mossbauer resonance of apha iron. The reviewer states
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besides the controversidl model situation the fact that no
study was done under in-situ conditions. Only in the old
studies [91,63] ex-situ correlation between structure and
activity are given explicitly.

In this situation a new in-situ high resolution X-
ray diffraction study was carried out with the aimsto clarify
the possible texture of the resulting iron particles for which
severa literature studies had given some indications. In
addition, the paracrystallinity phenomenon had to be
explained in a different new way and the question about the
presence of a nitride phase which could not be addressed
by the ex-situ literature studies should be answered.
Instationary conversion experiments strongly suggest [47]
the formation of such a nitride which was postulated much
earlier [6] as surface phase to exist.

The line of a powder diffraction experiment for
an ideal mosaic crystal with domains large in dimension
relative to the coherence length of the radiation is a sharp
scattered intensity with a profile determined by the
diffraction instrument used. Under these conditions the
scattering can be described using a structure factor with a
well-defined set of coordinates for the scattering centres in
the unit cell. If the material becomes less-well defined the
profile of a diffracted line will deviate from its idea
position and shape. The following reasons may apply:

- External stress or strain may cause a deviation of
the Bragg planes from their ideal positions. This strain can
arise from chemica compound formation between the
crystallites of an iron crystal e.g. by sintering or during
rapid anisotropic chemical reduction.

-Small domains within the mosaic crystal are
irregularly dispersed.

- Structural defects occur within each Bragg plane
in statistical distribution.

- The domains within the crystal are anisotropicin
their dimensions and non-statistically oriented within the
crystal.

- Endotactic chemical impurities are present with
a non-perfect structural match (e.g. mixed crystals like
hercyniteiniron).
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-Endotactic  impurities are non-statistically
distributed (e.g. with gradient towards the interior of each
domain).

-Chemical srain is applied by a interdomain
compound linking the internal surfaces with strong
chemical interactions. The growth of a ternary iron
auminum oxide betwen two iron crytsallites would cause
such achemical strain.

Any of these effects or combinations of them will
cause the coordinates of the scattering centres within the
structure factor to become distributions over a variation in
distance. This distribution will fold into the lineprofile of
the ideal structure and will cause observable distortions. If
several  reasons of positional distributions occur
simultaneously, then the resulting distribution pattern can
be bimodal. Under conditions of high resolution a second
diffraction maximum at increasing distance from the main
peak with increasing scattering angle will result. Exactly
this was observed by the group of Hosemann [81, 90]. The
above mentioned list of explanations will all cause the
phenomenon of paracrystallinity for which the endotactic
model is only one possible reason. It was the choice of
these authors to reject all other explanations and to give the
impression that paracrystallinity and endotactic hercynitein
activated iron are synonyms.

Figure 18 shows the ex-situ XRPD data of a
activated catalyst used for 500 h at 750 K at atmospheric
pressure exhibiting al characteristics typica for a
paracrystalline material. The paracrystdlinity factor g =
0,99%, the evolution of line broadening and deviations of
the d-value for higher indexed reflections (a result of
asymmetric broadening) correspond to earlier observations
(Hosemann et a. g = 0,73 - 1,16% [81], Borghard and
Boudart g = 0,57% [64]). In synthesis gas atmosphere, the
reflection profiles of the active iron phase differ from
symmetric lines of a-iron expected at the temperatures
applied. A close inspection of the reflection profiles
displayed in Figure 18 reveals that an asymmetric
broadening causes the shift of the centre of gravity of the
profile giving rise to the paracrystallinity parameters.

In the 2g-region of the Fe(110) reflection the
diffraction profile function is best defined by by the square
of a Lorentzian® (L% function, as it was verified by
analysing the (220) reflection of the Si-standard. The
Ka1Kaz-splitting of the X-ray source was considered for the
fitting procedure and leads in an unconstrained fit to the
typical ratio of 2:1 (K41:Ka2).

From Figure 19 a it appears, however, that the L2
function does not fit the (110) profile of the "ammonia
iron", even when the K,;K,,-splitting is involved. We note
the deviation of the asymmetric wings in the profile of the
difference pattern (R = 10,33%). In Figure 19 b it is
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illustrated that a minimum of three pairs of lines were
required to reasonably fit the measured profile (R =
3,68%). In-situ chemical modifications of the catalyst and
the response of the profile analysis and the fitted model
gave consistent results which we take as independent
proofs both for the validity of the model and the existence
of a correlation between catalytic performance and the bulk
structure.

The observed Fe(110) profile is a convolution of
the normal bulk (110) reflection (d = 204 pm, FWHM =
0,13°2g) and one diffuse reflection at the same position
(d=204 pm, intensity 10%(110), FWHM = 0,64°2q) with a
third contribution at a higher d-value (d=204,3 pm, FWHM
= 0,25°2q). The diffuse reflection at the Fe(110) position
arises from defective elemental iron, while the main
contribution reflection results from normal iron bulk
material. The fact that two well-resolved contributions to
the total diffracted intensity of alphairon exist which is not
adequately described by one average peak profile, is proof
for a structural inhomogeniety of the iron. Regions of good
crystallinity must co-exist with parts of much more
disordered iron.

The second additional reflection is attributed to a
phase with dissolved nitrogen which enlarges the lattice
constants comparable to the formation of an intercalate
species. This was verified by changing the synthesis gas
atmosphere at isothermal conditions. The material was
activated as described above. At 750 K nitrogen was
removed from the synthesis gas feed. In certain intervals
nitrogen was again supplied and thereafter removed another
time. While the FWHMs and d-values change hardly, the
systematic variation of the intensities is remarkable. Figure
20 summarises these results which reveal the merit of in-
Situ observations allowing to test the relation between
structural inhomogeniety and the chemical environment.
Diffraction data were taken for 15 h at each data point of
Figure 20 in either H, or synthesis gas atmosphere (data
marked with + in Figure 20). The overall diffracted
intensity remains independent of the atmosphere, but the
relative intensities of the three contributions change
depending on the presence of nitrogen. Removal of
nitrogen lowers the intensity of the 204,3 pm-reflection,
and the 204 pm-reflections raise. If nitrogen is added, the
same process happens vice versa. The formation of the
nitride phase occurs rapidly on the time scale of this
experiment. The effects caused by nitrogen removal takes
more time, as the bulk-dissolved nitrogen is only slowly
consumed by ammonia synthesis. The response of the
system to nitrogen partial pressure changes detected with a
bulk-sensitive technique is full in line with earlier kinetic
observations by Schiitze et al. [42] and allows to rationalise
the data from the group of Waugh [85]. The nature of this
nitride phase which occurs not only as surface species
[104] but aso as a bulk phase has been discussed before. It
is a nonstoichiometric interstitial compound with a
composition lower in nitrogen than the surface compound
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as can be deduced from the distance of the (111) reflection
from the main reflection[23]. The results suggest, however,
that dissolved nitrogen is not only at the surface of the
working catalyst but aso in the bulk where it modifies
slightly the iron lattice with unknown consequences for the
electronic structure [105]. It is pointed out that this effect
cannot be avoided as it is a consequence of the high virtual
pressure of nitrogen (severa bars of ammonia) under
synthesis conditions which is very substantially higher than
under conditions of all model experiments

2.1.4.6 Summary: the nature of theiron catalyst

The findings can be summarised in a model in which an
explanation is attempted for the experimental observations
of Hosemann et a. The model takes into account the
definitive exclusion of endotactic epitaxy as cause for the
anomalies. In addition, it should explain, why "ammonia
iron" is textured in the (111) orientation which is a
metastable termination in abcc crystal.

In Figure 21 a graphical representation of the
microstructure is shown. At the right hand side the basic
ingredients are shown, namely crystals of bulk isotropic
well-crystalline alpha iron (norma iron) and stacks of
platelets exposing the (111) face as basal plane. Under
synthesis conditions the situation as shown in the left hand
sketch of Figure 21 will result. The iron core will be
surrounded by a layer of nitride with an assumed gradient
into the bulk of the iron. The platelets will be fully nitrided.
The situation of bulk iron as support for ammoniairon (the
platelet stacks) is a speculation and has to await
experimental confirmation. The total size of such a particle
which needs not to be isotropic as assumed in the Figure is
in our case about 80 nm and can be smaller down to 20 nm
depending on the activation procedure [54]. It is noted that
the x-ray diffraction experiment cannot show that al three
forms of bcc iron found in the lineprofile anaysis
constitute one single kind of particles as assumed in Figure
21. Micromorphological data suggest [106] that several
different species of isotropic and anisotropic iron can occur
in ammonia iron. At present it is, however, not clear how
the relative proportions of the various iron forms are
related with the correct activation of the iron oxide and
how the sensitivity of the activated iron to
micromorphological changes during sample preparation
interferes with the TEM analysis.

While topotactic reduction should lead to
isotropic dense materials as it is observed for metallurgical
magnetite test specimen [79], the active catalyst consists of
firmly adhering iron with a defined pore system. The strong
texture of the magnetite precursor which becomes even
more pronounced during the activation process [62]offers
special directions for the reaction to proceed. While most
of the materia is consumed along the more densely packed
(311) plane (gradualy decreasing intensity of the
Fes04(311) reflection), the (511) plane seems to act as a
substrate for the growth of the anisotropic iron platelets.
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The changing anisotropy of the reacting
magnetite crystals indicates that no uniform and isotropic
reduction of the precursor occurs and therefore no isotropic
iron particles are formed. It is know that under precisely
controlled conditions such reaction modes as described
above may occur in iron oxide materials, Ettabirou et al.
[79] and Gleitzer [70] showed that there is a competition in
growth rate between the surface reaction rate and the
diffusion of point defects (intergtitial iron atoms) along
semi-coherent interfaces of different iron oxides like in our
case between magnetite and secondary wuestite. Under
conditions of bulk diffusion control (high temperature, high
reduction potential, slow overall rate) the growth of
lamellae of the product starting from preferential spots of
the surface was observed. Gleitzer introduced a
fundamental model for the reaction mechanism [70] which
we expand to the formation of the textured iron particles of
the ammonia catalyst: Figure 11 schematically summarises
the proposed reactions, the principal mass transport paths,
and transformations resulting in the formation of iron
lamellae. The principle behind this unusual growth mode of
lamellae is the minimisation of the interfacial energy in
selected directions allowing structural accommodation
(epitaxy seems difficult but several planes of wuestite fit
moderately well to magnetite (511)) and providing glide
planes for the iron ions. From Gleitzer's findings in [70] it
can also be rationalised why it was impossible [68] to
distinguish between the two morphological models (core-
and-shell and lamellae growth) from kinetic features of
their formationas both time laws are very similar. Only the
combination of reduction potential, temperature and
reaction rate (hindered by promoter addition) selects
between core-and-shell mode and lamellae mode leading to
normal iron or ammoniairon.

The simultaneous occurence of isotropic and
anisotropic iron (see Figure 21) is controlled by the
complicating factor of the presence of dissolved aluminium
which prevents only in exsoluted regions the sintering of
the initially anisotropic iron by the spacer function of the
structural promoter. In the process of activation severa
processes occur simlutaneously, one of which is the
concentration of the heteroelements in the still not reduced
oxide. Only after a critical concentration of aluminium in
the oxide has been surpassed the chemical potentia will be
oversaturated enough for alumina to exsolute as separeate
phase. The exact value of this thereshold which will depend
again on the overal reduction kinetics will define the
degree of conversion a which the structural promoter
spaces will occur in the system. At all earlier conversion
the initially anisotropic iron will sinter and form the bulk
isotropic iron which was detected rightly as main
component in all structure-sensitive analytical experiments.

Poisoning experiments with oxygen [62] show
clearly that a correlation exist between bulk structura
features (anisotropy, particle size) and surface catalytic
properties. These experiments further justify the bulk
structural  observations as relevant for the catalytic
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properties of the material. The investigation reveals that the
catalytically relevant surface structure is controlled by the
underlying bulk structure. This structure can be created in a
unique way by a suitable solid state dynamics which is
technically controlled by the sophisticated activation
procedures.

The microstructural analysis of formation and
active state of the industrial iron catalyst for ammonia
synthesis has given a new explanation of the old finding
about the powder diffraction anomalies. It has further
found one reason for the success of the single crysta
approach in explaining the mode of operation on a
quantitative basis. The model compound Fe (111) saturated
with atomic nitrogen is identical to the technical system.
The non-equilibrium  (under ambient  conditions)
microstructure arises from a combination of a uniquely
metastable mixture of precursor oxides and an activation
kinetics allowing the topotactic reaction dictated by the
iron ion diffusion to control the microstructure of the
activated product. The promoters play an essential role not
only in stabilising the fina structure but aso in
ascertaining a slow reaction progress in a highly reducing
chemical environment. The technologically undesirable fact
of aslow activation is the key to the understanding why the
unusual microstructure is formed which is catalytically so
efficient.

The hierarchy of structura elements in the
catalyst which became evident in the preceeding sectionsis
summarised in Table 2. The characteristic dimensions give
the order of magnitude and can deviate in practical samples
significantly form the values given. The relation between
the dimensions remains, however, constant. The term basic
structural unit (BSU) designates for iron the aggregate of
Figure 21 which is ,single crystalline® under the coarse
assumption of a homogeneous X-ray diffraction lineprofile.

Table 2. Structural hierarchy of the activated catalyst

Size 10 mm 10pum | 100nm 10 nm

Class 1 2 3 4

Solid catalyst iron iron oxide
grain crystal | crystalite | spacer

Microstr | polycryst | polycrys | single single
ucture aline talline | crystalin | crystallin

e e
Organis 2 3+4 BSU BSU
ation
Voids | Intergrain| large small _
pores pores pores

Size 100 pm 3mm 30 nm

Filling empty porous | spacers
oxides
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This assumption is made on grounds of the
significant spread of the fit results for different catalyst
samples which are difficult to validate on a physical basis
at the presently limited number of observations. The term
Lorganisation” classifies the relationship of the buliding
blocks of each hirarchy step.

2.1.5. The Single Crystal Approach to Ammonia
Synthesis

The preceding chapters revealed that the active component
in the technical catalyst isiron with a particular texture. In
order to approach the goa of devising a reaction
mechanism based on observation of elementary steps it is
essential to perform mode studies with well-defined iron
metal single crystal surfaces. A comparison of the effects of
severa crystal orientations on the elementary steps will
clarify the reason for the structure sensitivity of the overall
reaction besides the experimenta verification of the rate-
determining step providing the basis for kinetic modelling
studies. The two main tasks of explaining structure
sensitivity and elementary step identification were
approached in a long-standing and continuos effort by a
number of research groups. These results are summarised
in respective chapters of a monograph [4,107] in which
also major contributions from other groups are reported.

2.15.1. Single Crystal structures

A fundamental advantage of single crystal studies is the
detailed structural control of substrate and adsorbate. The
three principal faces of apha iron were studied by low
energy electron diffraction with the main results
summarised in Figure 22 and Table 3. Severa adsorbate
structures of hydrogen and one structure of chemisorbed
atomic nitrogen have also been quantitatively analysed with
surface crystallographic methods. The structures of the
clean low-index surfaces and of two adsorbate phases are
displayed in Figure 23. It is pointed out, however, that the
chemisorbed molecular nitrogen and chemisorbed ammonia
have not yet been studied by surface structural methods.
This lack of information is indication for the difficulty to
prepare these adsorbates in a form suitable for analysis
[108] which points to the limited stability of these
intermediate products in the whole process.
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Table 3: Structural parameters of iron single crysta
surfaces and related chemisorption-systems (All distances
aregivenin pm).

Surface 100 | 110 111 N H

coverage | bare | bare bare 0.5 0.5

LEED 1x1 | 1x1 1x1 c(2 | (2x
pattern X2) 1)

surface pdm | cmm p3ml pdm | pm
symmetry

relaxation | 95.1 | 100.5| 834% |107.7| 99.0
layer 2 % % % %

relaxation | 104.9|1100.0| 90.7% | 100.0 | 100.0

layer 3 % % % %
relaxation | 100.0 [ - 104.0 % - -
layer 4/5 % 97.9%

shell 1 2468 [ 2485| 2354/1 |175.1|1815
14 13 11 11

shell 2 284.3 (249.4| 244.3/2 |204.3|246.5
11 12 11 11

shell 3 286.6 [ 286.9| 279.4/2 |254.4|247.8
13 11 2 11

shell 4 403.7 | 287.7| 394.9/2 |286.3|248.0

13 1 /3 /3
shell 5 4053 | - 405.4/3 |297.0|284.3
2 11 11

The neighbouring shells refer to an atom in the
top iron layer. The integers indicate the number of atoms
on each shell (may be incomplete due to surface
termination). The data are taken from the NIST structural
data base SDD.
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Figure 22 reveals that the three most densely
packed faces of bcc iron exhibit the atomic arrangement
corresponding to termination of the bulk structurei. e.
without reconstruction. The side views show that the (100)
and (110) faces are closed surfaces with limited roughness
whereas the (111) face is an open surface with considerable
regular surface atomic roughness. A particular feature of
the zigzag termination is the exposure of highly co-
ordinated iron sites at the bottom of each valley. These sites
having 7 nearest iron neighbours were termed as C7 sites
[16,49, 109]. These sites which are a regular ingredient of
(111) faces were identified in model studies [53,
163,110,111] as particularly active in ammonia synthesis.

The structural details and hence the electronic
interactions are affected in different ways by the
termination of the bulk. The iron-iron distance in the top
layers is different from the bulk value (taken as 100%
reference in Table 3) and is also different on different
surface planes. The (111) plane exhibist the largest
variation in interatomic distances due to its open character.
It is further of interest to compare the analysis of the
nearest neighbours in the structures between each other and
with the bulk interatomic distance of 250.0 pm. The (110)
plane exhibist the smallest deviations from bulk values
whereas the (111) surface is again in this respect
significantly different from the bulk structure. Bond
distance variations of up to -6% relative to the bulk value
may be taken as safe indications for a significantly
modified surface electronic structure relative to the bulk
situation. The next-neighbour distance of the top layer
atoms in the (111) structure is with 235.4 pm shorter than
in the bulk whereas the neighbour distance for the C7 atom
is with 248.3 pm close to the bulk value. The minimal
difference to the bulk metal value indicates that the local
electron density is at this site the largest for al types of
surface atoms on iron which is in line with the highest co-
ordination number.

The H/Fe(110) system forms a series of ordered
structures at low temperatures. The top structure in Figure
23 represents the case of a half-covered surface which is
characterised by alternate rows of hydrogen atoms sitting in
the threefold hollow position. At full coverage each row
running in (100) direction is covered. The hydrogen atom
occupies thus a high co-ordination site without, having,
however, a close contact to the substrate as can be seen
from the side view in Figure 23. The bonding is not central
over the threefold site as follows from the different Fe - H
bond distances of 175 and 181 pm. All this and the fact that
the sum of the atomic radii of the Fe - H interaction is with
162 pm significantly smaler than the observed values
indicate a complicated covalent interaction reflecting the
modifications of the surface electronic structure of iron in
its interaction with the hydrogen 1 s states. The observation
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that the distance of the top iron layer to the second layer
increases by 7.2 % illustrates that the bonding involves a
fractional charge transfer from the iron valence band into
the hydrogen 1s states forming a ,hydride” species. The
situation is similar as with other metal hydrogen systems
[112] and has also been studied theoretically [113,114].
The well-defined and non-dense arrangement of the
hydrogen atoms indicates that besides the dominating
adsorbate-to-substrate interaction there must also exist
interactions between the hydrogen atoms which were
deduced from theoretical considerations [115] to be of the
order of 5 kJmole hydrogen compared to the sorption
energy of 109 kJmole [116]. This small difference in
energy explains why the long-range order disappears above
ca. 200 K. This means that at ammonia synthesis conditions
the hydrogen atoms are not present in a regular array but
are highly mobile on the surface, a conclusion which isin
line with the experience from other metal-hydrogen
systems [112]. The structure in Figure 23 has to be
considered as the frozen configuration at low enough
temperatures.

This is rather different for the iron-to-nitrogen
interaction. The sructure of Figure 23 bottom for N/Fe(100)
persists up to fairly high temperatures (600 K) [27]. At
maximum coverage of 0.5 the nitrogen atoms are located in
fourfold hollow sites. The side view indicates that the
atoms are situated beneath the neighbouring atoms and
form rather a sub-surface species than an adsorbate. The
small nitrogen atoms with 60 pm diameter fall into the
hollow site and interact strongly with the second iron layer
as well as with the surface layer. This is reflected by the
short Fe-N distances of 175.1 pm to the second layer and of
204.3 pm to the top layer. This strong interaction increases
the top layer expansion beyond the value of the bare iron
surface. The nature of the nitrogen-to-iron bonding is
anisotropic with a strong direction along the , molecular”
axis and a weaker interaction perpendicular to it. The sum
of the atomic radii is 196 pm classifying the bonding
together with the anisotropy as covalent. The top view of
the Fe N system in Figure 23 exhibits many structura
similarities to iron nitrides (see Figure 5). A section
through the unit cell of Fe;N aong the (002) plane exhibits
the same atomic arrangement and similar interatomic
distances as the surface compound described in Figure 23.

24.5.2. Energetics of chemisorption of hydrogen and
nitrogen

The interaction of molecular hydrogen with metal surfaces
leads even at low temperatures to dissociation and
chemisorption of hydrogen atoms [112]. On Fe (110) it was
found that the process occurs directly without a molecular
precursor of detectable residence time and energetics. The
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overall activation barrier for the formation of atomic
hydrogen was determined to be 3 kJmole [117]. The
chemisorption energy for hydrogen was determined on
polycrystalline films [25] and on single crystals. It was
found that the value was strongly dependent on coverage
which was traced back to both surface heterogeneities and
the hydrogen-hydrogen interaction. Initial chemisorption
energies of 109 kJmole, 100 kJmole and 88 kJ/ mole for
Fe (100), (110) and (111) were determined [116]. The
chemisorbed hydrogen recombines and desorbs from iron
below 500 K [116]. This would imply that under
conditions of ammonia synthesis the desorption process is
so efficient that the sorption equilibrium will determine the
surface concentration of atomic hydrogen. This result was
derived under the assumption that UHV data are
compatible not only with the temperature of ammonia
synthesis (about 700K) but also with the pressure (100 bar
relative to 10° mbar) and that no pressure-induced phase
change occurs for the hydrogen-iron system. The covalent
nature of the iron-hydrogen bond which was deduced from
structural arguments is compatible with the chemisorption
energy and the detection of a bonding state in the Fe-H
valence band at about 5.5 €V below the Fermi edge [116].
Theoretical considerations [118] and the experimentally
found small dipole moment [116] are further confirmation
for a complex bonding interaction of atomic hydrogen with
iron.

The interaction of nitrogen with iron is
significantly more complex both in terms of the number of
species involved and in the nature of the Fe-N interaction.
Four states of nitrogen have to be considered. At low
temperatures two molecular precursor states for
dissociative chemisorption have been identified. At high
temperatures the migration of atomic nitrogen under the
surface forming a sub-surface nitride species and eventually
a bulk nitride has to be considered. This may transform the
surface from a bare iron into airon nitride and hence affect
all surface electronic and even geometric properties.

The most weakly held molecular species can be
prepared by exposure of iron to dinitrogen at temperatures
below 80 K. At 100 K a thermal desorption peak labelled
gamma state is observed which occurs both at single crystal
faces [119] and on polycrystalline iron foil [25]. The
chemisorption energy was found to be independent of the
surface structure and was determined as 24kJmole on
single crystals [120] and 21 kJ¥mole on iron foil [25]. The
sticking coefficient of molecular nitrogen into this state was
found to be remarkably high with 0.5 [120] allowing
detailed studies about its bonding mechanism using
photoemission (XPS, UPS) and high resolution electron
energy loss spectroscopy (HREELS). In XPS the gamma
state is characterised by a complex spectrum of two broad
lines at 4059 eV and 401.2 eV for nitrogen 1s
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photoemission [121]. These two lines were assigned to
different species in earlier work [122] but could be traced
back to the edge-on bonding geometry [123] causing a
chemical inequivalence of the tow nitrogen atoms in the
molecules which affect the spectroscopic core hole
relaxation mechanism and hence cause the two peaks as
final state effect [121,119,123]. In HREELS a N-N
stretching vibration of 2100 cm ™ was found which is close
to the value of the free molecule with 2194 cm™. The
chemical bonding between iron and nitrogen is so weak
that even the molecular Rydberg states of the free
molecules could be observed with X ray absorption
spectroscopy [108].

If the iron (111) surface is exposed to molecular
nitrogen at 100 K a different molecular chemisorption state
designated as apha state is observed desorbing at 150 K.
Its formation is more difficult to see as the sticking
coefficient is with 102 much lower and its preparation
requires a clean and in the bulk nitrogen-saturated iron
substrate [124,27]. The chemisorption energy was found to
be 31 kJ/moale, in XPS the nitrogen 1s line shifts drastically
to a narrow emission at 399.0 €V and in HREELS a
frequency shift of the N-N stretch vibration to 1490 cm-1
was observed [121,125]. These spectroscopic observations
point to the existence of a nitrogen molecule interacting
with both atoms with the iron substrate. This side-on
configuration is found in only few molecular analogues
preferably with electropositive main group elements such
as Li organyl compounds. There N-N stretching vibrations
of 1600 cm® and N-N- bond distances of 135 pm
(significantly eleongated compared to 109.8 pm in gaseous
di-nitrogen) were described [126]. The iron nitrogen
interaction lowers the bond-strength in the molecule and
allows for a pi bonding interaction [2] with the iron d-
states donating electrons in anti-binding molecular orbitals.
Angular resolved UPS-data [127] and theoretical
considerations [121] support the picture of a pi-acceptor
bonding between iron and nitrogen requiring a strong
inclination of the nitrogen molecular axis relative to the
surface normal. In this geometry the molecule comes into
an intimate contact to the electron-rich iron C7 sites which
can donate the electrons for the bonding. This idea is of
great importance as it provides the understanding of the
mode of operation of the catayst. The C7 sites of iron are
capable of activating chemisorbed molecular nitrogen by
lowering the nitrogen-nitrogen bond order when occupying
the pi-acceptor states. The binding ensemble comprises
several atoms and does not contain only the most exposed
top surface atoms. The specific spatial requirements further
can explain the observed structure sensitivity of ammonia
synthesis which was found to operate best with particles
exhibiting the (111) orientation [64,3,128,53]. It is
interesting to note that theoretical considerations predict
for molecular model complexes a reduced stability for the
side-on complex than for the end-on complex due to the
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smaller energetic effect of the pi-back-donation interaction
compared to the sigma donation interaction requiring the
end-on geometry [129]. This prediction is well in line with
the experimental observations and with the notion about
therole of an alkali promoter.

If the (111) surface covered with alpha nitrogen
is warmed up, in parallel either desorption from the
molecular state or dissociation takes place. The adsorbed
nitrogen atoms thus formed may recombine and desorb as
beta state around 800 K [26, 27 In XPS asingle line at 397
eV is observed [121] which is also characteristic of metal
nitrides. The formation of this atomic species (no N-N
stretching vibration in HREELS, single UPSN 2p line at 5
eV below the Fermi edge) is associated with drastic
structural rearrangements of the iron substrate as seen by
series of complex LEED patterns [26,385] which did not
occur on Fe (100) even upon drastic exposure to nitrogen.
On this latter surface the nitrogen atoms can directly be
corporated into the top atomic iron layer as discussed
above. The complex rearrangements and the observation
[25] that stepped surfaces restructure into complex facets
point to a strong iron-atomic nitrogen interaction with a
nitride bonding which transforms a given iron surface into
the (111) geometry for an optimum spatial arrangement.
The resulting surface structure is a section of the bulk Fe;N
structure which is stable under high virtual pressures of
atomic nitrogen (compare the low sticking coefficient of
beta nitrogen) and was termed as surface nitride [26, 130].
Using isotope labelling experiments it was shown [26,385]
that the surface atomic nitrogen can exchange with a
reservoir of bulk atomic nitrogen implying that sub-surface
nitrogen species will also be present under stationary
ammonia synthesis kinetics. This is of interest in the light
of the long known observation that iron nitride is an
inhibitor for ammonia decomposition [29].

Table 3 summarises some characteristic
properties of the surface species of adsorbed nitrogen. The
data are collected from the litereture cited above and refer
to the (111) plane as substrate without any promoter
present. The table also includes some data on sorption
kinetics which will be discussed below. For a better
orientation the collection of datais given at this point.

Preprint of the Department of Inorganic Chemistry, Fritz-Haber-Institute of the MPG (for personal use only) (www.fhi-berlin.mpg.de/ac)



Ammonia Synthesis in Handbook of Heterogeneous Catalysis

Table 3: Some characteristic properties of adsorbed
nitrogen species

Species g a b nitrogen
nitroge | nitrogen
n
bonding molecul | molecula atomic
ar r
geometry end-on | side-on | reconstruction
of substrate
N-N stretching 2100 1390 450 *
vibration (cm™)
saturation 5.8 1.16 FeyN type
coverage pmole/ | mmole/ | surface nitride
m? m?
desorption 90 160 860
temperature (K)
sticking 0.7 10 107
coefficient

* Fe-N vibration

2.15.3 Structure and energetics of chemisorbed
ammonia

Under conditions of low-pressure studies the equilibrium
partial pressure of ammonia at elevated temperatures is so
low that it is not possible to study its properties in the
adsorbed state. At high pressures its abundance on the
catalyst surface is high and blocks reactive surface sites.
This leads to negative formal reaction order of the technical
reaction in ammonia. In addition, the promoting effect of
potassium was attributed to a lowering of the desorption
energy for ammonia reducing thus the negative formal
reaction order. For these reasons the interaction of
adsorbed ammonia with single crystals of iron was studied
in great detail.

Below room temperature ammonia chemisorbs
without dissociation on clean iron single crystals. From
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LEED data a structural model for the adsorption geometry
was derived [31,30] which dtill lacks quantitative
confirmation. Ammonia is bound to iron through the
nitrogen atom. On the (110) face it is positioned above the
4-fold hollow site (see Figure 22). In this position orbital
contact is possible between the Lewis base nitrogen (sigma
lone pair) to the d-states of the conduction band of iron.
The Fe-N bond was identified from HREEL S data to occur
a 420 cm* [131] which may be compared to the Fe-N
bond from beta atomic nitrogen on Fe(111) with 450 cm*
[121]. Such abonding interaction is aso known from many
amino complexes which are all of the sigma donor type.
Theoretical investigations of this interaction [132] on an
amino iron complex also suggest that the main bonding
interaction occurs through the lone pair orbital which was
observed in UPS to shift upon bonding relative to the
sigmaN-H orbital by about 1 eV [30].

The chemisorption energy of ammonia was found
to depend sensitively on the surface orientation
[31,30,111]. Its average value of 70kJmole is indication
for the strong iron-nitrogen interaction. The relevant
desorption traces which can be used as probes for the iron
surface orientation are shown in Figure 24. All peaks
exhibit a feature at about 675 K (exact values: 658 K(110),
661 K (100), 676 K (111), 676 K (211)) characteristic of
low-coordination surface sites. The open surfaces (111) and
(211) show a complex low-temperature peak structure (495
K to 560 K) which was assigned to chemisorption on the
high-co-ordination sites. This trend is in agreement with
the bonding mechanism as the electron-rich high co-
ordination sites will be poorer acceptors for the sigma
donor bond of ammonia than the low-co-ordination surface
atoms. The desorption of ammonia occurs within the
temperature window of the ammonia synthesis which isin
line with the observed self-poisoning in the kinetics.

In an earlier study quite different results are
reported. These authors [31] also state the same qualitative
TDS profiles but report complete desorption below 320 K.
Even at 160 K ammonia was reported to dissociate slowly
into N and H. The process was found to be inhibited by
pre-adsorbed atomic nitrogen. Further it was reported that
high temperature annealing in ammonia caused significant
facetting of the (100) plane into complex orientations. The
observations imply that ammonia reacts with the iron
substrate under modification of the geometric and
electronic structure. Under practical reaction conditions
these effects will be even more dominating as the
temperature window of the observations in the single
crystal system is of practica relevance and the partia
pressure of ammoniais in the range of atmospheres and not
in the range of a fraction of 10°® of this as in the model
experiments. A different degree of nitridation of the iron
single crystals (from the sequence of experiments) may also
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explain the discrepancy in the temperature scale of the TDS
datareported in the literature.

The desorption of anmonia |leaves the surface not
clean but causes decomposition into several products and at
temperatures above 650 K to noticeable formation of iron
nitrides [130]. The first intermediate and highly unstable
decomposition product was identified by isotope labelling
to be NH2. Above 325 K the NH species was identified on
Fe (110) [30]. This species is significantly more stable and
was characterised with a variety of techniques including
SIMS [130]. Monitoring the various fragment intensities
allowed to see that very little NH2 was present on the
surface at any temperature whereas with raising
temperature adsorbed NH grew up on the account of NHs.
At 375 K a sharp cut-off in the NH intensity indicates the
raising activity of the iron surface for complete
dehydrogenation of NH; to N and H. The hydrogen
recombines and desorbs below 500 K whereas the atomic
nitrogen remains stable on the surface up to 700 K. This
large difference in stahility explains the observation that
the decomposition of ammoniais limited by the desorption
of nitrogen atoms which was found in several model
studies and with polycrystalline catalysts at steady state
conversion [133,134,29].

2.1.5.4. Kinetics of nitrogen chemisor ption

These experiments are a corner stone in the attempt to
understand ammonia synthesis as it was found from
macrokinetic modelling as well as from model experiments
that nitrogen dissociation is the slowest step in the
sequence of reactions leading to ammonia. Several surface
science experiments have revealed a great deal of
quantitative knowledge about this unusualy complex
process but a full understanding of the molecular dynamic
processes is required in order to ensure that the
experimental data obtained at rather specia conditions can
be safely extrapolated to other conditions over awide range
of parameters and that the observations do not represent
special cases caused by the idealised conditions of e. g. gas
flow conditions or heat transfer between gas and solid
surface.

The fundamental results of chemisorption
isotherms of atomic nitrogen on iron single crystals are
displayed in Figure 25. The data were obtained at 693 K
crystal temperature using a gas dosing pressure of 4x10*
mbar and Auger electron spectroscopy as detection
method. Care was taken to consider the presence of of
dissolved N atoms in these model experiments [26,27]. The
samples had to be pre-nitrided before reproducible sorption
isotherms could be obtained. Any pre-activation of the
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molecular nitrogen by eqg. slow electrons from hot
filaments were carefully avoided. Of course, full protection
of the system from adventitious CO and oxygen was
required which was achieved by the long experiment time
(years) in which the UHV system pumped only nitrogen
and hydrogen.

The sticking coefficient of atomic nitrogen is very
small and depends markedly on the crystal orientation.
From the slopes of these curves initia sticking coefficients
of 7x10°® (110), 2x107 (100), 4x10°° (111) at 683 K were
determined. The sticking coefficient raises by two orders of
magnitude upon changing the surface structure from the
densely packed (110) to the open configuration (111) (see
Figure 22). It is most significant that exactly the same
dependence of the ammonia synthesis turnover frequency
was found at 20 atm pressure with single crystals [76]. A
constant ratio between the two quantities clearly reveals the
direct correlation between atomic nitrogen abundance and
ammonia turnover frequency athough a pressure gap of 5
orders of magnitude lies between the two sets of kinetic
data. In the high pressure work also other surface
orientations exhibiting C7 sites were tested for ammonia
synthesis activity but the (111) orientation exhibiting
exclusively two adjacent rows of C7 site in the surface (see
Figure 22) was found to be the most active surface plane.
Measurements of the sticking coefficient on technical
catalyst samples arrived independently [95] at a value of
1x10%. The reason for the variation of the sticking
coefficient were traced back to a variation of the activation
energy for chemisorption ranging at initial coverage from
27 kJmole (110), 21 kI mole for (100) and O kJ/mole for
(111). It is noted that these values for initial adsorption
increase significantly for higher coverage by about a factor
of 2 for 5% coverage [26]. In remarkable contrast are the
activation energies for desorption of nitrogen which were
determined from an anaysis of TDS data. They are aso
dependent on crystal orientation with values from 234
kJmole (110) over 242 kJ/mole (100) to 213 k¥mole (111)
[27].

It was concluded that the molecular apha
nitrogen acts as precursor for the formation of atomic
nitrogen. The situation which was analysed quantitatively
for the (111) surface [124] is schematically represented in
Figure 26. The relevant numerical values for the kinetic
constants are collected in Table 4.
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Table 4. Kinetic parameters of nitrogen chemisorption on
Fe (111) in the limit of low coverage.

Pre- Activation
exponential (s?) energy (kJymole)
10t 0
ads
10%° 31
des
10° 146
rec
10’ 28
dis

The dissociation of molecular nitrogen proceeds
through a weakly held molecular precursor (alpha nitrogen,
sticking coefficient 102 ) and then across an activation
barrier into the atomic state. The difference between the
desorption energy of the precursor and the activation
energy for dissociation which is designated in the Figure as
E* determines the overall chance of adsorbed molecular
nitrogen to remain as atomic species on the surface relative
to its desorption back into the gas phase. The experimental
value for E* on the (111) surface was found to be -3
KJmole. The ratio of desorption to dissociation is about
10 explaining together with the sticking coefficients of
alpha nitrogen of 10 and that of gamma nitrogen which is
the precursor to the rate-determining precursor of 10 the
overal low dticking coefficient for dissociative
chemisorption. The choice of the apha nitrogen structure
as precursor to the reaction intermediate is strongly
supported by the structure-sensitivity of the sticking
coefficient. Only the alpha species reacts sensitively on the
local geometry of the adsorption site and will bind strongly
(lowering the E 4 value in Figure 26) on open surfaces
exposing electron-rich C7 sites.

The parameters for the recombination of atomic
nitrogen indicate the strong interaction of this species with
the substrate and illustrate that once the nitrogen is in this
deep potentiadl  minimum then the subsequent
hydrogenation is kinetically facile compared to
recombination and desorption.
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A comment is needed on the numerical accuracy
of the data in Table 5. Besides more trivial problems with
co-adsorption and the integrity of surface orientation some
more subtle effects affect the validity of the data. First it
was found by isotopic exchange reactions [26] that with
increasing temperature the contribution of sub-surface
nitrogen to the TDS signal increases which changes the
LSurface under study from a two-dimensional object into a
three-dimensional object with a thickness depending on
temperature, pre-history (filling of the bulk) and heating
rate (diffusion kinetics). In addition, the detection method
AES is less surface sensitive than the detection method of
work function change, which in turn is difficult to calibrate
in terms of amount of nitrogen desorbed. The comparison
of the response of work function change and AES signa
yielded a proportionality for the (100) face but a function
of temperature for the (111) face indicating the operation of
a structural effect which could be seen as facetting in
LEED observations. All these points which were well-
discussed in the origind work have to be taken into
account when estimating error bars.

The combined studies of ammonia synthesis
[109, 110] and chemisorption of nitrogen [26,27, 124] on
severa faces of iron single crystals yielded an internally
consistent picture about the mechanism of ammonia
synthesis which can explain on an atomic level the nature
of the rate-determining step, the mode of action of the
catalyst and the structure-sensitivity of the reaction found
in severa model studies on polycrystaline catalysts. In
addition, the data were proportional for various surface
orientations over 5 orders of magnitude in nitrogen
pressure suggesting that the kinetic data of the UHV model
experiments should be suitable explain the high pressure
kinetic data at least over single crystals. To extend the
validity of such a quantitative model the following
assumptions must be made:

- The surface structure of polycrystals and single
crystals must be essentially the same ((111) patches on the
polycrystalline catalyst)

-The effect of the akali promoter on the
elementary steps must be understood (and the contribution
of al the other promoter species present must be excluded).
A set of experiments with alkali promoted single crystalsis
needed.

-No qualitative change in the rate-determining
step as function of pressure must occur. Polycrystallinity or
possible different surface electronic structures may not
interfere with the energetics and kinetics of the molecular
and atomic nitrogen species.
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- The inhibiting effect of the product ammonia
has to be taken into account. At high conversions a
significant site blocking effect will affect the experimental
turn-over.

-Under practical reaction conditions all reactions
except the rate determining step are to be treated in
equilibrium requiring a second set of kinetic data for the
backward reactions.

The key process of dissociative nitrogen
chemisorption was tested for its dependence on the kinetic
energy of the incoming molecules. The idea was that the
precursor model may be valid only as alimiting case at low
kinetic energies of the gas molecules and the sticking
coefficient could be significantly different at higher energy
contents of the nitrogen molecules. In conventional
theories[135] of dissociative chemisorption with low
overall probability the barrier for the atomic state lies
above the energy of the unbound molecule as sketched in
Figure 26 top. The case of nitrogen on iron is specia, as
the bottle neck is not only the dissociation but the
formation of the precursor. With increasing energy of the
molecules the bottle neck will become more important but
the process of dissociation might be facilitated.

In a series of molecular beam experiments [136]
with molecular nitrogen and Fe (111) at 520 K the kinetic
energy of the nitrogen molecules was varied in the range of
0.05 eV to 5 eV by varying the nozzle temperature between
300 K and 2000 K. A dramatic change of the sticking
coefficient from the value determined by the conventional
technique up to about 0.1 at about 3 eV kinetic energy was
observed. This observation alone would cast doubt on the
relevance of the precursor state for the overall process and
a direct pathway from molecular to atomic nitrogen could
be deduced. In a further series of experiments at constant
kinetic energy the crystal temperature was varied and a
significant increase of the sticking coefficient was found
with decreasing temperature. This observation is in even
quantitative  agreement  with  the  conventional
chemisorption experiments [33] and implies that even at
kinetic energies which are high relative to the practical
ammonia synthesis temperature the substrate temperature is
of importance which can be seen as a strong argument
against a one-step dissociation model. With a combined
sorption and desorption experiment it could be shown that
the apha state identified in the conventional chemisorption
experiments is aso involved in the variable kinetic energy
chemisorption. Moreover, the sticking coefficient into the
alpha state was shown to increase with increasing kinetic
energy from 0.05 at 1.0 eV t0 0.12 at 3.9 eV and a crystal
temperature of 120 K. Further evidence against a one step
mechanism is the observation that the saturation coverage
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in nitrogen is not dependent on the kinetic energy of the
molecules as it was observed for the one-step dissociation
of nitrogen on W (110) [137,138]. Keeping in mind that
even at the most dense atomic nitrogen structure observed
(see Figure 23) would allow for a more dense atom packing
in the adlayer form geometric arguments, it was concluded
that the atoms forget about their energetic history as they
are formed over the energy barrier from the precursor state.
The specific suitability of the (111) orientation of iron for
the precursor mechanism is further illustrated by the fact
that the same molecular beam experiment with variable
kinetic energy using Fe (110) as target did not bring about
the strong variation of the sticking coefficient with kinetic
energy [139] which is a strong argument against the one-
step mechanism

In summary, the series of molecular beam
experiments strongly support the view that the precursor
mechanism of nitrogen chemisorption will aso hold under
practical synthesis conditions. The authors of ref. [136]
conclude from the dependence of the sticking coefficient
on kinetic energy of molecular nitrogen that not only alpha
nitrogen but possibly other specific configurations with a
modified chemisorption energetics are also involved as
precursors. The molecular beam studies do not, however,
give any evidence for the one-step mechanism or other not
precursor-mediated pathways of nitrogen dissociation as it
was incorrectly concluded in an account on the nature of
nitrogen dissociation [140].

2.1.5.5.The effect of the potassium promoter

Understanding the effect of the electronic promoter alkali
(exemplified for potassium as the most studied species) on
the elementary steps of ammonia synthesis [141,46] is a
further prerequisite to extrapolate surface science data into
macrokinetic models. The surface of an activated catalyst is
covered with significant amounts of alkali [82, 92, 94, 93]
and it is known since early days [46, 142] that this
coverage is very beneficial for the catalyst performance as
it modifies various steps in the sequence of elementary
reactiong[11,143,144, 125] in the overall process. The
phenomenon is rather common in catalysis and has
provoked alarge body of theoretical and experimental work
[145].. Although it was shown that under reaction
conditions the catalyst must contain a unique surface
oxygen-alkali species (,K+0") [146,147] the fundamental
study [148] was done with pure potassium on iron single
crystals and the effect of the presence of essentia
stabilising oxygen was concluded to be of quantitative
rather than to be of qualitative nature (it decreases the
efficiency of the promoter which is in agreement with
model studies under practical reaction conditions [149]).
The results described here are supported without a detailed
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discussion by a body of spectroscopic work on the
K+O+Fe interaction [150,151].

The presence of fractions of a monolayer of
potassium cause the occurrence of a second desorption
feature for the alpha nitrogen molecule which is more
tightly held with a difference in chemisorption energies
from 31 kJmole for bare Fe (111) to 48 kJmole for
potassium covered iron. A comparison of TDS data and
LEED measurements for Fe (100) and Fe (111) leads to the
following conclusion:

-With increasing K coverage the abundance of
the new apha 2 species grows on the expense of the
original alpha 1 form.

-Both species adsorb and desorb independently
and do not exchange during the heating of the TDS
experiment.

-The energetics of the atomic N species is
qualitatively not affected by the presence of potassium
besides a site blocking for large potassium coverages. In
particular, the structural ordering of the Fe-N system is not
changed by the randomly adsorbing potassium. This
implies that the kinetic effect of the potassum on N,
adsorption is exerted on a different adsorption site than the
final binding of the resulting atomic nitrogen.

- The sticking coefficient for atomic nitrogen on
Fe (111) is raised by a factor of 8 to a value of 4x107 for
initial coverage.

-The structure  senditivity  of  nitrogen
chemisorption is lifted upon potassium exposure. The
sticking coefficient on Fe (100) and Fe (111) were found to
be equal resulting in an enhancement factor of 280 for Fe
(100).

-Work function change measurements indicate
that potassium interacts strongly with iron being
transformed in a cationic species. The iron-nitrogen
interaction remains dominant but there is also a potassium-
nitrogen interaction levelling off the absolute work
function differences on different crystal planes which isin
agreement with the identical desorption energy of the alpha
2 state in TDS experiments.

32

These findings were interpreted in [148] in the
following way. Alkali chemisorption increases the local
electron density around its adsorption site by charge
donation into the conduction band of iron. In their vicinity
the bond strength of the alpha nitrogen-iron interaction is
increased resulting in the apha 2 state. Whereby
simultaneously the N-N bond is weskened and the
activation barrier for dissociation is lowered. The N atoms
formed may diffuse away from there sites and eventually
spread over the entire surface.

In the context of the precursor model of nitrogen
dissociation the different sticking coefficients on Fe (100)
and Fe (111) can be rationalised as sketched in Figure 26.
The positive activation barrier describes the reaction on Fe
(100),whereas the negative activation barrier belongs to the
Fe (111) orientation. If for the case of positive E 45 the
value of E 4 is increased by the presence of potassium
(increased electron density at the iron binding sites) and the
potassium nitrogen interaction is weak enough not to
modify the shape of the potential curve then the lowering
of the desorption energy will bring down the point of
intersection of the potentials for the molecular and the
atomic state resulting in alowering of the activation barrier
for dissociation E .

The complication that the alkali promoter is not
present in its pure form but as a co-adsorbate with oxygen
is not only unavoidable by the enormous affinity of finely
divided alkali towards oxygen [152] but is essential to keep
the promoter on the surface. Thermal desorption following
co-adsorption reveas [ 146]a stabilisation from a maximum
rate of desorption of 550 K (terminating at 900K) to 750 K
(terminating above 1000K). The stabilised form is thus
likely to remain stable under practical reaction
temperatures. The spectroscopic analysis [151,150] reveds
that the interaction of oxygen is primarily with iron which
classifies the oxygen as a co-adsorbate and not as a
potassium oxide or hydroxide. These findings are rather
similar for al crystal orientations of Fe and also hold well
for polycrystallineiron foil. At alkali coverages below 10%
of a monolayer the akali is chemsiorbed more strongly to
the surface [150,146] as consequence of the strong
electronic interaction with the substrate at low coverages
[145].

In a thorough theoretical analysis of the akali
effect [153, 154] it was shown that in agreement with the
experimental facts described the iron-potassium interaction
is of alocal electrostatic character and not a covalent long-
range interaction with re-hybridisation of the alkali s states
with the iron d states. Consequently, there is no qualitative
difference to be expected if the actual surface situation is
not Fe+K+N but Fe +K+N+O+NH; . Oxygen will compete
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with the less electronegative nitrogen for the extra electron
density and thus reduce the total extra electron density
avalable for enhanced alpha nitrogen bonding. This
explains the observation of an overproportional decreasein
nitrogen sticking coefficient with oxygen coverage of the
Fet+K system [146] in contrast to the linear site blocking
behaviour found for bare iron [155]. At the coverage ratio
between potassium and oxygen of about 1:1 where the
promoter remains stable on the surface under practical
reaction conditions the electronic promoting effect
measured by the initial sticking coefficient has reduced
from afactor of 8 for Fe (111) to afactor of 2.

The local character of the electronic modification
of iron at the potassium adsorption site is such that it does
not affect the nitrogen atoms which are strongly
chemisorbed into the top iron surface plane. Would the
bonding enhancement also act on atomic nitrogen the
promoter effect could well be detrimental as it would
contribute to a decreased surface mobility and thus site
blocking of atomic nitrogen. This requirement isfull in line
with the potential diagrams calculated for the iron-
potassium interaction [153].

The situation with the co-adsorbed ammonia is
characteristic for high pressure operation where the
abundance of ammonia and of eventua partly
hydrogenated precursor species is significant. The
relevance of this additional promoter action can be deduced
from the practical observation [47,3] that the potassium
promoter action drastically increases with total educt
pressure. In low-temperature ammonia TDS experiments
[156] it was found that a potassium co-adsorption of about
0.1 monolayers reduced the desorption maximum of
molecular ammonia by 40 K to below 300 K. Higher
abundances of (nominally oxygen-free) potassium loadings
create a new desorption feature at 185 K on the expense of
the original broad signal below 300 K. This result was used
to infer a destabilisation of the chemisorption of ammonia
which should reduce the self-poisoning effect at high
conversions.

The assumption was tested in a series of
conversion experiments with (111) and (100) single
crystals at 20 bar pressure. A nominal half monolayer of
K+0O was pre-adsorbed and tested to remain present under
synthesis conditions. The conversion was found to be
enhanced by 30% for normalised surface areas relative to
clean iron. The structure sensitivity was not lifted as in the
nitrogen chemisorption experiments. No noticesble effect
of the presence of potassium on the activation energy for
ammonia synthesis was found. The reaction order in
ammonia was found to change from -0.6 to -0.35 by the
presence of the promoter. These findings [156] were used
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to infer that the promoter does not modify the elementary
step of ammonia synthesis but rather removes site blocking
by the product ammonia. These results are in qualitative
agreement with similar observations on a polycrystalline
catalyst [147].

The reduced effect of alkali under conversion
conditions relative to nitrogen and hydrogen chemisorption
[148,33] may be due to the damping effect of co-adsorbed
oxygen. The destabilising effect of alkali on ammonia
adsorption may be of relevance in situations where very
few active sites are available. This situation is typica for
the single crysta catalysts which are extremely poor
catalysts in terms of efficiency (the ratio between
equilibrium conversion and measured conversion) as can
be seen from the overall small negative value of the
reaciton order in ammonia. If cataysts become more
efficient the effect of creation of additional precursor sites
for nitrogen activation (the alpha 2 site) may be important.
Such a mode of action would be full in line with the
conjecture that a distribution of precursor geometries exist
for nitrogen activation at finite kinetic energy of the
nitrogen molecules [136]. The very detailed experimental
and theoretical studies of the akali promotion have
revealed a whole suite of possible mode of actions which
are al valid in the context of their respective reaction
conditions without being able to pin down their relative
importance under practical conditions. The analysis of
kinetically controlled practical processes by model studies
which are bound to be far away in their reaction conditions
(kinetic parameters, not temperature and pressure) finds its
limits as both the pressure and material gaps preclude
kinetic extrapolations on the basis of observations.

2.1.6. Nitrogen chemisorption with polycrystalline
substrates at elevated pressures

2.1.6.1 Modd studies

The nature of the substrate surface under reaction
conditions appears top on the list of possible interferences
in extrapolating the single crystal data to polycrystalline
catalysts. The following considerations were put in this
separate section as under high pressure synthesis conditions
the as yet small effects of nitrogen incorporation into the
iron lattice will increase significantly. No direct theoretical
or experimental data are available as yet to study the
possible consequences on the reaction mechanism. For this
we have to resort to related observations under still low-
pressure conditions which indicate, however, the
possibility that the nitrogen incorporation into iron which
isarea high-pressure effect may modify our present notion
about the mode of operation of the catalyst.
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Even under the conditions of the model
experiments with iron single crystals it was found that a
metastable nitride forms their surface rather than pristine
iron. The presence of the nitrogen atoms causes strain in
the lattice and modifies thereby the substrate electronic
structure [157]. Lattice parameter anomalies were aso
found with the technical catalyst. Effects of strain on the
chemisorption behaviour were reported for Cr (110) layers
which became highly active in dissociative nitrogen
adsorption at 80 K which is not found on perfect (Cr 110)
surfaces [158].

In a series of chemisorption experiments of
differently strained iron (110) films on W (111) combined
with ARUPS detection of the nature of the adsorbed
nitrogen [105] it was found that unstained iron films are
fully inactive in full agreement with the single crystal data.
As strain increases with decreasing film thickness the
amount of molecular nitrogen increases drastically. From
ARUPS it could be shown that the species was gamma
nitrogen, whereas the TDS characteristics indicate a
distribution of sites with a chemisorption energy of about
alpha nitrogen. The presence of flat lying molecules was,
however, conclusively ruled out for al films investigated.
Unexpected was further the observation that nitrogen
dissociation began aready at temperatures as low as 80 K
as reveded by the very sensitive tool of synchrotron
ARUPS [127]. The films were fully converted into nitrides
already at 300 K exhibiting the LEED pattern of the nitride
structure in Figure 23. The nitride exhibits the same
thermal stability as atomic nitrogen on single crystals.
Unstrained (110) films are almost inactive even at 650 K
towards nitridation even at drastic exposures. Most
remarkably, the nitrided surfaces are fully inactive for
chemisorption of further molecular nitrogen. The surfaces
are passivated in the absence of hydrogen which chemically
removes the site blocking nitrogen atoms.

These results suggest that in full agreement with
the concept of adistribution of precursor geometries arising
from the analysis of the molecular beam experiments not
only alpha 1 and alpha 2 nitrogen but also gamma nitrogen
on strained iron (110) might act as precursor for nitrogen
dissociation. Strain not simply ,,opens‘ the surface but
leads to a new electronic structure which favours the
formation of a strongly held end-on molecular species. This
model experiment is further of relevance as it illustrates
that purely structural modifications of the surface without
the presence of an , electronic* promoter can severely affect
the elementary step of nitrogen adsorption. The distinction
between structural and electronic promotion may thus be
questionable as coadsorption of eg. strongly adsorbed
atomic oxygen next to an akali centre may have a
comparable effect on the local electronic surface structure
than strain. Should the strain promotion of nitrogen
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adsorption also work on polycrystalline catalysts, then
kinetic modelling using only the parameters for the alpha
precursor may be incomplete. It is pointed out that this
presently pure speculation which could account for
quantitative  discrepancies  between models and
observations (section 2.1.7) does not affect the
fundamental ingredients into our overall picture about the
mechanism of ammonia synthesis. The main conseguence
would be that additional geometric arrangements may
describe the local structure of the active sites apart from the
(111) and (211) surface terminations.

2.1.6.2. Polycrystalline catalyst substrates

Here two main issues dominate the experiments. First an
analysis of the average surface orientation would be
desirable in order to show that also in these systems the
thermodynamically metastable (111) facet is present and
the alpha state molecular nitrogen precursor mechanism
can be applied in kinetic modelling. Further it needs to be
shown that the single crystal faces are stable with respect to
restructuring under the influence of the high partia
pressure of ammonia (nitrides) and of structural promoters.
Finaly, the parameters of the elementary step reactions
determined in the limit of low pressure, low conversion and
low density of active sites should be tested for effects of
finite to large coverages and higher densities of active sites.

The first task was accomplished by performing
TDS experiments on a sample of fully reduced [47]
technical ammonia synthesis catalyst. In the reference
experiments on Fe (111) it was clearly found that
potassium promoted (111) faces exhibit a characteristic
TDS pattern [148,125] with three peaks for gamma, alpha 1
and alpha 2 molecular nitrogen. As the molecular precursor
species and not the surface orientation are the most relevant
features for the kinetic analysis it was felt that if the
technical catalyst would exhibit the same TDS pattern from
low temperature nitrogen adsorption this experiment will
contribute to bridge the material gap between single
crystals and polycrystals. The experiment was successfully
performed [159] and for a specia combination of
parameters excellent agreement in the TDS patterns
between the two systems was observed.

In Figure 27 N, TDS data are displayed for a
technical catalyst which was fully activated and tested to
produce ammonia before the experiment. The good
agreement between the patterns recorded for the two
possible signals for nitrogen (left pattern in Figure 27)
excludes significant interference with possibly co-adsorbed
CO. At a heating rate of 5 K/s perfect agreement is
obtained in shape and position for all three species with
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single crystal data (dashed lines in the Figure). Systematic
variation of the heating rate revealed that the gamma peak
is insensitive in position to this parameter as it is expected
for the desorption of amolecular species. Thisisclearly not
the case for the alpha species as can be seen from the right
pattern of Figure 27. The behaviour implies that the alpha
species dissociate and desorb via recombination without,
however, thermally activated exchange between the two
alpha states as it was already found with the single crystals
[148]. It is pointed out that the two al pha species were also
observed in TPD experiments at atmospheric pressure [85].
In this work the desorption features deviated much more
significantly from the single crystal data than the features
shown in Figure 27. The other catalytic data given in this
work suggest that the catalytic performance was indeed
inferior to those observed for the samples of Figure 27
[47]. A correlation between catalytic performance and
energetic parameters of the precursor state is expected to
hold if the dissociation of nitrogen is indeed the rds in
ammonia synthesis.

The structural modification of iron by ammonia
was aready concluded from the beneficial effect of iron
oxide reduction by synthesis gas rather than by pure
hydrogen. Using single crystals of Fe (100), (110) and
(111) orientations it was shown that all three surfaces facet
into polycrystalline surfaces after treatment with ammonia
at 723 K and 5 mbar pressure for 30 min [160]. The facets
were large enough to be seen with the SEM [107]. They all
generated or enhanced the abundance of the (111)
orientation as can be concluded from the shape of the
facets. Using ammonia TPD as structure sensitive probe, it
was found that indeed on all three surfaces the desorption
feature from C7 sites occurred. Conversion experiments
showed a large increase in activity for the nominal (100)
surface and activation of the initialy fully inactive (110)
face to about 30% of the activity of untreated (111) iron. It
was further found that pre-treatment with ammonia
enhanced the nitride content of the surface considerably
from 9% surface coverage to 60% coverage without
finding, however, a correlation between nitride content and
catalytic activity. It was concluded that the nitrogen should
reside as sub-surface species on the iron and remain
inaccessible for surface reactions. This observation
suggests that the nitride formation is responsible for the
facetting or the stabilisation of the facets. On (111) surfaces
the intergtitial nitride species can be structuraly
accommodated very easily (see Figure 23) and under
ammonia partial pressure elemental iron is metastable
against nitride formation (see section2.1.3.2). In the light of
the sensitivity of the nitrogen dissociation mechanism for
lattice strain [105] this finding may be significant as under
practical reaction conditions not pure iron but aways
nitrogen-intercalated iron with the respective lattice strain
is present[62,23].
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The chemisorption of molecular nitrogen at
atmospheric pressure over technical catalysts was studied
by several authors with caorimetric and temperature-
programmed desorption techniques. These studies directly
probe the elementary step which is the bottle neck of the
overall process and are of key importance for amechanistic
understanding.

An early study be Emmett and Brunauer [95]
revealed isotherms at 723 K which are incompatible with
the Langmuir expression but were well explained by
Freundlich isotherms. From an analysis of the data the
activation energies of adsorption, desorption and the heat
of dissociative nitrogen adsorption were derived. The
largest energy barrier was found for the nitrogen desorption
in quantitative agreement with a study of nitride
decomposition [29]. It was finally concluded that the ,rate
of nitrogen adsorption is in the right magnitude to be the
slow step in ammonia synthesis'.

A very detailed and accurate gravimetric study
was carried out by Scholten and co-workers [28] and was
used by many different authors for comparison or support
for their own results. They found that the activation energy
for nitrogen adsorption is not constant but increases with
coverage. From zero coverage up to acritical value of 0.22
Q the adsorption energy rises on this alumina promoted
low-surface area catalyst from 22 kJmole to about 90
kdJmole. At higher coverages only a dight change to 96
kdJmole was measured. The activation energy for
desorption changed linearly with coverage from 230
kJ'mole for zero coverage to 127 kJ/mole at full coverage.
Using the relation by Emmett and Brunauer [95]

Qws = Ed&s - Eads

it follows that the heat of adsorption is a non-
linear function of coverage with values from 170 kJ/mole
to below 50 kJmole. It is noted that these data are far
higher than the values determined from single crystal
experiments (see section.2.1.5.2.). This was attributed by
several researchers to the presence of surface impurities
such as oxygen on the polycrystalline catalyst (see below).

Recently, two independent studies were carried
out with polycrystalline catalysts and nitrogen
chemisorption conditions at atmospheric pressure using a
microreactor and a mass spectrometer as universal
detector[161,162]. Both sets of experiments gave similar
results which were interpreted, however, quite
controversial. The main results are summarised in Figure
28 taken from ref. [161]. Nitrogen TPD spectra are shown
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after steady state ammonia synthesis at 670 K (A) and 600
K (C) respectively. The traces B, D were recorded without
pre-dosing nitrogen and indicate quite clearly the presence
of bulk-dissolved nitrogen in the activated catalyst which is
an independent confirmation of the structural analysis
discussed with Figure 20.

The adsorbed nitrogen can be used to determine
the number of active sites by conversion of the adsorbed
nitrogen into ammonia during a temperature programmed
reaction experiment in hydrogen. The result on a triply
promoted catalyst was 94 pmole/g active centres assuming
a stoichiometry of Fe:N of 1:1. This value transformsto an
active surface area of 8 m?g with a BET total surface area
of 21 m?/g. The catalyst exhibits a high fraction of active
surface which is in the order of magnitude of earlier
measurements [163,95]. This value corresponds to an
integral under the nitrogen TPD including the high
temperature contributions up to the point where the bulk
dissolution setsin.

The TPD traces A, C in Figure 28 exhibit several
contributions which must al be attributed to surface
species accepting the quantification of the active surface
area. If only the recombination reaction of beta nitrogen is
assumed to contribute to the TPD signal, a single peak can
be fitted well to the leading edge of the TPD profile as
shown with trace (E) in Figure 28. This fit assumed a
CSTR reactor model and the microkinetic model developed
by Stoltze and Norskov [164]. The kinetic parameters of
the second-order desorption processes of 10°%s for the pre-
exponential and 146 kJmole are in excellent agreement
with the data in Table 5. It can aso be seen that a
significant portion of the desorption signal is not accounted
for by this model. In order, to investigate the origin of this
contributions variations in heating rate and initial coverage
tested in TPD spectra. Reduced initial coverage led to a
loss of the single peak and left only the broad feature with a
peak maximum shifting to higher temperatures with lower
coverage. Increasing the heating rate by a factor of 10
increased the abundance of gas phase nitrogen in the
desorption maximum by an order of magnitude and
increased the contribution to the broad feature relative to
the single peak.

Having excluded the segregation of bulk nitride
nitrogen to the surface which occurs at higher temperatures
[6] two alternative explanations remain:

- The surface is anisotropic in adsorption sites,
chemically different adsorption sites exist with different
local energetics. The width of the structure calls for a
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distribution of site types rather than for few discernible site
types.

- The non-negligible partial pressure of molecular
nitrogen causes re-adsorption. The porous nature of the
catalyst bed and the meso-porosity of the catalyst material
allow to account for this deviation from the assumptions
for a TPD experiment which simulates better the steady-
state situation than single crystal UHV studies, in which
only single peak TPD spectra were observed.

Using the reactor model Muhler et 4.
attempted a quantitative analysis of the whole TPD
spectrum choosing the second explanation. The model
describes the process sketched in Figure 26. In order to
account for the re-adsorption contribution the activation
energy barrier between the precursor and the atomic species
was assumed to depend on coverage. In this way a linear
transition between the extreme cases shown in Figure 26
was built into the model. A set of good fits was obtained
using for the activation barrier E* in Figure 26 the
expression.

E* =-15+ (30 x Q) (kJmole)

where the parameter 30 kJmole was
determined from the fits. A similar technique was used
much earlier by Brunauer et al. [165] to interpret the
analytical kinetic equation for ammonia synthesis in terms
of a surface heterogeneity with a linear dependence of the
activation energy of nitrogen adsorption from coverage.

Under steady state conditions in the limit of
high coverage, the adsorption of nitrogen is thermally
activated in contrast to the situation described by the
parameters of Table 5 which hold for the limit of low
coverage as they are extracted from initia sticking
coefficients. The value of the activation barrier is
significantly lower, as the 96 kJ/mole given be the earlier
work [28]determined on a non-potassium promoted
catalyst. The model fits aimost exactly with early data by
Emmett and Bunauer [95] who attributed the observations
to the first explanation with a distribution of adsorption
Sites.

Exactly this interpretation was also chosen
be Fastrup [162], who used, in addition to the TPD
technique, temperature-programmed adsorption
experiments showing the whole sequence of events from
adsorption of molecular nitrogen at low temperature to
desorption of alpha nitrogen as shown in Figure 27 and the
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sorption at high temperature followed by the desorption
above 500 K. The richly structured features complement
very well the data of Muhler et a.. Despite this good
experimental agreement, which is not trivia in the light of
the dispute in the literature [166,143], a number of
arguments were put forward to support the notion about the
site inhomogeneity. The most important conclusion would
be that under these circumstances the microkinetic models
assuming Langmuir adsorption processes would be
inadequate and the chemisorption would have to be
described by the Temkin-Frumkin isotherm type.

Of great importance for the validity of the
experiments is the exclusion of poisoning effects [167]
which was given by the two studies in the limits of
detection by the Kkinetic response. In a detaled
photoemission study of nitrogen chemisorption on iron foil
[168] a shift of the nitrogen binding energy of atomically
adsorbed nitrogen of 0.9 eV was noted after deliberate co-
adsorption of oxygen. In the presence of surface oxides the
substrate is chemically heterogeneous. Sub-monolayers of
oxygen bound to iron could thus well account for the
explanation of Fastrup. Although the presence of
kinetically detectable amounts of oxygen was excluded
[167] the iron catalyst was certainly not homogeneous in
the sense of an oxygen-free surface. Besides non-reducible
promoter oxides also the potassium promoter requires for
its stabilisation the presence of oxygen mainly interacting
with the alkali (see section.2.1.5.5). Nitrogen 1s spectra
from an in-situ reduced triply promoted catalyst aso
revedled a broad emission signa for the atomic species
indicating a distribution of binding energies.

The argument of interference of oxygen
with nitrogen TPD data was aready put forward in the
context of low-temperature TPD work [166,143,47]. In
order to clarify the oxygen presence on reduced
polycrystalline catalysts a sample of triply promoted
technical catalyst was activated according to technical
conditions and operated for 200 h under steady state where
it produced at ambient pressure and 600 K 26 pmol
ammonia /gs. Then the catayst was passivated and
transferred to the in-situ photoemission system. A sequence
of re-reduction experiments was carried out and observed
by XPS and UPS. The procedure was chosen as it was
found in extensive pilot experiments that it was not
possible to fully reduce the catayst from the oxide
precursor under in-situ conditions, a finding which
underlines the importance of a sufficient ammonia partial
pressure in the final stages of activation [41,96], (section
2.1.4.1). The data are summarised in Figure 29. It can be
seen that three successive treatments in hydrogen at 773 K
and 500 mbar pressure for 24 h were required to produce
an iron 2p line which indicates pure elemental iron besides
a small contribution of trivalent iron from the non-
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reducible oxides. The structure at 709 eV was aso
observed with the oxygen-contaminated iron foil [168] and
gave rise to the shifted nitrogen spectrum. Although this
state of the surface is less-oxygen-contaminated than in
earlier experiments [47,94,54], the corresponding UPS data
in Figure 29 reveal that the surface is still covered with
significant amounts of oxidic components. The structure at
the Fermi edge indicates the degree of metallic iron, the
line at 5.5 eV arises mainly from oxygen 2p contributions.
It can be seen that the re-reductions change the surface iron
only moderately (loss of the crystal-field split components
of divalent iron oxide at 1 and 3 V) and act mainly on the
sub-surface part of the sample. The relative height of the
features can not be taken as indication for their abundance
as large and difficult to quantify cross section variations
determine the spectral response of such a heterogeneous
surface. The data do show that even under drastic reduction
conditions of the technical catalyst there is still enough
oxygen on the surface to alow for a heterogeneity of the
active sites.

The possible source of structura
heterogeneity can be excluded by the narrow desorption
profile of atomic nitrogen. From single crystal experiments
(see section 2.1.5.2) it is known that a spread of 100 K
exists between (100), (110) and (111) faces for the atomic
nitrogen desorption. The quality of the fits in ref.
[161]excludes the presence of significant amounts of a
second surface orientation. These data support the
conclusion from the low-temperature molecular nitrogen
TPD data that only one orientation namely the (111)
orientation is dominant in polycrystalline catalysts.

In relation to the single crystal experiments
the TPD maximum on the technical catalyst samples occur
at amost 200 K lower temperature. Besides the effect of
incomplete coverage at the temperature of the desorption
maximum the presence of the promoter potassium must be
taken into account. This was highlighted in the work of
Fastrup showing a difference of about 100 K in the low-
temperature TPD maximum for doubly and triply promoted
catalysts. Unfortunately, there are no single crysta
experiments available which address this point in detail.
The effect shows that the alkali promoter directly affects
the elementary steps of ammonia synthesis.

2.1.7. The mechanism of ammonia synthesis

A detailed understanding of the mechanism of a chemical
reaction is the ultimate goal of the catalysis scientist which
will alows to give guide lines to the catalysis engineering
which can go into a catalyst , design [169]. It is pointed
out that a direct observation of a reaction mechanism of a
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heterogeneous reaction is at present not possible. The
guantitative analysis of experimentally determined reaction
parameters such as pre-exponentials and activation energies
for forward and backward reaction of the anayticaly
determined mari and its linking to thermodynamic data
such as equilibrium constants using a reaction model which
is often referred to as ,mechanism is the maximum
knowledge we can attain at the moment. For a fundamental
approach we would require detailed information about the
reactant dynamics and the details about energy transfer in
the system which is not available yet in any detail.

Most of the published work on ammonia
synthesis revolves around kinetic aspects of the reaction.
The monographs mentioned in the introduction (in
particular the book of Nielsen) give exhaustive and
numerically complete reviews about this work . Here a
synopsis and the link with the catalyst nature is the aim, not
a full review on the subject which can be found for
example aso in reference [15].

The section refrains from a description of
the work on ruthenium [170] as catalyst. A critical account
on the actual situation can be found in a review [10]. The
interaction of hydrogen is significantly stronger with
ruthenium than with iron giving rise to a hydrogen
inhibition at low temperatures. From the material side the
situation is also more complex as no fused ruthenium
catalyst can be employed. Highly dispersed supported
systems have to be used which render the definition of a
suitable model system difficult. The reaction is structure-
sengitive in the sense that a suitable particle size with
unknown surface orientation is most efficient. Also therole
of the essential promoter akali is not clearly distinguished
as either electronic or structural. The field is under
intensive actual exploration with the relevant data on both
the surface science and the microkinetic side emerging in
the near future.

The necessity to disperse the ruthenium on
a support creates additional variables of metal-support
interaction and location and location of the promoter either
on the support or on the active metal. The very active group
of Aika used recently alumina and magnesia as supports
besides the traditional support of graphitic carbon. The
oxides being acidic and basic respectively in their
Broensted reactivity yielded a set of catalysts in which the
synergy of the additional variables could be studied . In
addition, these supports alowed to apply infrared
spectroscopy to monitor the state of the adsorbed nitrogen
a low or ambient temperature. From the discussion of
section (2.1.5.2) it appears that the observation by infrared
under the experimental conditions of low temperatures and
several millibars nitrogen pressure concerns the apha
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molecular species with its end-on bonding geometry. In
Figure 30 it is illustrated that a striking correlation exists
between the N-N bond strength of the precursor state and
the steady state catalytic activity. The finding that lower N-
N- bond strength correlates with higher catalytic activity is
a good confirmation of the mechanistic picture with the
activation of molecular nitrogen being the rds in ammonia
synthesis. The data show that the more Broensted basic is
the oxidic environment the lower is the N-N bond strength.
The interpretation of this finding in terms of structure-
sengitivity of the activation on the metal (different metal
support interaction causes different surface geometry) and
several models of the alkali promoter effect is complicated
and not yet fully conclusive [171,172,173,174].

2.1.7.1 Basic kinetic information

In the period between 1935 and 1979 an extensive body of
information was accumulated about the progress of the
ammonia synthesis reaction over iron. It is pointed out that
none of this information was available to Mittasch when he
optimised the catalyst system.

It was assumed that ammonia synthesis
occurs via dissociative chemisorption of nitrogen with
subsequent hydrogenation of surface atomic nitrogen. The
aternative [175] of a successive hydrogenation of
chemisorbed molecular nitrogen was also suggested [53] in
an attempt to explain the structure-sensitivity of the
reaction. Corroboration came from an isotope labelling
study of the intermediate hydrazine which was
dehydrogenated over polycrystalline iron to unscrambled
molecular nitrogen despite of the fact that the N-N bond is
weaker than the N-H bond [176]. This notion was
controversly debated then and fully rejected after the
advent of the single crystal studies described in sections
2152and 2.1.5.4.

The reaction model which was derived from
the early kinetic data was based upon indirect conclusions
and comprised the following steps.

Ny +cat U Nogs (1)
Noags + Cat U 2 Nigs %)
Ho+2cat U 2Hy ©)
Nags + Hags 0 NHpgs+cat  (4)
NHags + Hags U NHoqs + cat (5)
NHaas + Hags U NHaggs + cat(6)
NHsas U NH; + cat )

Preprint of the Department of Inorganic Chemistry, Fritz-Haber-Institute of the MPG (for personal use only) (www.fhi-berlin.mpg.de/ac)



Ammonia Synthesis in Handbook of Heterogeneous Catalysis

The term ,cat* designates an active centre at the
catalyst surface. From early kinetic work it was known that
ammonia synthesis is about as fast as nitrogen
chemisorption/dissociation (steps 1,2) which was thus
assumed to be rate-determining [141,24177,178]. In
successive work analysing the nitrogen chemisorption in
context with the ammonia synthesis kinetics [163,95] a low
sticking coefficient for dissociative nitrogen adsorption and
a significant activation energy for the process (67 kJ/mole)
were found as strong supporting evidence for the
conjecture that steps (1,2) are rate-determining.
Measurements of the heat of adsorption of molecular
nitrogen on iron films gave significant lower values (21
kJmole) [25] supporting the view that step (2) is rate-
determining.

A correlation between face specificity of nitrogen
adsorption (even in the molecular state as shown by
isotopic marker experiments [25]) and the ammonia
synthesis activity was established [179] in line with the
findings about structure-sensitivity established by the
model experiments of Boudart et al. (see section 2.1.4.1).

The isotopic marker technique applied
extensively to ammonia synthesis by the group of Ozaki et
al. [24,180170] suggested that chemisorption of nitrogen
up to temperatures of 630 K was molecular whereas
chemisorption at higher temperature was atomic.

2.1.7.2. Analytical rate expressions

This accumulated knowledge about the mechanism was
accompanied by a series of developments of analytical rate
equations. The prototype egquation

was derived by Temkin and Pyzhev [5] for the
limit of high nitrogen coverage relevant under high
pressure conditions. The heart of this equation is the
replacement of a Langmuir isotherm for nitrogen by a
Frumkin isotherm which assumes a heat of adsorption
which changes linearly with coverage. The derivation
started from the results of ammonia decomposition over
iron foil [29] which led to an activation energy for nitrogen
desorption by a factor of 2 above the experimental value.
To overcome this problem, the concept of energetic
heterogeneity of the surface was introduced. This concept
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assumes a relation between kinetics (activation energies)
and thermodynamics (heat of adsorptions) as was explicitly
stated by the authors. It was found by applying the rate
equation to differently prepared catalyst that the addition of
alkali promoters made the concept working over a wide
range of experimental parameters indicating that the
concept was more than pure forma description of the
kinetics of ammonia synthesis.

The Temkin parameter a determines to which
extent the linear change of the heat of adsorption affects
the activation energy for adsorption and desorption of
nitrogen.

The development of the analytical rate equations
for other boundary conditions such as low coverage of
nitrogen or the change in mari from atomic nitrogen to NH
(step 4) were reviewed by Nielsen et al. [181] and merged
into a universal rate equation

r= k;\'aNz - kg (aNH3)2 /(aH2)3
2a
[1+ KC (aNHs) / (aHz)g]

This equation included gas fugacities instead of
pressures and removed the pressure-dependence of the rate
constant. By fitting the six parameters of this rate equation
to a large set of experimental data which forms the test
material for al later derived kinetic models [182] the
following conclusions could be derived.

- The stoichiometry parameter g was consistently
significantly larger than 1 and was fixed finaly to 1.5
indicating that not NH (step4) but N is the mari as atomic
hydrogen is not involved in the rate determining step (
would mean that g takes the value 1). This conclusion
agrees with the findings of a detailed analysis of the
ammonia synthesis kinetics by Boudart et al. [180] who
discussed in particular the problem of a much disputed
kinetic isotope effect of deuterium on ammonia synthesis
[183].

- The Temkin parameter a was consistently found
to be significantly larger than 0.5 with a best value of 0.75
indicative of a senditivity of the activation energy of
nitrogen adsorption upon coverage whereas the nitrogen
desorption energy should be less affected by the nitrogen
coverage.
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- The catalyst surface was assumed to be strongly
non-uniform which led the authors to the speculations that
the surface behaves dynamically under reaction conditions
(modern term , restructuring”) and that the formalism of a
single rate-determining step may be inappropriate taking
into account a wide ,energy spectrum* of the activated
surface.

-The rate equation covered a wide range of
pressures and high temperatures up to the thermodynamic
limit but failed to explain low-temperature data at and
below 600 K.

The success of this empirica rate equation
which is the basis of al technical calculations [39] can be
seen form the top panel in Figure 31. This figure is
reproduced from ref. [182] and shows in a sensitive
presentation the correlation of reaction models with the
experimental observations from Nielsen [181]. It was
pointed out [182] that this rate equation also fits well the
data of Ozaki et al. [180] which were taken at low
pressures and with a different catalyst sample.

2.1.7.3. Microkinetic models

Whereas for practical catalytic purposes the analytical rate
expressions are fully adequate their empirical nature with
only indirect correlation to observed physica facts was felt
to be dissatisfactory. In order to directly use surface
physical and quantum chemical data attempts were made to
derive rate equations which are not based upon fitting
experimental observations but upon calculations using a
reaction model and predetermined kinetic and energetic
parameters of the reactants. Two families of models were
derived by two groups which will be designated as model |
[184,164,185186,49]and model 11[187,188,189]. The first
report about model | created the term , pressure gap* and
caused considerable interest also outside the catalysis
community.

It needs to be pointed out that both models
essentialy use the reaction model derived by Ertl [190]
which is schematically shown in Figure 32. It summarises
the energetics of the reaction mechanism qualitatively used
for the analytical rate equations. Figure 31 shows that both
model families do an excellent job in explaining the
practical observations by using parameters which were
determined at pressures nine orders of magnitude lower
than the extrapolations. It can aso be seen that both model
families are about equal in their predictive power and differ
in their value very little to the remote observer irrespective
of the dispute about their quality conducted by the two
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groups [191,187]. The presentation of the results chosen
for Figure 31 more clearly represents the success of the
bridge over the pressure gap than the presentation in Figure
1 which describes the same facts.

The model | explicitly assumes the reaction
sequence depicted in Figure 32 and takes the dissociation
of nitrogen as the rate-determining step. It assumes all
reaction steps except step 2 in the sequence of elementary
steps noted above as being in thermodynamic equilibrium
and that a treatment according to the Langmuir-
Hinshelwood formalism (with fixed heat of adsorptions and
uniform sites) is adequate. The model was developed
assuming that the expected rate can be predicted from the
following input data: (1)the equilibrium constant for the net
reaction and all reaction steps except those for the
activation of nitrogen , (I1) the total gas pressure and (I11)
the product of the equilibrium constant for molecular
nitrogen adsorption with the rate constant for the
adsorption of atomic nitrogen (forward reaction of step 2).
The heat of adsorption of nitrogen was assumed to be
constant with a value of 170 kJmole derived from TPD
data of Fe (111) single crystals (see sections 2.1.5.2 and
2.1.5.5). The detailed procedure and the parameters chosen
can be found in the literature [192,185,49].

The model 11 takes into account al reaction
steps of model | and in addition considers explicitly the
molecular and dissociative adsorption of hydrogen in full
analogy of the nitrogen activation. The model further
includes no assumptions on the rate-determining step and
uses no thermodynamic equilibria for the elementary steps
but takes experimental rate parameters (pre-exponential and
activation energies) from surface science data. One key
result of this way of treating the problem is that the rate-
determining step comes out as step (2) and that Ny is the
mari species in perfect agreement with model 1. The heat of
adsorption of atomic nitrogen also was assumed constant
with a value of 213 kJmole which was suspected to be
responsible for the systematic underestimation of the
reactor output. This underestimation is, however common
to both models as can be seen from Figure 31.

A very detailed unifying mathematical
analysis of both models was performed in order to identify
the reasons for success and failures of the two approaches
[193]. The result of the analysis was that both models are
equally successful in bridging the pressure gap and that
minor differences in selection of parameters and in the
presentation of the results were responsible for the initialy
overestimated [187,191] differences between the two
models.
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The similarity of the results of the two
models was traced back [193] to the common assumption
of high coverage of atomic nitrogen on the catalyst under
high pressure conditions. With this assumption the rate
problem reduces to

3 I
r=k,Q2 gKeq —PNZ(P”Z) - 1?
(PNHs ﬂ

) (R)

with k-2 designating the reverse reaction of
step2 or the rate of desorption and Keq the overall reaction
equilibrium constant. The problem then reduces to a correct
choice of pre-exponential and activation energy for atomic
nitrogen desorption. These are the crucial parameters and
have been chosen differently in the two model families.
Due to the compensating effect between pre-exponential
and activation energy the different parameter choices
almost cancelled each other allowing so similar results.

2.1.8. Conclusions

Ammonia synthesis is one of the very few heterogeneous
reactions in which a quantitative correlation between
elementary steps and macrokinetics has been derived. The
correlation underlines the value and the justification of the
single crystal approach and illustrates how surface science
can be fundamental to catalysis science and engineering.
The success was made possible to a large extent by the
experimental verification of the reaction scheme in Figure
32 using single crystals. Additionally important were the
explanations of the mode of action of the potassium
promoter and of the structure-sensitivity. The now proven
fact that these findings hold quantitatively for the case of
polycrystalline catalysts at high pressures is experimentally
founded in the observation that the nature of the sites
chemisorbing molecular nitrogen is identical on Fe (111)
+K and at the technica catayst. The model system
resembles energetically a small portion of the activated
catalyst which was, however, not known at the time when
the single crystal experiments were conducted.

The analysis of the microstructure of the
active catalyst has brought evidence that the bcc iron
constituting the local structure of all iron structures present
has not the consequence of a uniform and homogeneous
microstructure. A variety of mesoscopic structural motives
ranging from isotropic blocks to platelets with different
orientations were found under anaerobic ambient
conditions. This variation explains the bi-moda porous
structure of the iron crystal as well as it unifies various
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experimental observations ranging from paracrystallinity to
high resolution TEM data. Traces of nitrogen atoms
dissolved in the sub-surface and bulk of the iron were
detected. Reference experiments from materials science and
thermodynamics predict that the abundance of the
interstitial nitrogen atoms causing small deviations of the
surface atomic and electronic structure will increase at high
pressure ammonia synthesis conditions. As then aso the
tendency for chemically-induced surface segregation and
remova by hydrogenation will also increase, it is as yet
difficult to predict how much the active iron surface will be
nitrided under steady state conditions. This unavoidable
consequence of the high virtual pressure of nitrogen has
potential interesting consequences on the abundance of
active sites as it was shown in low pressure reference
experiments that small lattice distortions of iron can have
dramatic effects on its nitrogen dissociation activity. A
novel type of active site which exists only at high pressure
ammonia synthesis conditions due to the lattice strain of
interstitial nitrogen could contribute to the site inventory
together with (111) faces of iron platelets which were
definitively detected to be present as a minority species in
the anisotropic fraction of the iron mesostructures.

The material gap is thus closed as a far as
the principal occurrence of the structura motif of the
model single crystal is concerned. When it comes now with
the increasing sophistication of the microscopic
understanding to a quantification of the number of active
sites per catalyst volume, the consequences of the nitride
problem may well have a significant effect on the scaling
factors used in present microkinetic models. The
experimental uncertainty about the relevance of the nitrides
caused inter alia by the kinetic control of their formation
highlights the existence of a new material gap where it may
have not been foreseen.

The closure of the pressure gap was only
possible by the detailed understanding of the microkinetics
of each elementary step in this overall simple reaction. The
crucia point in this reaction is the dynamics of the atomic
nitrogen species on the surface at high coverage. The
present status of the modelling suggests that the central
bottleneck is the description of both the nitrogen-substrate
and the nitrogen-nitrogen interaction which are not
adequately represented by fixed energetic terms. All
evidence is pointing to the fact that a Langmuir isotherm
formalism is only a limiting case describing low-pressure
situations. The notion that the extensions introduced into
the description of nitrogen chemisorption are exclusively
due to adsorbate-adsorbate interactions and that adsorption
site heterogeneity can fully be excluded is at present not
experimentally founded.
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It is the very centre of the pressure gap
problem that energetics, kinetics and dynamics of the
edlementary step nitrogen chemisorption can at high
pressures no longer be regarded as single particle to
substrate problems but require a detailed and explicit
description of the adsorbate-adsorbate interaction. In
addition, as the frequency of events is at high pressures
much higher than at low pressures, aternative reaction
channels which may not represent the global minimum path
through the energy hypersurface may become relevant. The
reaction sequence

gnitrogen ® a nitrogen ® b nitrogen

may have other precursor routes leading to
a nitrogen or may even have other precursors to b nitrogen
which have not been characterised in their physica
parameters as they are in isolated form inaccessible to
surface science.

In addition, the energy hypersurface may
change shape under the influence of restructuring (nitride
formation, spreading of the potassum plus oxygen
promoter) and even dynamic responses of the surface
geometry at high conversions. The interpretation of the
molecular beam studies of nitrogen adsorption [136] and
theoretical studies on the dissociation mechanism of
nitrogen [194] advocating a tunnelling mechanism are
physical equivaents to the intuitive picture of Nielsen et al.
suggesting that the active gas-solid interface is ,a busy
place’[181].

A comment on the numerical accuracy of
the models and their relation to the accuracy of the input
values is required. Recently, it was attempted to improve
the agreement between models and the very accurate
experimental data [186,162,182]. This was done by
selecting different input parameters which were available
from the significant spread of numerical values reported in
the literature and in this article. A particular illustrative
exampleis given in [182] where it was shown that a change
in the number density of active sites by a factor of 3 gave
almost perfect agreement between model | predictions and
the experimental data. Unfortunately, if the surface titration
experiments are correct, then a factor of three increase in
the number density of active sites would mean that as a
conservative estimate each surface site measured by
nitrogen low temperature BET would be an active site, a
picture which is clearly unphysical. This means that the
microkinetic models should not be numerically improved
by changing sensitive parameters to more or less justified
values as then the difference of the microkinetic approach
to the analytical approach gradually vanishes. A decision
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about the validity limits of the present models would
require a definitive set of input data from surface science
which are determined under relevant conditions. The
spread in data is not an expression of inaccurate individual
experiments but rather an indication about the sensitivity of
the results on measurement conditions which were either
ill-defined and/or remote from realistic conditions. The
generation of a such a data set is, however, a formidable
task and its fundamental value may be questionable in view
of the principal problems associated with high-pressure
mechanisms sketched above.

The reason why the present microkinetic
models are both so successful despite this somewhat
unsatisfactory experimental situation was pointed out in the
analysis of Dumesic [182]. The ammonia synthesis kinetics
is most sensitive to the parameters of the nitrogen
desorption reaction which are in turn less sengitive to the
coverage-dependent effects. This can be seen from the
value of the Temkin parameter, as well as from the data of
Scholten et a. in the limit of high coverage{195] and from
the fit results of Muhler et a.[161]. The emphasis was laid
in both models on a correct representation of the TPD data
using, however, input data determined in the limit of low
coverage which guaranteed a consistent use of the input
data. The focusing on the TPD model yielded the largest
contribution to the bridge over the pressure gap. The
parameters of nitrogen adsorption, on the other hand, are
much more dependent on the energy variations with
coverage. This can be seen from the modelling attempts of
Fastrup[162] using the experimental adsorption data.

The enormous success of the analytical rate
expression which stimulates the work on the improvement
of the microkinetic models arises from the fact that the
coverage dependence of energy is as ,, heterogeneity” built
into the model. With the advent of experimental data from
surface science on coverage-dependent effects the fina
tuning of the models accounting for the qualitative details
of the pressure gap can be expected.
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