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Zusammenfassung

Sowohl die katalytische Methanol- als auch Ammoniaksynthese spielen in der chemischen
Industrie eine grofie Rolle. Beide Chemikalien werden als Plattformmolekiil in Grofien-
ordnungen von mehreren Millionen Tonnen jahrlich hergestellt. Beide Molekiile wer-
den zurzeit aufgrund ihres vorteilhaften C zu H Verhaltnisses sowie einfachen Handhab-
barkeit im fliissigen Zustand als alternative Wasserstofftrager diskutiert. Die heterogen
katalysierten Synthesen von Methanol und Ammoniak werden als struktursensitiv beze-
ichnet, da sie nicht auf jeder Form elementaren Kupfers oder Eisens ablaufen, sondern nur
auf mikrostrukturell komplexen, Cu- und Fe-basierten Katalysatoren mit hohen Reaktion-
sraten.

In der Vergangenheit wurden grofie Anstrengungen unternommen, um Erkenntnisse iiber
aktive Zentren und Reaktionsmechanismen beider Reaktionen zu gewinnen, welche eine
erkenntnisbasierte Katalysatoroptimerung ermoglichen sollte. Dabei wurde postuliert,
dass Erkenntnisse bzgl. des Zustandes des aktivierten Katalysators unter Umgebungs-
bedingungen nicht direkt auf Reaktionsbedingungen unter hohen Betriebstemperaturen
und mehreren Atmosphéren Gasdruck extrapoliert werden konnen. Bezugnehmend auf
das fundamentale Interesse, katalytische Systeme unter nah-industriellen Synthesebedin-
gungen in-situ zu untersuchen, wurde eine Durchflusszelle entwickelt, welche geeignet
ist, unter 60-80 bar und 250-425°C Methanol sowie Ammoniak herzustellen und dabei
Neutronendiffraktion und online-Gasanalytik durchzufithren. Basierend auf der Erken-
ntnis, dass die Aktivitit eines Cu-basierten Methanolkatalysators mit der Defektivitat der
Cu-Nanopartikel korreliert [8, O], wurde eine ex-situ Neutronendiffraktionsstudie an Ref-
erenzkupfer sowie nanokristallinen Katalysatoren mit zunehmender chemischer und struk-
tureller Komplexitat durchgefithrt. Zur sorgféaltigen Analyse der Streulinienprofile wurde
ein Strukturanpassungsmodell verwendet [10], welches Linienversetzungen, planare De-
fekte, Domanengrofien, Kristallmorphologie sowie Modalitéat einschliefit und so die Zuord-
nung der gemessenen Streuintensitaten zu einem speziellen mikrostrukturellen Ursprung
ermoglicht. Die Ubertragung der Erkenntnisse iiber die Mikrostruktur aus ex-situ Studien
auf in-situ Studien zeigt die Stabilitét der planaren Defekte im Cu/Zn0O/Al;O3 Methanol-
katalysator. Durch diese Ergebnisse, konnte eine Weiterentwicklung des angewandten
“Whole-Powder-Pattern” Modellierungsalgorithmus unter Einbindung der thermischen Aus-
lenkung der Atome sowie Vielfachstreuung —verursacht durch die reaktive Gasatmosphére—
eine noch prazisere Strukturauklarung des Katalysators unter Reaktionsbedingungen ermog-
lichen.
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Die Rietveld-Verfeinerungen der in-situ Diffraktogramme des mehrfach-promotierten a-Fe-
basierten Ammoniakkatalysators unter 75 bar und 425°C offenbaren die Anwesenheit von
Verspannungen im Katalysator iiber die gesamte Synthesedauer hindurch. Dieses Ergebnis
spricht fiir die Katalysatorpromotierung und -aktivierung als Ursache der Gitterverzerrun-
gen im Kristallgitter des Fe (evtl. durch den Einbau von Fremdatomen).

Diese Beobachtungen zeigen, dass die mikrostrukturellen Eigenheiten der untersuchten
Katalysatoren, die aus der komplexen und hoch-optimierten Praparationsgeschichte herriih-
ren und fiir die Aktivitat mafigeblich sind, unter harschen Reaktionsbedingungen erhalten
bleiben.

Die Ergebnisse dieser Arbeit demonstrieren die Leistungsfahigkeit der in-situ Neutronen-
diffraktion und geben neue Impulse fiir die Untersuchung der Mikrostruktur arbeitender
Katalysatoren unter anspruchsvollen Synthesebedingungen durch die Verkniipfung von
Strukutur- und Aktivitatsinformationen.



Abstract

The two catalytic methanol- and ammonia synthesis reactions play a major role in chem-
ical industry, both chemicals are produced as platform molecules in millions of metric
tons. Both molecules are recently discussed as an alternative hydrogen carrier due to
their advantageous C or N to H ratio and feasible handling in their liquid state. Both
heterogeneous catalytic processes of methanol and ammonia synthesis are thought to be
structure-sensitive reactions, as they don’t proceed on every form of elemental Cu or Fe.
High rates require special complex Cu and Fe-based catalysts.

A large effort was made to distinguish active centres and reaction mechanisms on the used
catalyst with the goal of a knowledge-based catalyst optimisation for more efficient syn-
thesis. It has been postulated, that the perceptions of the activated catalyst structure
under ambient conditions can’t simply be extrapolated to operation conditions at elevated
temperatures and pressures. To study the catalytic systems in-situ under near-industrial
working conditions, continuous flow cells were constructed, suitable for temperatures from
250°C to 425 °C and 60 bar to 80 bar pressure which allow the collection of neutron diffrac-
tion data and simultaneous on-line gas analysis during catalytic synthesis of methanol and
ammonia at industrial conditions.

Based on the key finding that the activity of the Cu-based methanol catalyst scales with
a certain defectiveness of the nanoparticles [8, 0], an ex-situ neutron diffraction study
on macrocrystalline Cu-powder and nanocrystalline catalyst with increasing chemical and
structural complexity was conducted. By careful analysis of the diffraction line profiles
a structural fit-model was elaborated, which takes line dislocations, planar defects and
domains sizes, crystallite morphology and modality into account, enabling to assign the
diffracted intensities in the patterns to a particular microstructural feature of the sample.
Projecting the knowledge of the peculiar microstructure from ex-situ studies to in-situ stud-
ies under 250 °C and 60 bar reveals the stability of the planar defects in the Cu/Zn0O/Al,O3
methanol catalyst. Based on this encouraging proof-of-principle results, further develop-
ment of the applied convolutional whole-powder-pattern modelling algorithm [10] might
allow a more precise structure simulation of operational catalysts in the future, taking
thermal displacement of the atoms and multiple or incoherent scattering from the reactive
gas phase into account.

Rietveld-refinement of the in-situ diffraction data at 425°C and 75 bar of the operational
multiple-promoted a-Fe based ammonia catalyst reveal the presence of strain in varying
amounts over entire timer on stream, which is indicating that the proposed lattice distor-
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tion has formed already as a result of catalyst activation, probably with other atoms in
the interstitials of the iron lattice.

These findings confirm that the microstructural features of the used catalysts, which are
a result of their complex and highly optimized preparation history and are claimed to be
relevant for their activity, prevail under harsh near-industrial reaction conditions. The
results presented in this thesis demonstrate the capability of in-situ neutron diffraction
and give new impulses for the investigation of the microstructure of operational catalysts
under demanding reaction conditions by linking structure and performance data.



Chapter 1

Introduction

Catalytic processes are most important in the modern chemical industry. Almost all chem-
ical products (or their precursors) undergo catalytic reactions during their genesis. In con-
trast to the manifold of chemicals offered by chemical industry to the customer, methanol
and ammonia are “basic” chemicals. With annual world production rates (2011) of more
than 50 million metric tons methanol [I1] and 136 million metric tons ammonia [12] these
chemicals are the starting point for the synthesis of a large variety of polymers, speciality
chemicals and fertilizers. From all catalytic reactions, the ammonia and methanol synthe-
sis stated to be the prototype reactions of inorganic (ammonia) and organic (methanol)
chemistry. Despite the difference in their (in)organic nature, both substances have some
aspects in common. They are produced from syngas: either mixtures of CO, and hydrogen
or nitrogen and hydrogen. The reactants CO, and Hs can be derived from steam reforming
of methane [I3]. The steam-reforming route to ammonia is performed with a secondary
reformer which introduces Ny to the process gas [14]. Also, both catalytic reactions work
best on a special form of catalyst, their rates are known to depend strongly on particle
size, specific crystallographic orientation of the exposed catalyst surface or other (micro-
)structural features, therefore they are classified as “structure-sensitive” reactions [I5], [14].
Since the development of the fused iron-oxide catalyst, doped with K;O as electronic
promoter and CaQ, Al,O3 and SiOs as structural promoters, for ammonia-synthesis by
A. Mittasch in 1911, the reaction is successfully performed in the Haber-Bosch-process at
BASF since 1913 for a century. The parallel development of high-pressure equipment and
high performance alloys allow the application of harsh reaction conditions of 500°C and
200 bar. In 1923, the chemist M. Pier developed the methanol production at BASF over a
Zn0/Cry05 catalyst. Profiting from the experience in high-pressure operation made during
the development of the ammonia-synthesis, reaction conditions of 400 °C and 300 bar could
be applied in the so called BASF-process for methanol-synthesis. As the original BASF
ammonia-catalyst with additional promoters is still in use today [16], with the availability
of sulfur-free syngas, ICI presented the so-called low-pressure methanol (LPM)-synthesis
catalyst, based on Cu/ZnO in the late 1960’s [I7, 18], which is currently applied as state-
of-the-art system in industrial synthesis.

Beside the industrial application as platform molecule for further synthesis and value
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chains, methanol and ammonia were brought back again to the focal point of research
interest in the context of independence from fossil fuels and new, more sustainable energy-
carriers [19]. One aspect is the ability to store “green” hydrogen (derived by water splitting
from excess energy of regenerative sources) in a transportable form, or the use of anthro-
pogenic carbon sources for methanol synthesis. Both molecules, methanol and ammonia,
contain in their liquid form more hydrogen than liquid hydrogen for a given volume. The
liquid state of both molecules make them very attractive to store and distribute them
via present infrastructure e.g. pipelines, tankers and gas stations. Methanol could be di-
rectly used as a combustions fuel, or hydrogen could be released by steam reforming; in
an endothermic reaction ammonia molecules can be decomposed by shifting the formation
reaction back to its elements. Both molecules could also be used in fuel cells, either in a
direct methanol fuel cell or in a combination of an ammonia reformer and an alkaline fuel
cell to generate electricity [20].

1.1 Methanol synthesis

In the modern industrial LPM process, methanol is produced from synthesis gas (Hy, CO
and COy) in the presence of ternary Cu/Zn0O/Al;O3 catalytic systems, temperatures of 250
- 350°C and pressures up to 100 bar. Methanol synthesis from synthesis gas is exothermic
(AH?3 K = —122.8kJmol™!) accompanied by decreasing entropy and therefore favoured
to proceed at low reaction temperatures and high reaction pressures. The methanol syn-
thesis is a proceeds according to the following reactions [21]:

CO +2H, = CH3;0H AHPPE = —61.4kJmol™ (1.1)
COy + 3Hy, = CH30H + HyO AHPPE = —20.9kJmol ™ (1.2)
CO + Hy,O = CO, + H, AHPP R = —40.5kJmol ™ (1.3)

The exact mechanism of industrial methanol synthesis is still under debate today [22].
Industrially applied ternary Cu/Zn0O/Al;O3 catalysts for methanol synthesis consist of Cu
nanoparticles dispersed by refractory metal oxides. It is accepted that mainly Cu works
as the methanol synthesis catalyst in CO, hydrogenation [23, 24] wherein the catalytic
activity is governed by the gas-accessible Cu surface area, so most active catalysts possess
a large surface area [§]. In contrast to pure Cu, the activity of so called “methanol-copper”
increases significantly for ZnO supported catalyst systems [9]. Because ZnO’s own activity
is nearly negligible, it has been suggested that there is a synergy between copper and zinc
oxide [25]. One aspect for the performance of the operational catalyst was found to be the
peculiar microstructure of the catalyst [8, 22, 0]. The catalyst preparation route, which
affects and determines the microstructure of the final catalyst, was described as “chemical
memory” by Ressler and Kurr [26] 27]. This chemical memory is expressed in particular
in the Cu:Zn ratio, which is liable for a ligand field effect in the co-precipitated zincian
malachite phase as the precursor state of the final catalyst. By gradual substitution of the
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Cu*? by the Zn*? ion the Jahn-Teller distortion of the MOg octahedra in the malachite
crystal structure is lowered due to different coordination requirements [22] 28]. In addition
to that, a maximal incorporation of Zn into the zincian malachite precursor phase must
be favoured by setting the ideal Cu:Zn ratio to 70:30. This highly Zn-substituted form of
zincian malachite was identified as the relevant precursor phase playing the crucial role for
the preparation of higher Cu-surface areas in the reduced catalyst [29, 22 28] 30]. The
role of ZnO and its observed synergies in the Cu/ZnO system have been broadly discussed
in literature and are still not fully understood. Beyond the role of acting as a structural
promoter by preventing the catalyst from sintering [31] or sulfur poisoning [32], it is as
well discussed to act as a reaction promoter by providing a reservoir of atomic hydrogen
and promoting hydrogen spillover [33] or affecting the active sites by strong-metal-support
interactions (SMSI) [34]. Conclusively, these SMSIs are described for idealized model sys-
tems as support-induced strain by large differences in lattice constants [35] giving rise
to a modified electronic structure [36] 37, B8 26], changes in the particle shape due to
wetting/nonwetting phenomena induced by changes of the reduction potential of the gas
phase [39, 40] or brass/alloy-formation due to Zn%-species diffusional transport onto the
Cu-surface [4I] and subsequent diffusion into the Cu-bulk [42]. Taking all proposed in-
teractions for various model systems into account, ambient pressure x-ray photoemission
spectroscopy bridged for the first time the so called “pressure and material gaps” (see de-
tailed definition in the section below) by revealing a partial coverage of the surface of the
reduced Cu nanoparticles with with ZnO,, in the high performance methanol catalyst [9].
The importance of these in-situ formed bimetallic stepped surface sites as possible active
centres for methanol synthesis by means of increasing the adsorption strength for several
intermediates (HCO, HoCO and H3CO) was supported by DFT calculations [9].
Although the beneficial role of Al;O3 in the industrial catalyst system as structural pro-
moter was demonstrated, Cu/Zn0O/Al,Os-catalysts are susceptible to irreversible deacti-
vation by slow sintering and the resulting annealing of the defective Cu-structure [43] or
poisoning due to sulfur or chlorine species in the feed gas [32] during the operational pe-
riod.

Sintering is certainly affected by the environment e.g. the support-interaction, the particle
size, the gaseous atmosphere and the temperature [44]. The sintering mechanism, where
larger particles with lower surface energies will grow at the expense of smaller particles
with higher surface energy [45] can be accelerated by an oxidising atmosphere [46] and
increasing reaction temperature (e.g. hot-spots in the catalyst bed). The Hiittig temper-
ature, which is estimated at one third of the melting point [31], defines the temperature,
where atoms at defects on the shell of the particle start to become mobile. By reaching the
Tammann temperature, approximately at the half of the melting point, also atoms from
the bulk become mobile [31]. It is noted that the melting point of Cu (7,, = 1358 K [47])
is decreased by the nanocrystalline nature of the catalytically active particles. The Hiittig
temperature of Cu, which is not far from operation temperature of methanol synthesis in
commercial plants (e.g. between 480-580 K), induces atomic transport by a hopping mech-
anism or surface diffusion [48]. The driving force of the sintering process is the reduction
of the total surface energy of the system which is associated with a reduction of surface
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area including the annealing of defects that might be present at the particle surface. A
stable shape of a particle is obtained, when the total free surface energy is minimized. This
so called “unique equilibrium shape” for a faceted particle [37] can be described by the so
called “Wulff construction”.

Several previous studies revealed a correlation between the intrinsic activity of the ternary
Cu-catalysts and the deviation from the ideal Wulff shape of the Cu crystallites. These
imperfections can be detected as different amounts of edge- and screw dislocations as well
as planar defects like stacking faults and twin boundaries [49, [8 50].

1.2 Ammonia synthesis

Due to the exothermic behaviour of the ammonia-synthesis, the volume fraction of am-
monia is decreasing with increasing reaction temperature; but to achieve a reasonable
reaction rate the reaction has to run at elevated temperatures. According to Le Chatelier’s
principle, the reaction is pushed towards the products by increasing the reaction pressure.
Therefore, the modern Haber-Bosch process runs at temperatures around 300-500°C and
pressures of 150-250 bar in the presence of a-Fe/Fe;04/K20/Ca0/Al;03/Si04 according
to the reaction

Ny + 3Hy = 2N Hy AHPSE = —92.22K Jmol ™. (1.4)

A detailed description of the mechanism of ammonia synthesis on iron surfaces was elab-
orated by Ertl [51, 52], who also stated the high structure sensitivity of the reaction
[53, B4, [55]. In the industrial catalyst, the catalyst precursor consists mainly of Fe;Oy4
which has to be converted into the active form. The highly complex and orientated a-Fe,
which was found to be crucial for the activity [56] can be generated from the precursor
by reduction in feed gas, carefully carried out according to a strictly defined procedure
[57]. The disordered structure of the ”ammonia-iron” includes evolution of metastable a-
Fe platelets in (111)-orientation by topotactic reduction of magnetite precursor, as well as
strained areas in predominant (100)-orientated areas [58]. Ertl reported, that the dissocia-
tive chemisorption of di-nitrogen on the iron surface is the rate limiting step in ammonia
synthesis [54] and opens possibilities for sub-surface diffusion of the atomic nitrogen [55]
including the formation of a surface nitride of the approximate composition FesN and the
presence of in-situ formed thermodynamically instable v’-Fe,;N [59]. In analogy to the
nitriding of steels by ammonia, it is proposed that high partial pressures (and therefore
chemical potentials) of ammonia in the gas atmosphere allow the existence of (metastable)
stoichometric 7- and e-FeN and as well subnitrides of the type Fejg_99N [56, [57]. Despite the
controversial discussion in literature, the actual structure of a technical ammonia-catalyst
under industrially relevant ammonia yields remains currently unsolved due to the lack of
experimental methods under these demanding conditions.
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Figure 1.1: Thermodynamic equilibrium yield calculation for different temperatures as
function of pressure for methanol synthesis from syngas containing 8 vol.% COs, 6 vol.%
CO and H, in balance.
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Figure 1.2: Thermodynamic equilibrium yield calculation for different temperatures as
function of pressure for ammonia synthesis from a syngas composition of 1:3 Ny to Hs.
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1.3 The pressure and material gap

Although technically the synthesis of methanol and ammonia is already known for a long
time, the catalysts have been studied extensively by many academic and industrial groups
in a fundamental and applied manner to elucidate the reaction mechanisms and surface
chemistry of commercial and alternative catalysts since several decades. The equilibrium
calculations presented in Figs. and reveal the large dependency of the product
yield on the temperature and pressure applied during the synthesis. It is obvious from
these calculations, that a key problem in extrapolating surface-science based mechanistic
studies under vacuum or ambient conditions to industrial reaction conditions is the neglect
of the high chemical potential of reactants and products, the so called “pressure gap”.
Particularly in the case of ammonia synthesis, where the concept of the “virtual” pressure
[60), [61], which is much higher than the corresponding hydrostatic pressure due to its higher
chemical potential of nitrogen atoms compared to its constituting molecules Ny and Ho,
expresses the high capability of the nitrogen in the ammonia to react with the catalyst.
The absence of restructuring and texturing effects in e.g. single-crystal experiments under
low-pressure conditions compared to a industrial catalysts with a highly complex structure
under demanding reaction conditions is expressed as “material gap”. To bridge these gaps,
the concept of conventional flow reactor studies have to be combined with suitable struc-
tural analysis methods, to clarify the nature of catalyst under working conditions. Early
examples of in-situ testing by combining structural and chemical probes were reported on
the Cu/ZnO-System by J. D. Grunwaldt et al. [41] [62] and on a-Fe system by B. Herzog
et al. [56]. Both made great achievements regarding the proof of principle, to combine
catalytic reactions and structural probes, but the materials gap was yet not closed, due to
the reaction conditions which were still remote from industrial applied conditions and the
investigated catalysts, which was not in all cases an industrial high-performance material.
Further effort of bridging the gaps can give answers to the question, which active sites
or phases are responsible for the synthesis. Therefore in-situ studies can be regarded as
essential for the comprehensive understanding of a catalytic system.

1.4 Neutrons - a probe for catalysis

Neutron scattering techniques are powerful tools for detailed characterisation of materials of
high degrees of dispersity and structural complexity. Specific advantages of neutrons result
from their intrinsic property to interact with an atoms nucleus, enabling them to penetrate
matter deeply, which makes them a bulk sensitive probe. Therefore complex geometries
of sample environment or thick walls of metallic reactors can be easily penetrated. The
strength of the interaction of the neutron with the atom depends on the relative orientation
of the spin of the neutron and nucleus (cf. chapter 3) which is in particular useful to
discriminate between nuclides or neighbouring atoms of similar electron configuration.
Due to its magnetic moment it can be used in polarized form to investigate magnetic fields
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[63]. By measuring its kinetic energy loss in inelastic scattering processes it can be used
to investigate atomic motion (quasi-elastic scattering), molecular motion on surfaces as
well as magnetic and crystal field excitations (inelastic scattering)[64]. The application of
elastic scattering, particularly diffraction, to determine atomic and/or magnetic structure
of a material can give answers to questions in solid catalyst research.

The first attempt to develop experimental equipment to study catalysts under demanding
reaction conditions using neutron scattering techniques was made by J. Turner [65] and
R. I. Walton et al. [66], by applying temperatures in the range of 4-1273 K and pressures
from 10~% mbar to 5 bar. The probably most prominent example of applying neutron
scattering techniques to a catalytic research question was given by research groups of
Albers, Lennon and Parker who applied inelastic neutron scattering to reveal catalyst
deactivation and poisoning by active site blocking [67, [68] [69] [70] [71]. Although the great
potential of neutron scattering was demonstrated by that work, so far the application of
neutron diffraction to catalysis under industrial reaction conditions in in-situ studies is a
novelty.

1.5 Thesis aim

The work presented in this thesis is focussed on the application of neutron diffraction to
two prototype reactions in heterogeneous catalysis, namely methanol synthesis on ternary
Cu/Zn0O/Al,03 as organic, and ammonia-synthesis on Fe-catalysts as inorganic reaction.
By applying industrially relevant reaction conditions to the investigated catalytic system
(i.e. 250 °C and 6 MPa for methanol-synthesis and 425 °C and 7.5 MPa for ammonia-
synthesis) significant amounts of products, given by the thermodynamic equilibrium, can be
achieved. The parallel acquisition of structure and activity parameters allows conclusions
to be drawn regarding the effect of the catalyst bulk structure on the performance. A
comparison of the observed in-situ structure with suitable reference systems of increasing
chemical and structural complexity allows a direct comparison of the present structure
with proposed formation and/or (re)-arrangement of reaction-enhancing active phases.
The increased general understanding of the structure-activity relationship shall help to
improve the knowledge-based development of more efficient and sustainable catalysts of
the next generation.

1.6 Outline of the thesis

The thesis is divided into eight chapters, each dealing with one experimental aspect ad-
dressed along the study. In the beginning a short introduction to the topic of heterogeneous
catalysis and methodology is given. Later, obtained results are summarized and discussed
in the context of literature.

Chapter 2 summarizes the work presented in this thesis and links the experimental find-
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ings presented in chapters 4 to 8. Final conclusions are drawn and an outlook is given
regarding further research in the field.

Chapter 3 briefly summarizes the physical background of neutron diffraction and the
basics of the experimental methods applied in this study.

Chapter 4 adapts a paper describing the construction and successful application of a
continuous flow cell for catalyst characterization on neutron diffractometers. The proof of
principle is shown for the reduction of a ternary Cu/Zn0O/AlyO3-catalyst. Also methanol
synthesis was carried out at 250 °C and 6 MPa for 24 hours. Conceptual contributions to
the development of the cell were made by Dirk Wallacher, Raoul Naumann d’Alnoncourt,
Malte Behrens and Robert Schlogl. Technical support during the testing of the cell was pro-
vided by Thomas Hansen, Klaus-Dieter Liss, Michael Tovar, Alain Daramsy, Scott Olsen,
Eugen Stotz, Edward Kunkes and Gregor Wowsnick. Rietveld refinement was carried out
by Frank Girgsdies.

Chapter 5 adapts a paper describing the successful application of the flow cell for am-
monia synthesis at 330 °C and 6 MPa. Rietveld-refinement presented in this chapter
was carried out by Frank Girgsdies. TEM analysis was done by Igor Kasatkin. Technical
support during the testing was supplied by Malte Behrens, Edward Kunkes, Klaus-Dieter
Liss, Vanessa K. Peterson, Scott Olsen, Friedl Bartsch and Mai Anh Burke. Conceptual
contributions were made by Malte Behrens, Robert Schlogl, Friedrich Karl Seitz and Frank
Rosowski.

Chapter 6 is a manuscript describing the routines to analyse microstructural and defect
parameters from scattered intensities. Values determined by TEM studies (Igor Kasatkin)
and Rietveld-refinement (Frank Girgsdies) are compared to classical linear approaches
(Williamson-Hall-plot, Scherrer-formula). Areal defects affecting the scattered intensities,
depicted by a deconvolution algorithm developed in MathCAD (written by Igor Kasatkin),
are compared to simulations of defective structures. The results of linear-combinating
Rietveld-refinement are compared to the results of a convolutional fitting routine (devel-
oped by Matteo Leoni). The samples investigated in this study were kindly provided by
Stefanie Kiihl, and measured by Malte Behrens, Stefanie Kiihl and Michael Tovar.

Chapter 7 adapts a paper describing the structure of a ternary methanol synthesis catalyst
and shows neutron powder diffraction pattern of this catalyst under 250 °C and 6 MPa.
Material properties like linear thermal expansion and alloying are discussed. Rietveld-
refinement presented in this chapter was carried out by Frank Girgsdies. TEM analysis
was done by Igor Kasatkin. Technical support during the testing was supplied by Thomas
Hansen, Klaus-Diter Liss, Edward Kunkes and Gregor Wowsnick. Nikolas Jacobsen ex-

pressed his consent to publish the experimental results. Conceptual contributions were
made by Malte Behrens and Robert Schlogl.
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Chapter 8 is a manuscript describing the structure and phase composition of a Fe-based
ammonia catalyst under near-industrial ammonia-yield. The persistency of the complex
microstructure of the major a-Fe phase under synthesis conditions of 425 °C and 7.5 MPa
syngas is reported and analysed. TEM analysis was carried out by Manfred E. Schuster.
Technical support during the measurement was made by Anatoliy Senyshyn. Conceptual
contributions were made by Malte Behrens and Robert Schlogl.
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Chapter 2

Summary of results and future
perspectives

The aim of this thesis was to investigate heterogeneous catalysts under reaction conditions
with neutron diffraction as a bulk sensitive technique. The objective of this experimental
approach was to contribute to a general understanding of a.) the structure of a commercial,
operational Cu-based catalyst for methanol synthesis and b.) the verification of proposed
bulk-nitriding of industrially applied Fe-based catalysts for ammonia synthesis.

The pivotal technical challenge was the construction of an appropriate flow cell, suitable
to run catalytic reactions under pressures up to 80 bar and 475°C and able to act as an in-
situ cell for diffraction experiments at the same time. Under these reaction conditions, the
achievable amount of reaction products —in the order of magnitude of industrial processes—
provides a promising basis for the evaluation of structure and activity correlations. For
the first time it was possible to apply industrial conditions regarding T and p correspond-
ing to product yields of ~6vol.% methanol and ~13vol.% ammonia in a neutron beam.
Previous experiments, carried out under less demanding reaction conditions, state a di-
rect relationship between the catalyst’s structural properties and the chemical potential of
the surrounding atmosphere. Thus, due to the use of industrial reaction conditions and
industrial catalyst materials, this study presents an example of in-situ experimentation,
which does not suffer the famous “pressure and material gaps” that often hinder progress
in applied catalyst research.

Particular issues of the methanol synthesis catalyst are the dynamics of the Cu/ZnO-based
composite that have been proposed to lead to formation of the active site exclusively under
reaction conditions and the strong influence of the ZnO on the structure of the Cu-phase
[72, [73, 141, 62, [40].

Concerning methanol synthesis, it can be concluded that the investigated ternary Cu/ZnO/
Al;O3-catalyst exhibits a high microstructural complexity, which differs tremendously from
the supposed structure of an ideal fcc-crystal in the following manner:

During the reduction of the CuO precursor in pure Dy, metallic Cu appears in the diffrac-
tion pattern. The full reduction of the crystalline fraction of CuO exhibits an onset at
402 K and the fast appearance of Cu at 413 K suggest the presence of a undetected,



12 2. Summary of results and future perspectives

diffraction-amorphous intermediate, which may be a form of, in agreement with litera-
ture studies, CupO [36]. The relatively broad diffraction peaks of the readily reduced
Cu/ZnO/Al;O3-catalyst imply a.)the crystallinity of the Cu-phase and b.)the presence of
the high microstructural complexity right from the beginning of the synthesis. After 24 h
time on stream, no major changes of the Cu-phase are observed. Additionally, no signif-
icant variation of the Cu-lattice parameter was observed. The first attempt to describe
microstructural imperfections or defectiveness of the catalyst in terms of elastic deforma-
tion due to “strain” or “defects” by the deviation of the dy11/dgg value from 1.1547 for
the “ideal” fcc-lattice, demonstrated that the presence of stacking faults causes a shift of
the 111 and 200 peaks towards each other. This observation is in good agreement with the
phenomena described by Warren [74, [75] [76], reporting that with an increasing number of
stacking faults, dy11/d2go will become smaller than 1.1547. Concerning this approach, the
evolution of dy11/dag from the end of the reduction procedure over 24 h time on stream
revealed that the Cu-phase in the active catalyst bears —in contrast to the annealed Cu-
reference powder (dj11/dsgo = 1.155)— a significant amount of stacking faults and maintains
its defect structure.

The signature of these stacking faults and twin boundaries —first observed locally in the
Cu-particles in TEM-studies by Kasatkin et al. [§]- in the diffraction pattern is expressed
by the above mentioned peak shift and an asymmetric broadening and tailing of the peaks.
Systematic crystallographic defect modelling studies, carried out on a series of samples
ranging from pure Cu-reference powder to ternary real catalyst systems with increasing
chemical and structural complexity, revealed a dependency between stacking fault con-
centration and anisotropic broadening of the Cu Bragg-peaks, while no correlation of the
observed peak anisotropy with the crystallinity of the Zn-by-phase was observed. As an
alternative to simple pattern decomposition methods, the experimental diffraction pat-
terns were fitted by Fourier-synthesis, the so called “Whole-powder pattern modelling
[10]”, which is therefore a more sophisticated fitting routine than the classical Rietveld-
algorithm [77] and comfirmed the defectiveness of the catalyst.

It is evident that defective nanoparticles in a diameter range <10-15 nm show elastic prop-
erties, which differ from macrocrystalline bulk material. The deviation from ideal fcc-Cu
is manifested in a lattice contraction by 0.1% at room temperature. As a consequence, the
linear thermal expansion coefficient for the Cu/Zn0O/Al,O3-catalyst is observed to be with
a value of « = 35.1-107% K~ twice as large as for reference Cu (o = 17.8-107°% K~'). Un-
der isothermal synthesis conditions the discrepancy in the lattice parameter is converging
towards the reference Cu. Upon further heating, the onset temperature for a-brass for-
mation was determined to be around 603 K, which is in good agreement with the increase
of the diffusion coefficient of Zn in Cu at the corresponding temperature by five orders of
magnitude from 2.7 - 10722 cm?s™! at synthesis conditions (523K) to 3.2 - 1077 cm?s™!
at 623 K, reported in the literature by Spencer [42]. Thus, the formation of bulk-brass
under reaction conditions can be directly excluded. Regarding the interactions between
Z/n0O and Cu, these findings support the concept of a static, defective Cu-phase which
maintains its defect structure and interacts rather in a form of more mobile ZnO, than
mobile Cu e.g. by migration of ZnO, entities onto the surface of the Cu nanoparticles
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by strong-metal-support-interaction (SMSI). However, no evidence for Cu mobility or Cu-
particle morphology changes, which were proposed by Grunwaldt et al. [41], preceding the
reversible surface decoration of the Cu particles with ZnO,, could be obtained.
Conclusively, the proved high concentration of stacking faults prevail in the industrial
Cu/Zn0O/ AlyOs-catalyst under reaction conditions, while neither a bulk inclusion of re-
active species from the gas phase nor the proposed bulk a-brass or Cu-hydride formation
was observed under synthesis conditions in the industrial high performance catalyst.

In analogy to the Cu-catalyst, the drastic microstructural deviation of the activated ammonia-
catalyst from “isotropic”-iron is attributed to its strong hierarchical structuring previously
revealed by SEM-studies [78, 58] and described in literature [57, [79].

Regarding the phase composition of the reduced ammonia-catalyst in the pre-reaction state
at 330°C, in addition to a metallic a-Fe bulk phase (aggec = 2.86158A +0.00016A, asgpec =
2.87840A40.00013A, ayos0c = 2.88434A+0.00033A) a faint contribution from a magnetite-
type (Fe3Oy4) spinel-phase is detected. This phase could be most probably attributed to a
non-stoichiometric and defective (FeO), -(y-AlyOs),, which is a consequence of the kinetic
difficulty in fully reducing the catalyst. Further heating in syngas up to 425 °C leads to
a “strongly reduced” catalyst, which is after 26 h on stream analytically free of Fe3O, or
rather (FeO), -(7-Al;O3), in the diffraction-accessible bulk. By comparison of the in-situ
patterns with increasing NDj yields up to 12.6 vol.% within a period of 88 h time on stream
(TOS) with a commercial, stoichimetric Fes 4N powder, no formation of a stoichiometric
nitride phase in the catalyst’s bulk was observed.

Despite the absence of major phase transitions, subtle changes in the complex microstruc-
ture of the working catalyst are present. These minor changes in the shape of the diffrac-
tion peaks indicate that the majority of the microstructural deviations of “ammonia-iron”
derived at ambient pressure prevail under technically harsh operation conditions. The ma-
jor a-Fe phase has a linear thermal expansion coefficient in the range of RT to 330 °C
(a = 11.8 - 1079 K™!) which is in good agreement with the literature value [47]. With
respect to the linearity of the linear thermal expansion coefficient up to 550°C [80], the
measured lattice constant of the catalyst under reaction conditions at 425°C is 0.1% larger
than expected for this temperature. The most probable explanation for the variation in
d-spacing, which is consistent with the literature view on the active catalyst is the presence
of endotactic chemical impurities [57], expressed in a fashion of incorporation of individual
“molecules” of hercynite into the lattice of the a-Fe host lattice, a phenomenon named
“paracrystallinity” by Hosemann et al. [81]. In this context it remains unclear, if the
observed variation in the peak breadth over TOS is really a consequence of increasing
apparent domain size (as determined by Rietveld-method) or either a contribution from
non-statistically distributed, anisotropic strained diffraction planes in the domain resulting
due to hercynite incorporation [57]. Therefore, these diffraction results encourage further
post-reaction high resolution TEM (HRTEM) studies of the near surface region in the fu-
ture. Conclusively it is claimed, that the interpretation of the above results is consistent
with the literature view on the active catalyst [82] [56] [83], [78]; The presence of strain in
varying amounts over the entire TOS is indicating that the proposed lattice distortion has
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formed already as a result of catalyst activation, probably with other atoms in the inter-
stitials of the iron lattice.

The results presented in this work demonstrate the capability of in-situ neutron diffraction
in catalysis research. Currently there is no other method available, which gives answers
regarding the bulk-structure of a catalyst, its inclusion of reactive species from the sur-
rounding gas- or liquid phase or its restructuring behaviour under certain chemical po-
tentials of the surrounding atmosphere under demanding reaction conditions. Combining
structural information gathered from in-situ neutron diffraction with sample characteris-
tics determined with routine lab equipment e.g. BET, TG or microscopy allows bridging
the “materials- and pressure-gaps” towards a realistic model of the structure of catalyst
under reaction conditions by applying sophisticated methods like whole powder pattern
modelling. Future work using this methodology will address the correlation of the evalu-
ated structural properties with catalytic performance and include information about the
evolution of the microstructure with deactivation of the catalyst over longer operational
periods. Further improvement of the applied whole-powder-pattern modelling algorithm
might allow a more precise structure simulation of the operational catalyst by taking ther-
mal displacement of the atoms and multiple or incoherent scattering from the reactive gas
phase into account. Particularly the revival of Fischer-Tropsch-synthesis in the context
of “clean fuels for the future” might benefit from in-situ neutron diffraction regarding the
identification of cubic and hexagonal cobalt phases in the reduced and operational catalyst.



Chapter 3

Methodology

3.1 Neutron diffraction [!

3.1.1 Neutron interaction with matter

Low-energy thermal neutrons are an important tool for the investigation of static and
dynamical properties of condensed matter due to their intrinsic properties. Similar to X-
rays their ability to interact with matter is described in a general manner by absorption,
transmission and scattering. As neutrons can be generated in several different ways by
radioisotope-sources, an effective process and sufficient flux of free neutrons can be achieved
by spallation or fission. While all experiments carried out along this study were done using
research reactors, for sake of conciseness all energies and properties given in further text
will concentrate on fission-neutrons. In a constant wavelength-source (nuclear reactor) fast
fission neutrons are produced in an energy range of 10 keV to 20 MeV. By the application
of the de Broglie-relation,

A= (3.1)

(h= Planck constant, m,, = neutron’s mass, E = neutron energy) this energy range corre-
spondents to a wavelength of 0.28 to 0.0064 pm. While the core of a reactor is placed in a
moderator (often water or heavy water) a fast fission neutron undergoes several elastic col-
lisions with the surrounding water molecules, in which it looses kinetic energy and becomes
“moderated”. The energy distribution of the moderated neutrons in equilibrium with the
moderator temperature is described by the well known Maxwell-Boltzmann distribution.
The neutrons extracted from the moderator tank by neutron guides have a kinetic energy
below 100 meV and a corresponding wavelength larger than 90 pm, which classifies them
as thermal neutrons. As the neutron —in contrast to X-rays— interacts with the nucleus, the
character, strength and probability of interaction is a direct function of its energy. Most
values and constants stated in literature refer to thermal neutrons at norm conditions at

!The following paragraphs are adapted from [1] and [2]
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Figure 3.1: Scattering length b for thermal neutrons as function of the atomic number,
numerical values taken from [84].

273.16 K which is equal to a kinetic energy of 35.31 meV and a corresponding wavelength
of 152 pm.

3.1.2 Neutron scattering length and cross-section

While crystallographic information can be obtained from neutron and X-ray diffraction
in a similar manner, a great advantage of neutron diffraction is the high selectivity for
neighbouring elements, their isotopes and specific nuclides. Due to the X-ray interaction
with the electron shell, the scattering probability of an atom is described by an atomic form
factor F', which is monotonous increasing with atomic number. For the case of neutrons the
scattering strength with individual nuclei is given by the basic quantity b, the scattering
length. The values of the scattering lengths (Fig. vary irregularly from one nucleus to
another due to their strong dependence on the relative orientation between neutron spin
and nuclear spin. Due to the statistical distribution of spin orientations and isotopes in a
periodical lattice a fluctuation in the scattering potential is observed. These fluctuations,
known as incoherent scattering, are isotropic (non-angle-dependent) and contribute to the
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background signal in acquired powder patterns. The scattering length of a neutron with
spin § and a nucleus with spin I is given by

20,
g1 (3.2)

NEDE

wherein [ is the nuclear-spin quantum-number, b. the coherent and b; the incoherent
scattering length [85]. As the total scattering cross section is a linear combination of
coherent and incoherent cross section according to

b =b. +

oy =0, + 0; (3.3)
with the related cross sections for
0. =4mb? )
o; =47h? (3.5)
Eq. can be written as
oy =4n(|b?]). (3.6)

The element-specific coherent and incoherent cross sections as well as the resulting total
cross section for thermal neutrons (acc. to Eq. as function of the atomic mass of
target atom are depicted in Fig. [3.2] As it can be seen from Fig. [3.2] the total scattering
cross section for Hy with 82.02 b is very high. While X-rays are practically insensitive to
hydrogen, a high content of hydrogen would cause in the case of neutron diffraction a huge
incoherent background. Therefore, the in-situ studies were carried out with deuterated
syngas to significantly reduce incoherent scattering from the gas atmosphere. As Cu and
Zn are isoelectronic, one takes advantage of the discrimination of neighbouring elements
in the case of alloy formation due to sintering or ageing, in particular for the ternary
Cu/Zn0O/Al,O3-catalyst. Due to the fact, that the scattering for nitrogen is as large as for
iron, this property is greatly appreciated for the in-situ study of ammonia-synthesis, where
the formation of Fe-N alloys or intercalation are expected.

3.1.3 Influence of deuterium and nitrogen on the structure factor

With respect to the proposed intercalation of nitrogen into the Fe-lattice, or the influence of
nitride or hydride formation, the structure-factor is going to be discussed. The amplitude
of a scattered intensity of a present phase is a function of the structure factor, which is
described as a Fourier component of the electron density of the unit cell, convoluted by
the thermal motion amplitudes of the atoms [86], which is given by

2

[FQ)* = (3.7)

> b Tyeapli(QR))
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wherein R; is the actual site occupancy divided by the site multiplicity. T} is a measure for
the thermal and random static displacement of the jth atom parallel to the diffraction vec-
tor (). As follows from scattering theory, the scattering vector @ is the difference between
incident l?o and scattered K beam, which results in a reciprocal unit. The simple relation
between scattering angle and reciprocal diffraction vector is given trough the fulfilment of

the Bragg-condition if the scattering vector () is equal to a reciprocal lattice vector by

Q=K — K (3.8)
Q =2rM;, with Mj = (k) (3.9)
Q| =4m(sinb)/\ . (3.10)

The structure factor then transforms into:

N 2
}F(hkz)|2 = Z bjT;exp{2mi(hx; + ky; +1z;)} (3.11)

j=1

where h, k and [ are the Miller indices; z;, y; and z; are the position parameters of the
Jth atom in the unit cell [87].

3.1.4 Thermal displacement and Debye-Waller-factor

As it was already discussed above, the structure factor is convoluted with the thermal
motion amplitude of the atoms in a unit cell. As the neutron interacts with the nucleus of
an atom, a significant displacement occurs during the diffraction experiments even at room
temperature. The so called Debye-Waller factor describes the variation of the scattered
intensity due to thermally induced lattice vibrations, depicted by

T —exp{~W;} (3.12)
where W;is the product of row matrices with elements (hkl) and symmetrical matrices
representing the anisotropic temperature parameters of an atom j on a certain position.

Assuming the same Debye-Waller-factors for all atoms in an unit cell, the geometric struc-
ture factor becomes:

N
‘F(hkl)‘ = ijexp(—I/Vj)exp 2mi(ha; + ky; + 1z5)] (3.13)
j=1

With an assumption of a harmonic vibration with an atomic displacement u; the atomic
Debye-Waller-factor follows as

T(Q) =ern{~5 (@ w)")} (314)
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By assuming an isotropic mean square thermal displacement with %(u?) Eq becomes:

1
T(Q) ={-5 Q%)) (3.15)
Combining Eqs and gives

1
Wy = @) (3.16)
The ”atomic displacement parameter” which is used in the Rietveld-algorithm is therefore
calculated by

A _87T2

Biso i — VWi, —
" ! sin20 3

(w?) . (3.17)

J
It is noted that the observed scattered intensity follows with respect to Eq)3.13

Tnwty o< | Finwny|” - (3.18)

3.1.5 Structural imperfections and scattered intensities

Egs. implicates that diffraction phenomena can be used to investigate microstruc-
tural and defect analysis of a bulk sample. As the structural probing is carried out parallel
to the diffraction vector Q, it follows that the extension and dispersion of the reflecting
planes perpendicular to the diffraction vector are probed. The dispersion of lattice planes
perpendicular to the so called “column length” can be affected in multiple ways due to,
e.g., residual strains, lattice imperfections by multi-order defects or crystal size and shape.
Since the observed intensity in a powder pattern is a convolution of intrinsic effects of the
sample and an instrumental contribution, the analysis of the micro-structure of a diffract-
ing bulk sample volume is often not straightforward. A more detailed discussion about the
methodologies of analysis of the observed intensity in a diffraction pattern and its physical
origin is carried out in chapter 6.

3.2 Electron Microscopy

As a very useful complementary technique to neutron diffraction, electron microscopy can
help to get a general understanding of local structuring, composition and morphology of
a catalyst from microscopic to atomic scale. Each analysis carried out on an electron
microscope is based on a certain scattering phenomenon. Electrons are charged particles
and in analogy to neutrons, they are devoted to the particle-wave dualism, described by
the de Broglie-relation (c.f. Eq. , while strong coulomb forces apply.



3.2 Electron Microscopy 21

3.2.1 Electron-Matter-Interactions

Comparably to neutrons, electrons show different phenomena if they pass matter, but in
contrast to neutrons, as they are charged particles, more secondary effects are observed.
The most important interaction of electrons with matter is the coulomb interaction. De-
pending on the scattering geometry and transferred energy, backscattering and emission
of secondary electrons and as well as Auger electrons, the emission of radiation in terms
of characteristic X-rays, Bremsstrahlung and visible light can be the consequence of the
interaction. If matter is entirely passed through, an attenuated direct beam as well as
elastically and inelastically scattered electrons could be observed, while heat, electron-hole
pairs and an amount of “adsorbed” electrons remain in the matter. As electron scattering
is very crucial for the understanding of imaging with electrons, it has to be differentiated
between backscattered electrons and secondary electrons which are of interest for Scanning
Electron Microscopy (SEM) rather than for Transmission Electron Microscopy (TEM). As
the abbreviation TEM states, the transmitted electrons are of particular interest, as they
were directly attenuated by matter (direct beam) or underwent single or multiple scattering
processes which were of elastic or inelastic nature.

3.2.2 Transmission Electron Microscopy

The basic principle of imaging with a TEM is based on the irradiation of a thin speci-
men with an coherent beam of electrons. For the sake of image quality, a homogeneous
illumination of the area of interest with an electron beam of uniform energy density in
an energy range of 30 keV-200 keV is a prerequisite. The amount of electrons transmit-
ted through the specimen is a direct function of the differential scattering cross section
—or more precisely— the mean free path (the resulting average distance that the electron
travels between scattering events), the density and elemental composition of the specimen
is a crucial factor for the right choice of incident electron energy, sample thickness and
the desired resolution. As most of the investigated specimen are crystalline, the electron
waves interfering in a periodic potential of a crystal lattice propagate as a wave-field with
the same periodicity as the lattice. The achieved amplitude is known as ’diffraction con-
trast’ [88]. If the objective aperture below the specimen allows propagation of the direct
beam and diffracted electrons with a scattering angle less than the acceptance angle of the
aperture, whilst blocking the diffracted electrons with a scattering angle larger than the
objective aperture, a bright field (bf) image is obtained, which contains information about
crystalline domains, domain and phase boundaries, local imperfections as edge and screw
dislocations as well as stacking faults and twin boundaries. In contrast to bf, in dark field
(df) mode only diffracted electrons contribute to imaging. To achieve a df, the objective
aperture is replaced from the optical axis, or, in terms of imaging conditions favorable, by
tilting the illumination such that the diffracted beam runs along the optical axis (in this
case, the objective aperture is left at the center). Tilting of the specimen allows to select
a desired bragg condition of domains, which appear as bright areas on dark background.
Df imaging is of particular interest for studying position and type of lattice imperfections
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as well as shape, size and distribution of coherently scattering domains of the crystalline
specimen.

3.2.3 Energy dispersive X-ray analysis

A specimen irradiated with electrons causes the elements present to emit excess energy by
dropping electrons from higher shells to electron holes in lower shells created by excited
and ejected electrons as characteristic X-rays. These emitted x-rays can be collected by a
semiconductor-detector e.g. Si(Li) placed placed between the upper and lower pole piece
of the objective lens to make statements about the elemental composition of a sample. By
setting different currents to the detector, background discrimination and signal amplifica-
tion can be achieved. The energy resolution of the detector is given by the number and
breadth of the counting channels. A typical acquisition range of EDX is 0-40 keV with
a resolution (FWHM) of 130-150 eV, while the most Ka-emission lines (which are the
strongest) are recorded in a range of 0-10 keV.

3.3 Effluent gas analytic

As one of the goals of this thesis is the link between the catalysts structure under reaction
conditions and its performance, on-line effluent gas analytic was carried out to monitor
gas phase composition and product quantity. For lab-performance studies a combination
of mass spectrometry and gas chromatography was used during methanol synthesis; for
ammonia synthesis a combination of mass spectrometry and titration was applied during
diffraction experiments as well as laboratory studies.

3.3.1 Mass Spectrometry

For general on-line gas analysis, a quadrupole mass spectrometer (MS) is used in this study,
to detect molecules and fragments by means of their mass to charge ratio m/z in continuous
probing. As the number of incident ions is proportional to the concentration, the pressure
has to be kept constant at any time, which could be achieved by e.g. pinholes and/or heated
capillaries as inlet systems. The detected molecules show a certain degree of ionization and
fragmentation which is characteristic and can be regarded as a 'fingerprint’, references of
this fragmentation patters are available in web resources eg. NIST chemistry WebBook
[89]. As the degree of fragmentation is a strong function of the ionization source, the
acceleration parameters have been kept constant along the study. For further information,
the reader is referred to fundamental literature [90} 9T].

3.3.2 Gas Chromatography

During methanol-synthesis a quantification of the products and unreacted educts in the
effluent gas is mandatory for kinetic studies, mass balances and performance testing. For
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varying space velocities different side products can occur, gas chromatography (GC) is a
valuable method to quantify them down to concentrations of ~ 500 ppb [91]. The basic
principle of GC is the separation of gas/liquid or liquid/liquid mixtures by the different
boiling points or vapour pressures of the single components in the carrier gas He (mobile
phase). By using very thin capillaries with a packing of different polarity (stationary
phase) placed in a furnace, mobile and stationary phase can interact. Setting different flow
rates of the carrier gas, allows components of a mixture to elute retarded. They can be
distinguished by specific retention times, which can be detected by a thermal conductivity
(TCD) and flame-ionization detector (FID). Because TCD is a non-destructive detector,
it is operated in front of the FID. This combination allows the detection of HyO, Hy, CO,
and Ar at the TCD, while the FID is more sensitive to CO, CH3OH, CH,4, CH,O, CoHgO
and further carbonaceous by-products [91] of the methanol-synthesis.

3.3.3 Titration

In the case of ammonia-synthesis the most accurate quantification routine is titration. Due
to the very good solubility of ammonia in water (520 g/l ~ 684 1/1 at 20°C [92]), exhaust
gas of a know volume was passed through an adsorber. Afterwards an aliquot was titrated
with HCI in an automatic titrator. The dissolution of ammonia and HCI are described by
the following equations:

NHs;+ H,O = NH} + OH~ (3.19)
HCL+ H,0 = H;O" + Cl™ (3.20)

adding up both equations gives the titration reaction
NH;+ HCl+2H,0 = NH} + OH™ + H30" + Cl~ . (3.21)
While during the reaction water is in balance, one can reduce Eq[3.21] to
NHs;+ HCl= NH] +CI™ . (3.22)

From the Henderson-Hasselbalch-Equation it follows that for NH; (K, = 9.25 [92]) the
pH is 5.28 at the equivalence point:

[H30F][N H3]
K, =037 T8 g 95 3.23
VA (3:23)
pK, =—1gK, (3.24)
C(NHg)
H =pK, + lg——"3) — 598 3.25
pH =pK, + gC(NH4+> (3.25)
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Chapter 4

Continuous flow cell for catalytic
reactions in the neutron beam |}

Abstract In the present work the construction and application of a continuous flow cell is
presented, from which neutron diffraction data could be obtained during catalytic reactions
at high pressure. By coupling an online gas detection system, parallel structure and activity
investigations of working catalysts under industrial relevant conditions are possible. The
flow cell can be operated with different feed gases in a wide range from room temperature
to 603 K. Pressures from ambient up to 6 MPa are applicable. An exchangeable sample
positioning system makes the flow cell suitable for several different goniomter types on
a variety of instrument beam lines. Complementary operational test measurements were
carried out monitoring reduction of and methanol synthesis over a Cu/Zn0O/Al,O3 catalyst
at the high-flux powder diffraction beamline D1B at ILL and high-resolution diffraction
beamline Echidna at ANSTO.

4.1 Introduction

Nowadays catalysts are considered as dynamic materials whose active centers can be formed
or transformed due to the chemical potential of reactants or products under reaction con-
ditions. If such changes are reversible, application of in situ methods is needed to study
catalysts in their working state to gain a general understanding of structure-activity re-
lationships. It is especially attractive to bridge the so called 'pressure gap’ and to go to
pressure ranges beyond Ultra-High-Vacuum to ambient pressure regimes. Unfortunately,
not many in-situ techniques can be operated at high pressures above ca. 5 MPa and allow a
direct observation of the working catalyst under realistic chemical potentials as are present
in industrial reactors. It often remains questionable, if the properties of model catalysts
studied at low pressure can be extrapolated to real catalysts under industrial reaction
conditions. Due to their high penetration depth, neutrons allow application of complex
sample environment as is needed to study commercial catalysts under industrial reaction

! Adapted from [3]
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conditions, e.g. elevated temperatures and high pressures (up to 6 MPa) under strongly
reducing gaseous atmospheres like hydrogen/deuterium-rich synthesis gas. Furthermore
neutron diffraction is a powerful tool to study structural and microstructural properties
of a catalyst (phase identification, strain, particle size, alloy formation, phase transforma-
tions) in operation. A lot of technical effort was made by Turner et al. [65] and Walton et
al. [66] to study catalysts or related materials under demanding reaction conditions; but
still far away from typical industrial conditions. In this present contribution a reaction
setup will be presented, which allows carrying out in situ neutron diffraction studies on
various catalyst systems under industrial relevant synthesis conditions.

4.2 Apparatus design

Aim of the apparatus design was to build a safe reactor, which allows to collect structural
data of a working catalyst under industrially relevant conditions with neutron diffraction
and a parallel monitoring of the product gas stream by mass spectrometry to correlate
structural and catalytic properties.

The apparatus consists of three basic components: The flow cell including the heated
reactor body, the gas supply and the effluent gas analytics.
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4.2.1 Flow cell and reactor body

The operation of a flow cell under high pressure is devoted to strict safety regulations.
According to these regulations, a bursting of the cell walls must be excluded at any time of
the operation. The most critical point is the balance in between finding a material, which
shows neutron transparency and a moderate coherent scattering behavior on the one hand
and is resistant to high pressures of reactive gases like hydrogen, deuterium or carbon
monoxide at elevated temperatures on the other hand. Most common materials used in
the nuclear branch like vanadium and zirconium alloys show hydrogen embrittlement or
intragranular corrosion [93], if they are operated under high pressures on a long term scale.
Especially under alternating high pressure cycles, which occur under in-situ conditions
a high tensile yield strength of the material must be guaranteed. We have decided to
fabricate the cell from thick-walled aluminum-magnesium alloy EN AW-5754 (AlMg3)
offering sufficient pressure and chemical resistance, low absorption and activation and still
acceptable coherent scattering. The tubular flow cell was manufactured from a AlIMg3 rod
with a nominal outside diameter of 20 mm and a tensile yield strength of 283 N mm—?2
at room temperature. Using a lathe, the outer diameter was reduced to 19.05 mm and a
hole with a diameter of 10 mm was set through, which led to a effective wall thickness of
4.52 mm. Strain calculations by assuming a tensile yield strenght of 98 N mm~2 at 573 K
[94] and a increased safety factor of 3.6 [05] have shown, that the tube is resistant up to
the conditions of 140 MPa at 573 K. Static load tests of the setup have been successfully
conducted at 9 MPa and 373 K for 2 h and the limits for flow operation has be set to
6 MPa at 603 K. The total length of the tubular reactor was 150 mm and the catalyst
bed bathing in the neutron beam can have a length of up to 70 mm resulting in a volume
of up to 5.5 em®. To achieve high intensity of the neutron diffraction patterns at short
counting times, large sample sizes are required. The cell can be loaded with variable sample
amounts from approximately 5 g to 20 g. The loaded catalyst bed is fixed by quartz wool
plugs, which are inserted from both ends. A thermocouple which is inserted from the top
allows to measure the bed temperature in the core of the catalyst bed during the reaction.
Reactant feed is injected from the top, the product stream flows out at the bottom. Both
ends of the tube are supported by crimped stainless steel adapting sleeves to assure a self-
tightening seal. By inserting the end of the flow cell into Swagelok™stainless steel (SS
316) 3/4 to 1/4 inch reducing unions the cell material forms a tight seal in between the
adapting sleeves and the inner mating tape of the reducing unions by its larger thermal
expansion coefficient at 523 K.

The body of the reactor is also made of AIMg3, due to its good heat capacity and corrosion
resistance. If the incident neutron beam is poorly collimated, the reactor body shows low
activation behavior and shows a good radiation damage resistance [96]. Given that the
body is made out of the same material as the flow cell itself, it is practically seamless
in the diffraction pattern. Pedestras and sampling base plate are made out of SS316
and fixed with screws via threading. Six heating cartridges are inserted into holes in the
reactor body with a total heating power of 600 W (2x 150 W, 4x 75 W), enabling heating

rates of up to 5 K min~!. FEach heating element is equipped with a thermocouple to
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check its heating behavior for linearity and overheating. Loading of the filled flow cell is
performed by removing the frontal heating covers and inserting the cell into the notch.
The installed system with a total weight of 7.5 kg shows high temperature stability. An
insulating cover and a convection-reducing thin Al-shield before the opening of the reactor
body allows more efficient heating and more isothermal temperature profiles across the
reactor. In case of potential power interruption the initial temperature loss is limited to
0.4 K min~!. Safety precautions against over-heating are implemented by a bimetallic
thermostat into the current circuit of the heating elements, which cuts of the power at a
pre-defined temperature limit. The flow cell is equipped with a bypass to allow a proper
purging of the lines at atmospheric pressure, which is important to avoid oxidation of the
catalyst or local explosive atmospheres from residual air in the lines. The schematic process
flow chart of the cell system is shown in Fig. the detailed assembly of the reactor is

shown in Fig. [1.2]

4.2.2 Gas supply

The lines of the feed gas supply are set under high pressure by a back pressure regulator
(Tescom 44-1100) at the end of the product line. The pressurized gas lines are made of
1/8 and 1/4 inch stainless steel (SS316) tubing and connected with Swagelok couplings,
fittings and reducing unions. The flow of the premixed syngas mixture (which had to be
supplied at a pressure of ca. 7 MPa to achieve a stable outlet pressure of 6 MPa) was
dosed using a mass flow controller (Brooks 5866) which was able to set a flow between 0
and 100 Nml min~! in an operating pressure range from 0 to 10 MPa. The system pressure
was electronically measured with an Endress + Hauser PMP 131 pressure transducer which
was connected to a Schwille SPE 670 digital display and linked with a serial cable to a
Labview application which allowed automated read-out and data-recording. For additional
safety reasons a rupture disk with a specified relief pressure of 8.5 MPa and a check valve
was installed between the outlet after the pressure transducer and the reactor inlet, which
was able to shut down the gas supply in the case, the flow exceeded 500 Nml min~! (e.g.
in a case of a rupture). The pressurized product lines can be heated to 423 K—443 K to
avoid condensation of products like steam.

4.2.3 Effluent gas analytics

Gas analytics is performed online at the heated product line beyond the back pressure
regulator at atmospheric pressure. By switching the gas flow between bypass or reactor
cell, the syngas composition or the effluent gas from the reactor can by analysed (e.g. for
calibration). A gas chromatograph or a mass spectrometer can be coupled to the system.
We have used the latter on site during the in situ experiments and the former in the
laboratory to quantitatively study the system at the same conditions. During the neutron
diffraction experiments a Pfeiffer Vacuum ThermoStar Mass spectrometer was used to
check the progress of catalyst activation and whether the expected outlet gas composition
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Figure 4.2: Assembled flow cell inserted into the reactor body.
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was reached. Effluent gases could be collected after online analysis in a condenser vessel
or released into the venting system of the neutron facility.

4.3 Application example: Methanol synthesis

A prominent example for the importance of in-situ characterisation of structure-activity
relationship in heterogeneous catalysis is the methanol synthesis over Cu/Zn0O/Al,O3 cata-
lysts. Even though these catalysts (in different compositions) have been used in commercial
methanol synthesis for 45 years, the so-called synergy of Cu/ZnO is still under debate in
literature. Several models have been introduced [31] which should give a first approach to
properties of operating industrial catalyst systems. Some of the observations made on this
system like brass formation, dynamical undergoing of morphological changes [40] have been
directly obtained only on model catalysts under conditions, where no methanol has been
produced. In the present work, the structural properties of the aforementioned industrial
catalyst under realistic industrial synthesis conditions is studied using the flow cell reactor
system described above. To minimize the effect of incoherent scattering, hydrogen was
replaced by deuterium in the reaction gases.

4.3.1 Catalyst activation in high-flux diffraction

Due to their pyrophoric nature, nano-structured Cu/ZnO/Al,O3 catalysts are handled in
their completely oxidized form, i.e. as CuO/Zn0O/Al,O3, and the first step of a methanol
synthesis experiment is the activation of the catalyst by reduction of the CuO component
to metallic Cu:

Cu0/Zn0/Al,05 + Dy — Cu/Zn0/ALO; + D,0 (4.1)

To study the phase evolution during reduction a commercial Cu/Zn0O/Al,O3 catalyst the
beamline D1B at ILL in Grenoble was used. While requesting the highest available neutron
flux for a sufficient time resolution of the experiment, a focusing, highly oriented pyrolitic
graphite monochromator was used to select a wavelenght of A = 2.52 A, which led to an
effective flux of 6.5 x 10° n cm™2 s™! at the sample [97]. By setting the *He/Xe position-
sensitive detector to a take-off angle of 45° the angular range up to 125° 26 (corresponding
Q-range 1.91 A" t04.42 A_l) was covered. The reduction of 6 g catalyst was carried out
with a feed stream of 100 Nml min~! pure Dy, while the bed temperature was ramped
from 301 K at 1 K min~' to 523 K at ambient pressure. Effluent gas composition was
tracked by mass spectroscopy from m/z 0 to 50 in analog scan mode; the probing cycle
was 11 s per spectrum. During the reduction procedure 250 patterns were acquired with
an acquisition time of 5 min per pattern. The patterns were normalized to the monitor
count rate. Afterwards the intensities of the CuO(11-1) at Q = 2.4925 A7 and Cu(111)

at Q = 3.0122 AT peaks were fitted using a pseudo-Voigt peak shape function. After
normalizing them to the highest intensity they were plotted on an absolute timescale. The
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normalized integrated intensities of the Cu(111) and CuO(11-1) peaks are correlated to
the catalyst bed temperature and the efluent gas composition in Fig.

4.3.2 Working catalyst in high-resolution diffraction

High-resolution diffraction was performed on ECHIDNA at ANSTO by using a Ge(335)
monochromator at an angle of 70°, delivering a highly collimated beam at a wavelength of
A =1.622 A. A large array of 128 position sensitive *He detectors cover an angular range
of 4° < 20 < 164° which corresponds to a Q-range of 0.27 A to77 A7 [98, 99]. The
reduction of the catalyst was carried out on-site at the diffraction experiment under the
same conditions as in the high-flux experiment. After reaching the temperature plateau
at 523 K, the feed is switched to syngas consisting of Dy, COs, CO and Ar as internal
standard and the flow cell is pressurized by the back pressure regulator with a rate of
78 kPa min~!. The methanol synthesis reaction, formally according to

was conducted in thermodynamic equilibrium at 573 K and 6 MPa. After reaching stable
operating conditions the efluent gas composition is monitored by mass spectrometry. At
stable equilibrium composition of the effluent gas, diffraction patterns with 1 or 2 h acquisi-
tion time were recorded. The observed intensities in the monitor- and efficiency normalized
patterns were evaluated by multiple peak-fitting to account for sample and cell-material
contributions.

4.4 Results

With increasing temperature the reduction of the CuO-containing precursor phase is initi-
ated around 388 K and finishes at 459 K. Metallic Cu appears in the diffraction pattern at
437 K. Dy consumption starts around 373 K and ends in a regime, were CuQO is completely
reduced. Additionally to the moderate angular resolution of D1B, the poor crystallinity of
all component in the nano-structured catalysts, in particular of ZnO and Al,O3 contributes
to a relatively high background, which leads to a larger uncertainty of the low-intensity and
broad peaks of CuO compared to the more crystalline metallic Cu. Complete conversion
of Dy was reached within the maximum of D,O desorption in coincidence with metallic Cu
evolution, which is in good accordance with literature [I00]. No indication of intermediate
formation of crystalline CuyO has been observed in the diffraction patterns. The asym-
metric shape of the curves in Fig. and their intersection at a normalized intensity < 0.5
suggest the presence of a undetected, probably amorphous intermediate, which may be a
form of Cu(I)-oxide. Fig. shows a diffraction pattern of a commercial Cu/Zn0O/Al,O;
catalyst in operation under 523 K and 6 MPa pressure at equilibrium. The methanol con-
centration in the outlet stream corresponds to the calculated equilibrium value of 5 vol.%.
Strong diffraction peaks from the cell material can be fitted by a pseudo-Voigt peak shape
function (highlighted with green profiles). The peaks of the catalytically active Cu-phase
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of the catalyst (red profile) and ZnO (black profile) can be clearly distinguished, indexed
and refined by Rietveld method. Such patterns can serve as a starting point to investigate
the structural answer of a working catalyst to variation of the reaction conditions and to
correlate such changes to catalytic performance. More detailed results of the methanol
synthesis catalysts will be published elsewhere.

4.5 Discussion

A flow cell for in-situ neutron diffraction during continuous catalytic experiments under
high pressure was designed and constructed. It was successfully tested for catalyst activa-
tion and methanol synthesis over Cu/Zn0O/Al,O3 under equilibrium conditions at 523 K
and 6 MPa while obtaining structural information of the catalyst. Online effluent gas
analytics allows direct correlation of structural properties with catalytic activity. Earlier,
comparable studies, which have been carried out with x-rays were done under conditions
of 493 K and 3 MPa [72 [73], 41l [62]. Laboratory studies of the methanol synthesis in the
constructed flow cell have proven the comparability with conventional catalytic test reac-
tors. Thus it should be mentioned, that the major advantage of neutron diffraction - the
angle-independent scattering intensity - allows the higher-order reflexes to be taken into
account for a more accurate structure determination. Although there is a strong scattering
signal from the flow cell wall material, the structural signature of the investigated catalytic
system is strong enough to give detailed results concerning the crystal- and microstructure
of a catalyst under industrially relevant reaction conditions.
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Figure 4.3: Reduction procedure of a commercial Cu/Zn0O/Al,O3 catalyst. Normalized
integrated intensities of the CuO(11-1) and Cu(111) peaks correlated with the catalyst
bed temperatur (top) and effluent gas composition (bottom) during isobar reduction from
301 K to 523 K in Dy feed. Missing ion-current between 130 min and 140 min is devoted
to a artefact.
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Figure 4.4: Rietveld refined neutron powder diffraction pattern of a working commercial
Cu/Zn0O/Al,O3 catalyst under syngas at 523 K and 6 MPa.
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Chapter 5

Ammonia synthesis - proof of
principle H

Abstract The present work describes the application of a tubular reactor that allows
in-situ neutron diffraction on working catalysts at high pressures. The designed reactor
enables the application to a sample of industrially-relevant reaction conditions, i.e., in a
temperature range up to 330°C and 60 bar pressure, coupled with online gas-analysis.
Application of the cell is demonstrated by ammonia synthesis over a commercial catalyst
with diffraction data obtained from the high-resolution powder diffractometer, Echidna, at
the Australian Nuclear Science and Technology Organisation, ANSTO.

5.1 Introduction

Neutron diffraction is a unique tool to gain information on crystalline phases, the crystal
structure, structural disorder, crystalline domain size and shape, lattice strain and de-
fect structure, of materials including catalysts [86]. Nowadays, catalyst are considered as
dynamic materials whose active centres are formed or transformed under reaction con-
ditions. In-situ characterization methods are needed to obtain information about such
structural dynamics, which are typically applied in the pressure range from ultra-high vac-
uum to ambient. The structural properties of the catalyst may change with the partial
pressure of the reactants or products, and investigations of catalysts at high pressures and
near industrially-relevant working conditions using in-situ neutron diffraction can provide
valuable information on the nature of the catalytically active sites. Due to the high pene-
tration depth of neutrons, they can scatter from samples deep within conventional metallic
reactors without the use of specialized neutron-beam transparent windows, enabling the
application of demanding sample environments that are not easily used with conventional
X-ray diffraction. Additionally, the relatively large @ (=27/d) coverage and non-decreasing
scattering factors at high Q make neutron diffraction a suitable tool for in-situ studies of
working catalysts, enabling crystallographic information at reasonable counting times to

! Adapted from [4]
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be obtained. This contribution presents the application of a custom-made high-pressure
cell to the ammonia-synthesis reaction.

5.2 Experimental

For the purpose of in-situ neutron diffraction a high-pressure continuous flow reactor was
designed. The flow cell, made out of an AlMgs alloy, is suitable for reaction tempera-
tures from ambient to 330°C and a maximum pressure of 60 bar.[3]. Mass spectrometry

Figure 5.1: Flow reactor mounted on the Echidna instrument. The incident neutron-beam
window is shown in the background.

was used during the in-situ neutron diffraction experiment for online gas analysis. Pre-
vious experiments in the laboratory have demonstrated the reactor functionality for the
pretreatment of the catalysts, and continuously-running, stable catalytic conversions have
been achieved. Relatively fast changes of the gas atmosphere are possible to introduce
various probe gases (e.g., NoO reactive-frontal chromatography for copper-based catalysis
[T01]). The example described here was carried out on the high-resolution powder diffrac-
tometer, Echidna, at the OPAL reactor facility using a Ge 335 monochromator to provide
a beam at a wavelength of A=1.622A. A large array of 128 position sensitive *He detectors
enabled an angular range of 4°-164° in 20 to be covered, corresponding to a Q-range of

0.28A71 to 7.7A~" [99] OS].
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5.3 Application example: Ammonia synthesis

Ammonia synthesis is not only one of the largest-volume synthetic chemical-processes ap-
plied in chemical industries, but also serves as a prototype reaction for heterogeneous
catalysis research. Significant efforts to investigate the surface chemistry of model cata-
lysts have been made in the last few decades using this reaction, as well as practical tests
of high-performance catalysts [57].

Ammonia synthesis from nitrogen and hydrogen/deuterium (see [102] for detailed mecha-
nism) is a structure-sensitive reaction, which does not occur on every form of metallic iron:

Commercial catalysts are so called ”"bulk-catalyst” with varying amounts of promoter
species. The catalytically-inactive precursor material typically consists of fused iron oxides,
e.g., approximately 80 vol.% magnetite, Fe3Oy4, and 20 vol.% wuestite, FeO. The specific
BET-surface area of the catalyst is around 10 m?g~!, while the mean particle size of the
wuestite/magnetite-precursor is roughly 10 pum. The catalytically-active form is called
”ammonia iron” [103], which is produced from the fused iron-oxides by a complex thermal
treatment in a reducing reactant gas-feed. Studies have shown [104] that the precursor ma-
terial exhibits a disk-like internal microstructure, leading to long-term stable aggregates
of a-iron-platelets separated by oxide spacers, which are favorable for the conversion of
di-nitrogen. There is evidence that the active surface undergoes reversible reconstruction
[T05] under working conditions leading, for instance, to the formation of nitrides. In addi-
tion to pure iron [79], a metastable non-iron para-crystalline metal structure [106], a skin of
FeyN or its under-stoichiometric variants [59] are discussed as catalytically-active phases.
The pre-activated a-iron catalyst was transferred under inert gas into the flow cell. After
inserting the cell into the reactor the catalyst bed was carefully heated at 1 K min~! un-
der the reaction feed-gas to the reaction temperature of 330°C, a guard-reactor with the
same catalyst was operated at 250°C. After reaching the reaction temperature, the cell
was pressurized to 60 bar. When the detected ammonia concentration at the exhaust was
stable, diffraction patterns with an exposure time of 2 h were acquired. For a stoichiomet-
ric gas feed of 100 Nml min~!, a coversion of 3.63% was achieved while the productivity
was 7.59 MEummonia Seatalyst 1. For accurate determination of the instrumental peak
profile a LaBg-standard was measured. Line broadening analysis using a pseudo-voigt-type
peak-function with an axial-divergence term allowed to deconvolute angular dependencies
on the integral breaths of the Lorentzian and Gaussian components.

5.4 Results

Fig. shows the diffraction pattern of a commercial iron-catalyst in operation at 330 °C
and 60 bar, wherein diffraction peaks arising from the cell were removed. Strong diffrac-
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tion peaks of a-Fe (- - -) can be clearly distinguished and indexed. After deconvolution
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Figure 5.2: Neutron powder diffraction pattern of a working commercial ammonia catalyst
at 330 °C and under 60 bar of syngas. A Rietveld-refinement based phase deconvolution
was applied to the data. Bragg-positions of a-iron (top) and a spinel phase (structural
model: Fe3O,4, bottom) are marked, the difference between the model and the data is
shown by the solid line above. The inset compares the asymmetric peak broadening of the
211 reflex of the a-iron-phase to the instrumental resolution function (narrow peak).

of the instrumental broadening from the diffracted intensities, the complex microstructure
of the catalytically active a-Fe phase of the catalyst is indicated by the asymmetric peak
broadening of the reflections as exemplified for the 211 profile shown in Fig. |5.2| (inset). In
addition to metallic iron (a = 2.87840 (+0.00013) A), there is also a noticeable contribu-
tion of a spinel phase (a = 8.38415 (+0.00022) A), which can be refined using magnetite
(Fe30,4) as a structural model (—). The refined lattice parameter is significantly shorter
than expected for pure magnetite at 330 °C (8.4179 and 8.4245 Aat 300°C and 350°C,
respectively [I07]). On the other hand, it is much larger than expected for FeAl,O, (Her-
cynite, 8.1695 Aat 400 °C [108]), which has been reported to form in ammonia-synthesis
catalyst from FeO and the -Al,O3 promoter during reduction [I09]. Our results sug-
gest the presence of a non-stoichiometric and defective (FeO), -(y-AlyO3), spinel-phase,
in which the iron-cations are not reduced under in-situ conditions probably due to the
interaction with Al in the spinel lattice. Transmission electron microscopy (TEM) studies
(Fig. 5.3) revealed a complex composite microstructure of the catalyst with metallic iron
particles and an embedding oxide matrix, wherein the promoter species (Ca, Al, K, Si,
Ti, V) are enriched. This suggests that additional faint reflections arising in the level of
background noise are attributable to small calcium ferrite crystallites. A careful correction
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Figure 5.3: TEM micrograph and energy dispersive X-ray (EDX) spectra of the sample
used during in-situ neutron diffraction. The point analysis spectra reveal that in addition
to the a-iron particles (1) areas which are enriched in oxygen and in the promoter species
are also present (2,3). These areas are found near the edges of the iron particles (2) and
as an embedding matrix consisting of partially crystalline calcium ferrite/iron aluminum
spinel (3).

for background artefacts will be mandatory for further evaluation.

In-situ neutron diffraction experiments as shown here are useful as a starting point for the
further investigation of the structural changes occurring to a working catalyst during varia-
tion of the reaction conditions. Importantly, this information can be correlated to changes
to catalytic performance. More detailed results of the ammonia-synthesis catalysts will be
published elsewhere.

5.5 Conclusions

The constructed high-pressure continuous-flow reactor was successfully used in in-situ neu-
tron diffraction on an ammonia-synthesis catalyst, working at 330°C under a pressure of
60 bar.

The preliminary data analysis confirms that all microstructural deviations of ”ammonia-
iron” that were derived at ambient pressure qualitatively also prevail at the technical harsh
operation conditions. In particular, the absence of a stoichiometric iron nitride phase and
the non-equilibrium structure of working metallic iron were confirmed to be no artefacts
of low-pressure experimentation.
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Chapter 6

Microstructural and defect analysis
of functional catalysts by diffraction
and electron microscopy

Abstract The application of different methods for a microstructural analysis of func-
tional catalysts is reported for the example of different Cu/ZnO-based methanol synthe-
sis catalysts. Transmission electron microscopy and diffraction were used as complemen-
tary techniques to extract information on the size and defect concentration of the Cu
nano-crystallites. The results, strengths and limitations of the two techniques and of
different evaluation methods for line profile analysis of diffraction data including Rietveld-
refinement, Scherrer- and (modified) Williamson-Hall-analyses, single peak deconvolution
and whole-powder-pattern modelling are compared and critically discussed. It was found,
that in comparison with a macrocrystalline pure Cu sample, the catalysts were not only
characterized by a smaller crystallite size, but also by a high concentration of lattice de-
fect, in particular stacking faults. Neutron diffraction was introduced as a valuable tool
for such analysis, because of the larger number of higher-order diffraction peaks that can
be detected with this method. An attempt is reported to quantify the different types of
defects for a selected catalyst.

6.1 Introduction

The term microstructure summarizes all structural features of a solid state material be-
yond the ideal infinitely extended crystal structure, which in an analogous notation may
be termed picostructure as it comprises the bond angles and distances between atoms on a
picometer-scale and their periodicity. The microstructure includes particle size and shape,
which can be studied conveniently with an optical or electron microscope in the micro-
and nanometer range, respectively, but also other deviations from the ideal crystal lattice
such as point, line and planar defects and clusters thereof as well as grain boundaries,
interfaces, and crystal mosaicity. In the field of heterogeneous catalysis, knowledge of the
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microstructure of catalytically active phases is one important goal of catalyst characteri-
zation. This is not only true for the particle size as one of the determining factors for the
specific accessible active surface area, but in particular also for the intrinsic properties of
the surface and its faceting, which is determined by particle shape and size and surface
defects. Such steps and kinks can substantially contribute to the catalytic performance
in structure sensitive reactions. The increasing understanding of these effects was greatly
fertilized by DFT calculations that showed, e.g., how lattice strain, surface steps and kinks
or their poisoning will affect catalytic reactions such as ammonia synthesis [110], syngas
chemistry [I11], T12] or CO oxidation [113].

In experimental approaches, scanning probe microscopy and related techniques are very
suitable tools to study the microstructure of model catalysts comprised of nanoparticles
grown on flat surfaces [114]. In case of technically applied catalysts, however, usually pow-
der diffraction methods and electron microscopy are used as complementary integral and
local methods. While the latter allows a more or less direct observation of microstructural
features [115], the former requires careful evaluation and analysis of the diffraction pattern
and peak profiles [I116]. In catalysis the most popular way of such evaluation is the applica-
tion of the Scherrer formula on the width of a selected XRD peak. There are some examples
of a deeper analysis of the microstructure of powder catalysts in the literature, e.g. for
Au/ZrOy [117], Pt/SiO4 [118], Ag/Al,O3 [119] and Ni-based hydrogenation catalysts [120].
However, often the routine microstructural analysis of diffraction data does not go beyond
the simple estimation of the volume-weighted average crystallite domain size, which is
obtained as the result of the Scherrer formula. One limitations of this analysis, which is
unfortunately often not considered, is that it a priori assumes the absence of other peak
broadening effects like lattice strain and that it give rise to anisotropic peak broadening
effects if applied only for a single peak, typically the strongest non-overlapping XRD line.
It also only yields average sizes and not size distributions, and if performed on a single
peak is only valid for the crystallite dimension normal to the diffracting planes of the peak
under study. Other complementary and more sophisticated methods for a microstructural
analysis of diffraction data are available to address these issues [121], 122 123]. These
methods have mostly been developed in the field of materials science, e.g for metallurgy of
construction materials, but can in principle also be applied for catalysts.

Two characteristics of applied catalysts need special attention and often complicate a
straightforward adoption of these concepts. These are that i.) catalysts usually are multi-
phase composites, comprised for instance of active phase and support, which generate
overlapping patterns while typically a special interest exists in only one, often in the mi-
nority phase; ii) highly active catalysts typically are nano-structured and often only weakly
diffracting materials [116, 124]. In the recent past, our group has worked extensively on
preparation and characterization of a family of catalysts that is to a lower extent affected
by these problems, while still representing (or being closely related to) industrially relevant
catalyst materials: Cu/ZnO-based catalysts for methanol synthesis. In the industrial for-
mulation, the active Cu phase is the major component with a content of 50% or more and
the Cu particle size in these catalysts is at the range of 5-15 nm [8] thus large enough to
yield reasonable diffraction patterns of sufficient quality. Furthermore, it has been shown
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Parameter preparation condition Cu:Zn ratio BET Surface area! NoO Surface area?

normalized activity?

of

pH/T(°C)/ageing (min) nominal m2g~! m?g~! Yogm™
C 6.5 / 65 / 60 100:0 34 6 0
CzZ 6.5 /65 /60 70:30 110 26 37
CZA-1 6.5/65/0 70:30 62 24 29
CZA-2 6.5 / 65/ 60 70:30 X 30 100

the calcined catalyst! ;% of the reduced catalyst; 3 per Cu surface area, measured at 210 °C and

60 bar CO/COQ/HQ

Table 6.1: characteristics of the investigated samples, values taken from SI of [9]

that the microstructure, in particular Cu lattice strain [36] and defect density [8] of the Cu
phase, is an indicator of an increased catalytic performance and, thus, a microstructural
analysis is directly relevant for understanding the catalysis of methanol synthesis. In a
recent report [9], we have shown that the concentration of planar defects in the bulk of the
Cu nanoparticles scales linearly with the surface area-normalized activity of the catalysts.
This observation can be explained by the changes in surface faceting that are introduced
by the termination of extended defects at the exposed surface of the particles forming steps
and kinks. In collaboration with the SUNCAT group at Stanford, the higher catalytic ac-
tivity was confirmed by DFT calculations that clearly showed that surfaces steps that were
stabilized by planar bulk defects exhibit more favorable adsorption properties compared
to flat Cu surfaces [9).

During this work, a set of characterization data, diffraction of neutrons and X-rays as well
as transmission electron microscopy images, has been collected for Cu/Zn0O/(Al,O3) cat-
alysts with different preparation history. Herein, we report a comparative microstructural
analysis of a selection from these high-performance catalysts. The aim of this paper is to
develop a consistent picture of the microstructure of Cu/ZnO-based methanol synthesis
catalysts from different characterization techniques (TEM and diffraction) using various
evaluation methods, but also to critically assess the different approaches and to review
their limitations as well as their strengths in a scholastic manner. Furthermore, we want
to advertise the careful application of sophisticated evaluation methods of diffraction data
to characterize the microstructure of catalysts.

6.2 Materials and Methods

Four different samples were investigated in this study: two differently prepared ternary
catalysts consisting of Cu/Zn0O/Al,O3 (labeled CZA-1 and CZA-2), one binary Cu/ZnO
catalyst that does not contain the alumina structural promoter (labeled CZ) as well as a
macrocrystalline pure Cu-reference (labeled C-ref). All three catalyst samples are active
in methanol synthesis and their relative catalytic performance as well as some major char-
acterization data, which in part has been already published previously [9], is compiled in

Table [6.11
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6.2.1 Sample preparation

The pure Cu reference catalyst C-ref was prepared by co-precipitation of a Cu?* nitrate
solution (1 M) with a basic solution of Na,COj3 (1.6 M) as the precipitating agent. The
reaction was carried out at constant pH 6.5 at 65 °C’ with an ageing time of 180 min. The
blue green powder was isolated by filtration, washed with water and spray-dried. Upon
calcination in air at 330 °C' for 3 h the hydroxide carbonate precursor was converted into
the oxide, CuO. The binary sample CZ was synthesized accordingly, but using a mixed
Cu?* /Zn** nitrate solution (70:30 molar ratio). The ageing time was expanded until 30
min after a characteristic minimum in pH and a change in color from blue to bluish-green
occurred [22, I7]. A ternary benchmark Cu/ZnO/Al,O3 catalyst CZA-2 was prepared
accordingly, but with addition of 10 mol-% Al while the Cu:Zn ratio was maintained
(Cu:Zn:Al = 63:27:10). This catalyst is a laboratory reproduction of the industrial catalyst
following the well-established recipe developed by ICI in the 1960s [17,18]. Another ternary
catalysts CZA-1 was synthesized from an amorphous unaged precursor which was prepared
by co-precipitation of a mixed Cu®"/Zn*" nitrate solution (1 M, 70:30) with an aqueous
solution of NayCO3 (1.69 M) containing 10 wt% NayAl,O4. The reaction was carried
out at constant pH 6.5 at 65 °C' with simultaneous continuous pumping of the slurry
to the spraydryer (21.6 ml/min) [30]. The residence time in the precipitation reactor
was estimated to ca. 16-20 min. Thus in comparison with CZ and CZA-2, this catalyst
precursor can be considered as unaged. Afterwards the blue powder was washed, filtered
and spray dried again. Upon calcination in air at 330 °C' for 3 h all three catalyst precursors
were converted into a mixture of the oxides. Around 7 g of a sieve fraction (250 - 355 pm) of
the calcined samples were reduced in a fixed bed reactor (TPDRO 1100, CE instruments)
in 5% Hy/He at 200 °C' (1 K min~!, 80 ml min~') for 13 h and finally in 100% Hy at 250 °C'
for 5 h. The majority of the sample was used for the neutron diffraction experiments. A
smaller part was passivated with NoO and used for the catalytic tests reported in Table
6.11

6.2.2 Neutron Diffraction

Approximately 5 cm? of the reduced sieve fractions were transferred under inert conditions
into an indium-sealable vanadium sample holder for neutron diffraction. Neutron scattering
data were collected using the Fine Resolution Powder Diffractometer (FIREPOD, E9) at
BER-II research reactor hosted by Helmholtz Zentrum Berlin (HZB). The instrument works
in Debye Scherrer geometry. The area detector consisting of 64 single 3He detectors covers
an angular range of 0° — 165°20 with an angular resolution of 0.1°. By applying (711)-
reflection plane of the Ge primary monochromator the wavelength A = 1.307666 A was
chosen for the experiments. By this sufficient quality data could be gained within a scan
time of 24 h per sample
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6.2.3 X-ray Diffraction (XRD)

The catalyst CZA-1 was additionally investigated with XRD. The calcined materials was
reduced before the measurement in an Anton Paar XRK 900 reaction chamber on a Stoe
theta-theta diffractometer (Cu K, radiation, A = 1.5418 A) equipped with a secondary
graphite monochromator and a scintillation counter. For reduction the temperature was
increased linearly in a 5% H, in He atmosphere (100 ml min~!, 2 K min™!) to 250 °C
and maintained isothermal for 2 h. The reduced catalyst was cooled to room temperature
in the reduction gas before collection of XRD patterns (30° — 100°26,0.02° steps, 16 s
counting/step).

6.2.4 Diffraction data analysis

For sake of comparability, the diffraction data obtained from the X-ray or neutron diffrac-
tometer with different wavelengths (\) was transformed from solid scattering angle (26) to
a common abscissa in reciprocal space, (), by Braggs law:

Amsin ()

@=—

(6.1)

Instrumental broadening

The measured scattered intensity (1g,,) was deconvoluted to account for the physical broad-
ening of the sample due to size and structural imperfections (Igs) and the instrumental
broadening (/;), caused (in the case of x-rays) by wavelength dispersion and slits [125], [126]
as well as axial beam divergence caused by monochromator geometry (in neutron diffrac-
tion) [127]. To determine instrumental resolution, adequate reference materials were mea-
sured [126]. For the present study LaBg was used for the XRD and Y203 for the neutron
diffraction measurements. An attempt to describe the 26-dependence of the instrumental
contribution was done by the experimental function described first by Caglioti et al [12§)],
later simplified by Rietveld et al. [77]. A detailed description of modelling the instrumental
resolution and deconvolution of the instrumental broadening can be found in the support-
ing information. Before peak deconvolution, the raw data has been smoothed using the
Savitzky-Golay and weighted average filter.

Analytical profile functions for pattern decomposition

For the application of pattern decomposition methods, the experimentally observed line
profiles in constant wavelength X-ray and neutron diffraction data were described by
pseudo-Voigt functions (linear combination of Gaussian and Lorentzian profiles) as in-
troduced by Wertheim et al. [129] with a mixing parameter n varying in a range from 0
(pure Gaussian) to 1 (pure Lorentzian):

g, =n-L(Q)+ (1 —n)-G(Q) for 0 <n <1 (6.2)
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with

G(Q) =exp [— In(2) - (Q _ Qoﬂ (6.3)

and

-t
L(Q) 1+<Q,;—f°>2

The mixing parameter 7 relates the full width at half maximum (FWHM) H,,, of the peak
profile to the FWHMs of the individual Lorentzian (H) and Gaussian (Hg) components.
For the determination of instrumental broadening or in classical line profile analysis, the
commonly used integral breadth [,y is the ratio between integral intensity and amplitude.
It can be easily derived by the shape mixing parameter n and the FWHM of the pseudo-
Voigt peak Hpy according to:

(6.4)

WHpv/Q
0+ (L—n) [(n2)]*

Bpv = (6.5)

Refinement and simulation methods

The refinement of structural parameters conducted along this study was performed using
Diffrac.Suite TOPAS by Bruker [130] applying the well known algorithm introduced by
H.M. Rietveld [77] that fits the observed reflection intensities by least-square minimization.
For cases, where the scattering intensities between the theoretical and observed pattern
differ tremendously, the software offers the possibility to perform a so-called hkl-fit by de-
coupling the structure factor coefficient from the linear addition. This method, the Pawley
technique is a variation of the Le Bail-method [I3I], which uses the Rietveld-algorithm to
estimate reflection intensities without a structural model, wherein the reflection positions
are given by the generated unit cell of the phase. This is in particular useful, when a good
fit is needed for irregular (asymmetric) profiles due to texture or dislocations or in the case
of the presence of a phase with an unknown structure, the observed structure factor can
be used for the structural model according to Rietveld-algorithm. The latter technique
has been applied in this study. In the comparison with the convolutional fitting techniques
(see below) all refinements done with the TOPAS software are referred to a Rietveld-type
fitting in the discussion.

The simulation of the Cu-pattern with varying concentrations of coherent, intrinsic stack-
ing faults was carried out with DIFFaX, a Fortran program, written by M. M. J. Treacy
[132]. DIFFaX computes the average interference wavefunction scattered from each layer
type occurring in a faulted crystal, by exploiting the recurring patterns found in random-
ized stacking sequences. In our simulations we used an infinite crystal size with a random
sequence of intrinsic stacking faults in the [111] direction (ideal sequence in fcc: A-B-C-A)
with a transition probability from 0.1 to 3.3% from A to B and vice versa. The reflection



6.3 Results and Discussion 49

intensities in the calculated powder pattern where fitted with an analytical pseudo-Voigt
function to determine their Fourier-coefficients as a function of the stacking fault probabil-
ity a. Whole-powder-pattern-modelling (WPPM) was carried out with PM2K, a program,
written and made freely available by M. Leoni [I0]. In contrast to the linear addition of
coefficients, performed in the Rietveld-algorithm, PM2K fits the observed intensity of a
powder pattern by an ab-inito Fourier-synthesis of a theoretical pattern with least-square
minimization. The initial structure model is defined by the input lattice parameter of
the phase and its indexed reflection peaks. As any (micro-)structural feature of the sam-
ple contributes an average interference wavefunction, the determination of their specific
Fourier-coefficients can be used to convolve them in the Fourier-synthesis (for details see
supporting information). In our fitting procedure, the reflection intensities delta-function of
the Cu-phase in the Q-space were convolved with instrumental broadening determined ac-
cording [128],[77], a log-normal distribution of spherical particles (determined by TEM) with
an average domain size determined from modified Williamson-Hall-Plot, a stacking-fault
probability in accordance with simulated DIFFaX-profiles and linear (1D) edge and screw
dislocations described by a burgers vector determined by TEM. The neutron wavelength,
sample displacement, initial lattice parameters and the Chebyshev background-polynomial
parameters were adapted from the previous Rietveld-refinement.

6.2.5 Transmission electron microscopy

A Philips CM200FEG microscope operated at 200 kV and equipped with a field emission
gun and the Gatan imaging filter was used for TEM. The coefficient of spherical aberration
was Cs = 1.35 mm. The information limit was better than 0.18 nm. High-resolution TEM
(HRTEM) images with a pixel size of 0.016 nm were taken at the magnification of 1 083
000x with a CCD camera.Projected areas have been measured and equivalent diameters
calculated for 1500-4000 Cu particles in each sample; in all cases the values of standard
error of the mean diameter were 0.5 nm or less. Frequency distributions of Cu particle
sizes fitted well to log-normal functions.

6.3 Results and Discussion

6.3.1 Transmission electron microscopy

All three catalysts have been subjected to a detailed TEM and HRTEM study. Images
taken at moderate resolution (Fig. [6.1p-c) confirm the nanostructured nature of the com-
posite catalysts. The Cu metal particles appear darker than the oxide phase and exhibit
an approximately spherical shape. It is noted that the Cu/ZnO-catalysts are not classical
supported systems with extended support particles that may have a distinct orientation
with respect to the electron beam. Cu/ZnO rather are bulk-catalysts with aggregates of
Cu and oxide nanoparticles of comparable size. Thus, each image shows several dozens
of Cu particles with a random orientation with respect to the electron beam. Because
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Figure 6.1: Representative TEM images of CZ (a), CZA-1 (b) and CZA-2 (c) taken at
moderate magnification that were used for particle size evaluation. HRTEM image of a
Cu nanoparticle in the sample CZA-1 that shows the presence of planar defects (stacking
faults and twin boundaries, arrows). For more HRTEM-images cf. [8, 22} 30, [5]

the TEM images do only show circular projections of the Cu particles, it can be safely
concluded that the particle shape can indeed be approximated by a sphere and is not, for
instance, a projection of aligned nano-rods. Thus, after reduction, the Cu particles in the
Cu/ZnO-based catalysts exhibit an isotropic shape and a surface faceting that does not
favor exposition of large terraces.

Evaluation of the Cu particle sizes based on a series of several images such as shown in
Figure —c yielded the particle size distribution (PSD) curves as shown in Figure
The PSD histogram was found to be relatively uniform (see supporting information) and
can be fitted with a log-normal function, which is in agreement with earlier work [30, [§].
From the PSD data, the volume weighted average Cu particle size has been calculated. It
was 13.2 + 0.1 nm, 10.5 + 0.5 nm and 11.0 £ 0.2 nm for the catalysts CZ, CZA-1 and
CZA-2, respectively (the +-value being the standard error, not the width of the PSD). This
result is in agreement with the observation that the presence of the Al promoter yields to
smaller Cu particles and a higher resistivity of the microstructure against sintering during
reduction [32].  The description of the catalysts microstructure based on these direct
observations obtained by TEM appears to be complete and unerring. However, several
well-known pitfalls have to be taken into account and are briefly recalled in the following.
First of all, it is important to consider that TEM is a local method. Care has to be taken
to ensure that the aliquot of material transferred in the microscopy is representative of the
whole batch of material under study. Also, the images taken need to be representative of
the whole aliquot, e.g. by taking an adequate number of different TEM images at moderate
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Figure 6.2: Log-normal fits of the particle size histograms obtained by evaluation of the
TEM images of the three different catalysts (the histograms are presented as supporting
information).

resolution at different locations of the aliquot. A selection of different TEM images used
for the PSD evaluation of the sample CZA-1 showing different Cu/Zn0O/Al,O3 aggregates
of homogeneous microstructure is shown as an example in the supporting information.
Concerning the former issue, it is important to assess the homogeneity of the sample by
other complementary methods. This may include integral methods like diffraction to see
if several phases are present (see below). But also other microscopy techniques of lower
resolution like SEM can be useful to identify different types of material in a sample. EDX
is especially important to detect local variations in the chemical composition that would
indicate a heterogeneous sample. For the Cu/ZnO catalysts studied here, a relatively ho-
mogeneous microstructure was confirmed by a TEM-EDX study. The results for sample
CZA-1 are shown in the supporting information showing that the fluctuations of the av-
erage local composition of the different Cu/Zn0O/Al,O3 aggregates are lower compared to
comparable catalysts reported in literature [g].

Based on such validated TEM data, a high validity range of the log-normal distribution
of the particle sizes can be achieved, which requires a reasonable maximum relative error.
Romeo et al. stated, that for a number larger than 1000 arguments (particles) the relative
error reaches its minimum [I33]. To safely exclude improper statistics to affect the results,
at least 1300 particles have been evaluated for each catalyst in this study. Another source
of uncertainty is the presence of very small particles below 3 nm. Their clear visibility
in the TEM images is determined by contrast effects of the image generation and can be
obscured leading to an underestimation of the lower-size tail of the PSD peak [134]. This
effect is not only a function of the phase contrast between metal particle and support, but
also depends on the quality of the used microscope and on the setting of the microscopy
parameters for image taking [135]. Last, but not least the lower cut-off for the recognition
of small particles critically depends on the eye of the operator. In particular in highly
dispersed powder systems, the individual decision of the operator whether a small contrast
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variation is assigned to a particle or not will influence the average results. For example,
in our group generally higher average volume-weighted particle sizes were obtained if the
same TEM images were evaluated by a less experienced co-worker in all conscience. It
is noted that the relative difference observed between different samples were usually con-
firmed by all operators. Thus, care has to be taken when comparing TEM-derived data
reported in different literature studies, in particular if absolute values are concerned. The
relative trend of a sample series determined under identical conditions by the same oper-
ator, however, can be regarded as reliable provided the material is homogeneous and the
relative contrast of particles and support is comparable. However, it is certainly advisable
in all cases to complement the size information determined by TEM by integral methods.
Concerning our three Cu/ZnO-based catalysts, we conclude that both alumina-promoted
CZA catalysts show relatively uniform PSDs with similar narrow widths, while the unpro-
moted CZ catalyst exhibits significantly larger Cu particles and a slightly wider PSD.
Additional information on the microstructure of the catalysts can be obtained from high
resolution images. Due to the intrinsically bad statistics of HRTEM data, this informa-
tion should not be used for quantification or extrapolation. However, atomic resolution
images such as shown in Figure enable inspection of the Cu lattice in individual par-
ticles concerning the presence of extended defects. Planar defects, stacking faults and twin
boundaries, are found quite frequently in most investigated Cu particle of all catalyst sam-
ples. An example is shown in Figure [6.Id. These defects originate from imperfections in
the stacking sequence of the close packed (111) layers and their influence on the diffraction
peak profiles will be discussed below in more detail.

6.3.2 Phase identification and Rietveld refinement of the neutron
diffraction data

The phase analysis and crystal structure refinement using the Rietveld method will be
treated here on basis of the neutron diffraction patterns. The evaluation of the XRD re-
sults will be discussed later in section that reverts on the results presented in this
section. The advantage of neutron vs. X-ray diffraction is that the intensity scattered
at the nuclei does not decay with Q, while X-rays interact with the spatially extended
electron clouds of the atoms. Thus, higher intensity and a larger number of higher order
peaks are usually detected at large Q using neutrons. This is in particular important for a
more reliable refinement of highly symmetric structures with only few reflections such as
the fce-Cu structure in our catalysts.

The neutron diffraction patterns of the four samples are shown in Figure All observed
peaks do either belong to fce-Cu or to Wurzite-type ZnO indicating the absence of other
crystalline phases. It can be seen at first sight, that the Cu peaks of the catalysts are
significantly broadened compared to those of C-ref. Furthermore, clear differences exist in
the crystallinity of the ZnO component. As a first step of (micro )structural analysis, the
Rietveld-refinement procedure [77] was applied to the raw patterns. This widely-applied
method [121] is used to refine crystal structure parameters and to determine the phase
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fractions in multi-phase samples. The Rietveld method fits the whole pattern simultane-
ously by calculation of the expected intensity at a given Q and least-squares minimiza-
tion of the difference between calculated and observed intensities through variation of the
atomic structure parameters including atomic coordinates, Debye-Waller-factors and site
occupancy. This method is very powerful and preferred to single peak and pattern decom-
position methods in particular if the pattern is affected by peak overlapping. The best fits
of the four samples are graphically represented in Figure[6.3] The lattice parameters of the
Cu phases in the catalysts were 361.32 + 0.06 pm, 361.26 + 0.12 pm and 361.19 £ 0.15 pm
for CZ, CZA-1 and CZA-2, respectively (the +-values being 3x the estimated standard
deviation of the Rietveld fit). These values are slightly lower than the lattice parameter
refined for C-ref, which was 361.413 + 0.012 pm, and close to the literature value. The
Cu lattice compression in the catalysts samples is small but significant and consistently
observed in all three catalyst samples. It is likely an effect of the nanostructured nature
of the sample, which has been observed for many other metals [136, [137] and reported
previously for this class of catalysts [5].

An important difference of the three catalysts is the crystallinity of the oxide phase. While
in CZ the ZnO peaks are clearly present, they are much weaker in CZA-2, finally the
pattern of CZA-1 can be satisfactorily fitted without any contribution of an oxide phase
despite the similar ZnO content of all three samples. This is a results of the different prepa-
ration method as the suppression of precursor ageing as well as the presence of the AlyO3
promoter yields to a more amorphous ZnO component [30]. No crystalline Al-containing
phase can be detected in the patterns of the two CZA samples. The observed differences in
peak widths are typically attributed to small domain size and /or lattice strain effects. Both
effects can be discriminated by the Q-dependence of the peak widths, which is stronger
for strain broadening. The peak widths and profiles are determined during the Rietveld
refinement foremost with the goal to model the experimental pattern as good as possible
with the lowest possible number of refined parameters. Thus, the Q-dependency of the
peak profile parameters is usually described using simple and steady functions with only a
few parameters. Although these restrictions are certainly not optimal for a microstructural
analysis of the peak profiles, most standard-Rietveld refinement programs have modules
included that compare these few parameters with the instrumental resolution determined
on a strain-free and macrocrystalline standard pattern and deliver a physical interpreta-
tion of this data in addition to the average crystal parameters. This procedure allows
for estimation of the domain size as well as of the lattice strain, but it has to be taken
into consideration that the Rietveld routine forces all different forms of peak broadening
into this simplified scheme, regardless of its real physical origin. However, if only isotropic
strain and isotropic size effects are present, i.e. the peak profiles can indeed be described
reasonable well by a steady function over the whole Q-range, this method can deliver accu-
rate results. It is noted that some Rietveld programs additionally allow the use of different
Q-dependencies for different families of hkl, i.e. they take anisotropy of the size (shape) of
the domain and of the lattice strain into account.

The Rietveld software package used for this study makes use of the so-called double-Voigt
approach to differentiate between size an strain effects [138]. The crystallite domain size is
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Figure 6.3: Rietveld plots of the C-ref material and the samples CZ, CZA-1 and CZA-2
and (black experimental data; red calculated pattern; blue difference curve). The peaks
due to fce-Cu are indexed in the uppermost panel, those due to Wurzite-type ZnO are
marked *. Note the systematic deviations in the difference curves of the three catalysts.
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given as an average volume-weighted column length based on the integral breadths of all
reflections and amounts to 9.9 + 1.2 nm, 5.8 £ 0.6 nm and 7.1 + 1.5 nm for CZ, CZA-1 and
CZA-2, respectively. These values are smaller than the particle sizes determined by TEM,
but the relative trend of the three samples is in good agreement between both methods.
Generally, a smaller size is expected for the coherently scattering domains determined by
diffraction compared to the particle size determined by TEM as one particle might consist
of several domains. This size discrepancy between TEM-size and diffraction-size can be
related to the observed presence of planar defects in the Cu particles, because individual
particles can be divided into domains by stacking faults and twin boundaries (see below).
The lattice strain Ad/dy is extracted from the Rietveld fits as a Gaussian distribution of
the lattice spacings around an average value dy. Generally low values are observed for the
catalysts and 0.05 & 0.02%, 0.16 £ 0.06% and 0.07 & 0.05% was found for CZ, CZA-1 and
CZA-2, while an even lower value of 0.018 &+ 0.004% was detected for C-ref.

While Rietveld refinement is the preferred method to determine the (crystalline) phase
composition and any details of the average ideal structure (like the Cu lattice parameter),
the quantification of deviations from the ideal structural model that was used to calculate
the expected intensities has to be treated with care. This is because the strain and size val-
ues given above do usually not consider effects of anisotropy. Anisotropic peak broadening
can be induced by different sources such as anisotropic particle shape, anisotropic strain
and defects. Careful inspection of the difference curves of the best Rietveld fits shown in
Figure reveals clear indications for anisotropic effects in the three catalyst samples.
It can be seen that the Rietveld routine does not succeed in accurately fitting all peak
profiles of the Cu phase in the catalysts. Systematic deviations exist between experiment
and calculated pattern as a result of the refinement yielding the best compromise for the
peak profiles using the isotropic functions available. These deviations include an underes-
timation of the intensities of the 111, 311 and 420 peaks, while the 200 is overestimated
and shows a negative residual in the difference curve. A similar but less clear effect is also
observed for the higher order 400 peak, best seen in the pattern of CZ. Such systematic de-
viations are not observed for the macrocrystalline C-ref material. These deviations contain
important information on the Cu micro- and defect structure that is not reflected in the
Rietveld refinement results and will be evaluated in more detail in the following sections.
Due to the isotropic cubic crystal structure of Cu and the approximately spherical shape of
the particles seen in TEM, anisotropic size or strain effects can be excluded as the source
of these deviations. As discussed by Warren [76] and later demonstrated by Balogh et al.
[139] significant amounts of intrinsic stacking faults as well as twin boundaries can cause
extensive anisotropic and nonuniform peak profile changes, which cannot be attributed
neither to size nor to strain broadening. As the defective nature of our investigated ma-
terial is known from earlier work [§, O]and from the HRTEM results presented in Figure
[6.1d, planar defects are the likely origin of these effects in the methanol synthesis catalyst.
Tsybula et al. point out, that in case of nanocrystalline materials, local imperfections in
the regular structure can be considered as elements of the nanostructure, being integral or
specially imposed parts of the latter [121].
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Figure 6.4: Comparison of the fitting results of the 331-420 peak doublet of CZA-1 using the
Rietveld method and the model-free pattern decomposition method. The larger deviations
between calculated and experimental data in the upper panel are due to the restrictions
implied by the ideal structural model used for the refinement.

6.3.3 Pattern decomposition methods

Evaluation of a diffraction pattern using the pattern decomposition method is based on the
description of the experimental pattern by the sum of several analytical functions for the
peaks (here: pseudo-Voigt functions) and the background (e.g. a polynomial). Contrary
to the Rietveld method, no structural model restricting the relative peak positions and
intensities and no pre-defined form of the Q-dependency of the peak profiles is used. Thus,
the primary result of pattern decomposition is a number of independent peak profiles
containing Q-position, width and shape parameter. This method can be applied to single
peaks, sections of the pattern or the whole data range. While extraction of structural
information (lattice parameter) from this data is much less accurate compared to the
Rietveld method, the peak profile parameters contain all information due to anisotropic
effects needed for a full microstructural analysis. A comparision of Rietveld fit and pattern
decomposition is shown in Figure[6.4] for the 331 and 420 peaks of the sampe CZA-1. These
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two peaks, which due to their high Q and often low intensity are only rarely recorded in
XRD patterns of fcc nanomaterials, show an anisotropic broadening. The 331 at lower
scattering angle is significantly broader compared to the neighbouring 420 peak. The
Rietveld routine applied in this study tries to fit these peaks with similar widths and with
interdependent positions given by the Cu lattice parameter. As a result, the intensity of the
sharper 420 peak is not properly described in the calculated pattern. Additionally, only the
outer tails of the doublet are adequately fitted while the inner tails are underestimated. Asa
consequence, the calculated spacing of the peaks is larger than the experimentally observed
one. Naturally, the model-free pattern decomposition approach with its higher numbers of
parameters and less restrictions allows fitting this feature more satisfactorily. It is noted,
however, that this method generally deals much worse with peak overlapping and some
instrumental artefacts like the zero-shift of the QQ-scale that can be treated much better
with the Rietveld method. For the analysis of the catalysts in this study, a combination of
Rietveld and pattern decomposition was used to mitigate these problems. The zero-shift
and the peak profiles of the ZnO phase (if present in crystalline form) were determined
by Rietveld refinement and used for correction of the raw peak profiles of the Cu phase
extracted from pattern decomposition. Furthermore, the instrumental contribution to the
peak profiles was deconvoluted from the experimental data as described in the Appendix

A.

Application of the Scherrer equation

As mentioned in the introduction, the application of the Scherrer equation is probably the
most popular method of extracting size information from diffraction data, but it is sub-
jected to several limitations that need to be taken into account for a physical interpretation
of the results. P. Scherrer related the integral breadth § of a diffraction line to the finite
size of the diffracting crystals normal to the diffracting planes, also named column length
L, or apparent crystal size, by the expression [140, 141]:

A
L= 6.6
[cost (6.:6)
The apparent crystal size D.¢; can be obtained from the column length L by
Dess =KL (6.7)

wherein K is a form-factor (Scherrer-constant), which takes the size distribution of different
reflecting planes (e.g. for spheres) into account. It has to be considered that a distribution
of crystallite sizes will affect the breadth of a reflection in different ways [125] [76], [142] [143].
In case of a certain size-distribution (e.g. Log-Normal) a modified Scherrer-Constant must
be used. Langford et al. described, that the breadth of diffraction maxima for crystallites
having the same shape vary systematically with the indices of reflection. If a certain
crystallite shape is known or assumed from additional methods, adequate values might
be assigned to K [143].For this study, a value of K = 0.89 for spherical shape was used
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based on the TEM results (while K = 0.9 is recommended for cubic crystals and also
in case of unknown crystal shape [I125]). Applicability of Scherrer-Formula is restricted
to pure physical broadening solely due to crystallite sizes below approximately 100 nm.
Accordingly, the results obtained for the macrocrystalline C-ref sample should not be
physically interpreted.

The crystallite domain sizes calculated by application of the Scherrer equation on the
individual peak profiles obtained by pattern decomposition are presented in Table
It can be seen that the anisotropy of the peak profiles is reflected in variations of the
calculated domain sizes. For example, within the sample CZA-1 the resulting sizes vary
between 1.7 and 4.8 nm obtained for the 400 and 111 peak, respectively. This is a result
of the anisotropic peak profiles already observed in the difference plots of the Rietveld
refinements. Accordingly, the Scherrer approach predicts for all samples a larger domain
size in the [420] direction compared to [331] as a result of the sharper peak profile of
the former reflection, as seen in Figure [6.4] These variations shall not be interpreted as
anisotropy of the particle shape, which as seen by TEM is rather isotropic. The average
values are smaller than the ones obtained by the Rietveld analysis, probably because the
strain contribution to the peak width is neglected in the Scherrer analysis. Even the size
trend CZ> CZA-2 > CZA-1 that has been consistently found by Rietveld analysis and
TEM is now changed to CZ > CZA-1 > CZA-2, which might be an artifact due to the
slightly differences in strain.

The values in Table are an example how important microstructural information can be

Dpw 111 200 220 311 222 400 331 420 422 333/511 D.yy

nm nm nm nm nm nm nm nim nm nim nm

C  16.62 15.67 18.12 18.61 19.01 17.68 18.07 18.92 18.15 17.42 17.83
CZ 6.72 489 6.38 6.13 6.93 3.85 491 6.16 4.61 548 5.61
CZA-1 479 399 452 467 481 1.65 3.46 429 3.80 4.06 4.00
CZA-2 4.08 330 4.25 396 4.07 1.54 3.21 389 3.85 347 3.56

Table 6.2: Results of the apparent crystal size determined by application of the Scherrer
formula on the integral breadth of each individual peak resulting from pattern decomposi-
tion (K = 0.89). The averaged apparent crystal size is given in the last column.

easily overlooked if the analysis is solely based on Scherrer evaluation of a single arbitrarily
chosen peak. It must be kept in mind that such one-peak evaluation gives only a crude
estimation of the domain sizes, but does not reflect the whole microstructural information
from the peak profiles and cannot account for anisotropic effects. The example of the
Cu/ZnO-based catalysts furthermore shows that the resulting size domain information
should not be pre-maturely interpreted as particle size.

Williamson-Hall Methods

In contrast to the Scherrer analysis, the evaluation of peak profiles obtained by pattern
decomposition using the method of Williamson and Hall is able to discriminate between



6.3 Results and Discussion 59

0.25F "
. o *

—~ 020 x CzA-2

IS

£

3 015;

(%]

Qo

o

go.10
g A b
=N Qv
- O o AN O~ N ™M
0.05|- - R N 58 89 98
® C-ref
macrocryM
0.00 + L +
0 5 10 15

2sin(0) (nm™)

Figure 6.5: Williamson-Hall plots of C-ref and the three catalyst sample CZ, CZA-1 and
CZA-2. The deviations of the three catalysts from linearity are discussed in detail in the
text.

strain and size effects and yields average values of microstructural parameters [142]. In
the case of negligible instrumental broadening (e.g. for certain synchrotron data or for
a semi-quantitative evaluation of a series of samples measured on the same machine) the
application can be straightforward, but otherwise great care must be taken to model or
measure instrumental contribution very accurately.

The method assumes that, if the reflection profiles can be satisfactorily fitted by a pure
Lorentzian function, the total physical broadening of a reflection profile is a linear addition
of size (fs) and strain (Sp) effects. The so-called Williamson-Hall plot is a good starting
point for a quantitative description of the microstructure. For isotropic effects, the plot
of Biotar (cosf) /X (in nm~1) versus 2sin(0)\ (in nm~!) should results in a straight line. The
crystallite domain size Dy can be derived from the intercept and the mean residual strain
enk from the slope [144].

However, such a plot does hardly give straight lines for the three catalyst samples as shown
in Figure [6.5 Only the macrocrystalline C-ref sample shows an almost linear distribution
of the data points indicating that Cu-ref is the most isotropic material in the study as
expected and in agreement with the other methods applied. Due to the large scattering,
the Williamson-Hall plots of the other samples should not be evaluated in detail. The
large deviation from linear regression can be interpreted as anisotropic behavior due to
non monotonous 26-dependence of the diffraction profile widths [145]. Such anisotropy in
Williamson-Hall plots was attributed to lattice dislocations/imperfections [146], 145] and /or
twin faulting [75] [76].

Thus, the Williamson-Hall plots in Figure[6.5|are a graphical representation of the anisotropy
that has been observed already in the systematic deviations of the difference curve of the
Rietveld refinement and in the scattering of the domain size values obtained by the Scherrer
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analysis. Close inspection of Figure reveals that the deviation from linear behavior is in
particular caused by an extraordinary broadening (a too high value of 5(cosf)) of the 200,
400 and 331 peaks those peaks that tend to be overestimated by the Rietveld algorithm
and that deliver the lowest size values upon application of the Scherrer equation. Note that
values for the 400 of the catalysts CZA-1 and CZA-2 are larger than 0.5 and not shown
in Figure [6.5] If an attempt is made to quantify size and strain despite the non-linearity
of the plots (red lines in Fig. , excluding the 400 peaks), crudely estimated size values
are obtained that are larger than the Scherrer results and now fall closer to the results
obtained by Rietveld refinement or TEM analysis (size data given in Figure , strain in
supporting information). However, the results still suggest that the crystallites in CZA-2
are smaller than in CZA-1.

Ungar and Borbely introduced a modified Williamson-Hall plot, which they applied suc-
cessfully on the line profile analysis of an ultrafine grain Cu specimen [147] that can account
for the anisotropic behavior using an additional fundamental parameter, the contrast fac-
tor C. The average contrast factor C is a weighted average of individual contrast factors,
which is obtained by averaging over all permutations of the Miller indices of a particular
reflection. In the modified Williamson-Hall plot the FWHM AKP is plotted versus a term
K+/C. AKP is a strain term contributing to line broadening and D is the average grain
or particle size (K = 2 sinf/\ and AK = 2 cos#(Af#)/\ [147]. Ungar and Tichy point
out, that the numerical calculated C' factors of copper were averaged assuming equal dis-
location population in each possible slip system and equal probability of edge and screw
dislocations [146]. Numerical values for different slip systems as well as average C factors
are given in the literature [147, 146]. The values used for C' in this study were calcu-
lated according to [I46]. For sake of conciseness the reader is referred to the literature
[146], 147, 148, 149] for mathematical derivation and theoretical background. As the corre-
lation is for spherical particles and the slope is fitted over several orders of reflections, the
averaging Scherrer-factor of 0.9 (log-normal distributed spheres) was used in Eq. . The
modified Williamson-Hall plots of the three catalyst sample are shown in Figure[6.6] It can
be seen that the modified Williamson-Hall method deals much better with the anisotropy
of the experimental peak profiles and that the deviation from linearity is less compared
to the classical Williamson-Hall plots. Concerning the size data, the numerical results
obtained from this method are slightly larger and can be considered as more reliable, but
have no influence on the relative order of the catalysts.

The systematic deviations in the classical Williamson-Hall analysis and the fact, that the
modification to take the effect of defects into account, delivers less deviation are additional
indications that the microstructures of the methanol synthesis catalysts are affected by
structural defects. The anisotropy induced by stacking faults in an fcc lattice is discussed
in the following section in detail, concerning the effect of twin boundaries and line defects
like dislocations, the reader is referred to the Appendix [150} 15T, 152].
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Figure 6.7 HRTEM image of a typical faulted Cu nanoparticle in a Cu/ZnO-based
methanol synthesis catalyst. The close-up of the Cu lattice shows the stacking sequence
of the (111) layers around the intrinsic stacking fault (left hand side) and exemplifies the
different effects on the (111) and (111) components of the 111 diffraction peak.

6.3.4 Anisotropy due to defects

Cu is known to form stacking faults in direction of the crystallographic [111] direction
[76], [86), [74], the ideal stacking fcc sequence being A-B-C-A-B-C. By addition of an addi-
tional A layer one achieves a sequence of A-B-C-A-B-A-C-A-B an extrinsic stacking fault.
According to Warren [76], extrinsic stacking faults do not contribute significantly to peak
broadening; therefore only intrinsic stacking faults (missing C layer, A-B-C-A-B-A-B-C-
A) are considered here. If an intrinsic stacking fault occurs, the fcc structure becomes
locally isostructural to the hep structure with a section of an A-B-A-B stacking sequence.
The layer A is displaced to B by x=2/3, y=1/3 and z=1 and B to A by x=1/3, y=2/3
and z=1. This is a known source of anisotropic peak broadening as observed in the neu-
tron diffraction data of the three catalyst samples. It is described in the literature and
in many crystallography textbooks [76], 153] that stacking faults affect those components
of the peak, for which h + k + 1 = 3N + 1, while components with h + k + [ = 3N are
not affected. As an example, of the eight components of the highest 111 peak, six will be
affected, while two remain unaffected. (The multiplicity of {111} is eight and the peak
contains intensities diffracted at (111) and (111), which remains unaffected, and at (111),
(111), (111), (111), (111), (111), which will be affected.) To illustrate these two groups,
the (111) and (111) planes are drawn into a HRTEM image of a typical faulted Cu particle
[5] in Figure representing peaks that are unaffected and affected by stacking faults in
the (111) orientation.

In practice, this means that six components of the 111 peak will be shifted and broadened
and form a shoulder at the higher angle tail of the 111 peak. This type of peak broadening
will be most pronounced for those peaks that do not contain any contribution that remains
unaffected, which are the 200 (6 components broadened and shifted to lower angles), the
400 (6 components broadened and shifted to higher angles) and the 331 (6 components
broadened and shifted to lower angles and 18 components broadened and shifted to higher
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angles). Indeed, these three peaks that show the largest deviation from the linear behavior
in the Williamson-Hall plots and deliver the lowest domain sizes in the Scherrer-analysis.
Based on these qualitative considerations, also the systematic deviations in the Rietveld
residual can be understood. For example, Figure [6.4] shows the inability of the Rietveld
algorithm to adequately describe the peak profiles of the 331 and 420 peaks based on
the ideal fcc model and an isotropic evolution of the peak width with Q. As a result of
stacking faults, a net shift of the peaks towards each other (12 components of the 420 will
be shifted to lower angle while 12 components will remain unaffected) and a larger width
of the 331, which does not contain any unaffected components, can be expected. Indeed
the experimental data clearly shows a narrower peak of the 420 resulting in a higher peak
maximum compared to the 331. Furthermore, the extra intensity at the inner tails of the
peak doublet indicates that the true peak positions are closer together on the Q-scale than
calculated by the Rietveld software.

As shown above, the model-free pattern decomposition method can be used to analytically
describe these small but systematic differences in the peak profiles. In a recent paper, we
have applied such pattern decomposition to determine the peak positions and relative d-
spacings of the 111 and 200 in comparison to the 222 and 400 for a series of Cu/ZnO-based
methanol synthesis catalysts [0]. It was found that both pairs are shifted into opposite
directions (111 and 200 towards and 222 and 400 away from each other) as is expected as
a result of the presence of stacking faults. The deviation from the ideal value was used
to quantify the stacking fault probability in the catalysts according to simple equations
introduced by Warren [70]

—90v/3 tand tanf
A(29200 o 29111)0 _ \2/_Oé ( antaoo + an 111) (68)
T 2 4
° +90\/§C¥ tan9400 tcm9222
A(29400 — 29222) = 2 1 + 3 (69)

where « is the stacking fault probability. As a result of stacking fault determination
according to Eq. [6.9] a linear relation between stacking fault probability and the specific
activity of the exposed Cu surface area was found. The stacking fault probabilities o of
C-ref, CZ, CZA-1 and CZA-2 were 0.0018, 0.0061, 0.0050 and 0.0155, respectively [9].
This quantification is capable of finding reliable trends within a series of samples, but the
absolute values suffer from the fact that it is solely based on the peak positions and neglects
additional information from the peak widths and shapes. Velterop et al.[154] pointed out
that the relation between peak maximum shift and stacking fault probability deviates from
linear behavior above o = 0.025, because the peak positions in the convoluted raw data are
dominated by the unaffected components. Herein, we report an attempt to additionally use
the full peak profile information for such quantification. The profiles of deconvoluted Cu
peaks that are affected by stacking fault broadening can be simulated using the DIFFaX
software [I132]. The profiles expected for three different stacking fault concentrations are
shown in the first row in Figure for selected reflections. These profiles are generally
much narrower than the experimental peaks, because in the simulation no additional sample
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or instrumental broadening was considered. The different evolution of the peak profiles
with increasing stacking fault concentration can be seen. For instance, the 111 peak (222
peak) develops a shoulder at the higher (lower) angle side, while the 200 peak (400 peak)
is symmetrically broadened and shifted to lower (higher) angles. However, for the 220 for
instance no such clear trend is observed (Fig. [6.8)).

To analyse the experimental peak shapes, the raw data has been deconvoluted by the
instrumental contribution (see supporting information for details). Although the signal-to-
noise ratio of the neutron diffraction patterns of the catalysts is lower than recommended for
a thorough peak shape analysis [142], the quality of the data after smoothing is sufficient for
an estimation of the number and relative position of the different contributions to the total
peak profile. It should be noted, that only smoothing-routines, which do not affect the peak
position should be applied (e.g. weighted average or Savitzky-Golay, the latter was used
here), As seen in Figure , there is a good qualitative agreement between the simulated
and measured peaks concerning the expected presence or absence of shoulders as a result
of those peak components, which are affected by stacking faults. For example, a shoulder
at the higher (lower) angle side of the 111 peak (222 peak) can be seen in all deconvoluted
profiles of the catalyst samples, while the 200 peak (400 peak) do not show asymmetric
broadening. Only negligible peak anisotropy was observed for the macrocrystalline C-ref
sample. It is noted that, in contrast to the raw data, the deconvoluted peaks can be
described by pure Gaussian, which indicates that macroscopic stresses can be neglected as
a source of anisotropy. If only the affected components of the deconvoluted peaks are used
for an estimation of the stacking fault probability a according to Eq6.9] generally higher
values are obtained as reported in Figure [6.8] in particular for the CZA-1 catalyst.
Summarizing the results obtained until this point, it can be concluded that a consistent
picture of the catalysts microstructures emerges. There is a pronounced difference in
particle and crystallite domain size between the binary CZ and the promoted CZA catalyst
samples based on the results obtained by TEM and diffraction. Moreover, there are clear
indications for the additional presence of structural imperfections that need to be taken into
account for a complete description of the catalysts microstructures. These indications are
deviations from isotropic behavior observed in the Rietveld, Scherrer, and Wiliamson-Hall
analyses and in the deconvoluted peak profiles. The individual deviations might not seem
dramatic, but careful inspection clearly reveals a systematic pattern that can consistently
be explained by the effect of stacking faults in the Cu nanoparticles. It is thus important
to keep in mind that defects can have a significant effect on the quantitative results, e.g.,
of the Scherrer evaluation. It is noted that in addition to the effect of stacking faults
discussed above in detail, also twin faulting, dislocations and microstain will affect the
diffraction peak profiles. A disentanglement of these contributions is not straightforward
and an attempt will be reported in the following section.
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Figure 6.8: Deconvoluted smoothed peak profiles of CZA-2 (2nd row), CZA-1 (3rd row),
CZ (4th row) and C-ref (bottom row) compared to DIFFaX simulations of stacking fault-
affected fcc-Cu (1st row). The profiles of the 111 (1st column), 200 (2nd column), 220
(3rd column), 222 (4th column) and 400 (last column) are shown. The same deconvolution
procedure was applied to all peaks and all experimental patterns. Note the smaller Q-scale
for the 1st row on the uppermost panels, which is compared to the scale of row 2-5 by the
red lines between the 1st and 2nd row.
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6.3.5 Whole Powder Pattern Modelling (WPPM) including struc-
tural imperfections

WPPM of the neutron diffraction data

The WPPM method is the most sophisticated way to extract microstructural information
on defects from powder patterns. In this section, the comprehensive analysis of the catalysts
microstructure based on this method will be described. It is noted that accurate application
of this method requires very high quality data in terms of signal-to-noise, preferably higher
than in our neutron diffraction datasets. However, based on the previously obtained results
from other methods that clearly confirm a visible effect of defects on the peak profiles and
deliver reasonable starting parameters for the refinement and on the fact that the relatively
high number of ten peaks can be simultaneously fitted, we report an attempt to use WPPM
on the neutron diffraction pattern of the catalyst CZA-1 and the reference material C-ref,
which are not affected by peak overlap due to the presence of other crystalline phase than
Cu.

WPPM includes a Fourier-synthesis from the parameter-dependent Fourier-coeffcients (Ayr)
that allow the refinement of a variety of defect parameters. In comparison with the manual
pattern decomposition methods used for the Scherrer and Williamson-Hall analyses or the
peak deconvolution method as shown above, the major advantage of this method is that,
unlike in Rietveld fitting, the whole pattern information is used simultaneously. In contrast
to the Rietveld-algorithm, the methodology behind WPPM is a convolutional fitting of
the experimental pattern. Each contribution to a scattered intensity in an experimental
powder pattern, whether due to the ideal structural model or originating from structural
imperfections, can be described by a simplified Fourier-series of the type:

Io,, :/ALe:Ep(—QmLQ)dL. (6.10)

In this study the program PM2K written by Leoni et al. [10] was used. In addition to the
lattice parameter of Cu, also the domain size D,,., the stacking fault probability «, the
twinning probability 5, the average dislocation density p, the effective outer cut-off radius
R., the Burgers vector b (describing the magnitude and direction of a shear caused by dis-
location) and the stacking fault energy ~ are refined to model the peak profiles. Thus, the
methodology simultaneously accounts for the effect of various types of defects, and good
starting parameters are essential to achieve a stable fit and physical meaningful results.

In a first step the initial contrast factors were refined with the C-reference without the
inclusion of any defect model. The refined contrast factors are very similar to the val-
ues calculated from literature values of the anisotropic elastic constants for the modified
Williamson-Hall analysis (see supporting information) and were applied to the catalyst
sample. The crystal volume was calculated from the PSD determined by TEM (see above)
and fixed during refinement. Initial values for o have been calculated according to equation
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sample a D e o 15} P R, b v GOF
107'nm  nm 1072 1072 10"%m~2 107%m 107~"m mJ/m?
C 3.6116  (21.13) 0.006 0.16 0.14 0.0002 2.5538 (3.8) 1.6779

CZA-1  3.6098 5.34 3.68 741 8.97 17.7  2.5525 18.1 1.2408

Table 6.3: Refinement results of the PM2K-fit of the neutron diffraction patterns of C-ref
and CZA-1 (a = lattice parameter; D,,.=average domain size; a= stacking fault proba-
bility; # = the twinning probability; p = dislocation density; R, = effective outer cut-off
radius; b = the Burgers vector; 7 = stacking fault energy; GOF = goodness of fit).

and via the relation (1.5 + §)[76], 8 was directly determined through

_a(1/Dago —1/Din1)
p == 1.50 (6.11)

using the Scherrer equation only on the unaffected deconvoluted peak contributions to
determine Dpy;. The starting value for D,,. was taken from the modified Williamson-Hall
analysis.
By using these initial parameters, a stable and reliable fit was achieved.
A direct comparison of the residuals from WPPM and Rietveld (Fig. reveals the
consistency of the underlying structural and defect model. It can be seen that the PM2K
method deals much better with the experimental peak profiles and successfully models
the anisotropic features that cause deviations in the difference curve of the Rietveld fit.
For instance, comparison of the 331-420 region of the pattern reveals that the PM2K fit
describes this doublet almost equally well as the model-free pattern decomposition method
shown in Figure

The results of the WPPM (Table confirm once again that the difference between
the macrocrystalline C-ref and the catalyst CZA-1 is not only the smaller domain (and
particle) size of the latter, but that the Cu phase in the catalyst is substantially faulted
and bears stacking faults, twin boundaries and dislocations that can explain the shifts
and anisotropy of the peak profiles. The order of magnitude of the achieved stacking fault
energy of the catalyst is in reasonable accordance with the literature results reported in the
work of Reed and Schramm [I52] who determined values in the range of 25 to 70 m.J/m?
by XRD. Interestingly, the Burgers vector assuming an equal ratio between edge and screw
dislocations, which is a general materials property of Cu, is refined to a similar value in
both materials despite their very different microstructure. The slight lattice contraction
of the Cu nanoparticles in the catalyst sample that has already been observed by Rietveld
refinement is confirmed by the PM2K results indicating an overall consistent fitting result.
Figure|6.10[shows an area-normalized comparison of the domain size distribution extracted
from the WPPM-fit and the PSD as determined by particle counting in the TEM images.
With the knowledge of the defective nature of the Cu particle, the discrepancy is easily
explained by the difference in the underlying methodology. While in TEM the model is
fitted to the appearance frequency of the particles (with a real space diameter), the WPPM
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Figure 6.9: Comparison of the best fits using an ideal structure model (Rietveld, upper
panel) and a methodology that accounts for the presence of lattice imperfections (WPPM,

lower panel)
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Figure 6.10: Comparison of area-normalized distribution functions for the domain sizes
extracted from the WPPM and the particle sizes determined by TEM.

distribution assumes a relatively narrow log-normal distribution of coherently scattering
domains around D,,.. Figure[6.10[ can be interpreted in a way that each particle observed
in TEM (approximately 10 nm) roughly consists of two domains of a size of approximately
5 nm, which are separated by a planar defect.

Analysis based on standard-XRD

The use of X-rays for diffraction experiments is much more common and as this is a labo-
ratory technique also more convenient than neutron diffraction. In catalysis research XRD
is a standard technique for catalyst characterization, but the application of microstructure
analysis methods, with the exception of the Scherrer formula, is not routine. In this last
section, we discuss how the features of anisotropy affect a standard XRD pattern for the
example of the CZA-1 catalyst. The comparison between the Rietveld and WPPM fit is
shown in Figure [6.11] The problems of the Rietveld fit are less obvious in the XRD data
and only clearly seen for the first two reflections. However, if carefully inspected, Figure
[6.17] shows similar phenomena as discussed previously in detail for the neutron data. The
ideal structural model cannot simultaneously fit the more narrow width of the 111 and
the shifted position of the 200 in an adequate manner. In the light of the above con-
siderations, the experienced XRD scientist can find indications for defects in the typical
down-up-down and up-down pattern of the difference curves of the 111 and 200 peaks even
in this routine XRD pattern of standard quality. Indeed, the WPPM-fit can describe the
experimental data much better taking the presence of defects into account. It is noted that
also a full quantitative defect analysis of fcc metal nanoparticles is possible based using
the WPPM method on XRD data as has been shown by the group of Weidenthaler for
Au/ZrOs catalysts [116], but such complete analysis requires extremely high quality data.
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Figure 6.11: Full XRD pattern of the sample CZA-1. The upper panel shows the best fit

obtained by Rietveld refinement without considering structural imperfections, while the
lower panel is the WPPM fit taking defects into account.
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6.4 Conclusion

As discussed in the sections above, fcc metals like Cu can contain a large number of lattice
imperfections of different dimensionalities ranging from vacancies over edge or screw type
dislocations to areal defects such as stacking faults and twin boundaries. The observed
intensity in a diffraction pattern is a convolution not only of the contributions due to the
reflecting planes and instrumental broadening, but also of such lattice imperfections and
of contributions due to size distribution. This can be used for a microstructural analy-
sis of diffraction data, for which well-established methods are available whose application
unfortunately still an exception in catalysis research. For the example of the methanol
synthesis catalysts, it was shown that the presence of defects yields to deviations from an
isotropic evolution of the peak profiles with QQ in neutron diffraction patterns of several
nano-structured Cu/ZnO-based materials. In comparison with a macrocrystalline pure Cu
reference sample, clear indications for the presence of stacking faults in the catalysts Cu
particles have been observed in the residual of the Rietveld fits, in the scattering of the
peak widths extracted from pattern decomposition, in the profile analysis using peak de-
convolution as well as in the whole power pattern modelling. The existence of this type of
defect was furthermore directly proven by HRTEM observations. In comparison with the
domain size determined by diffraction methods, the particle size found the TEM images
was significantly larger, which also points to the presence of planar defects that may sep-
arate the nano-particles into individual smaller domains.

The deconvolution of the instrument function from the experimental pattern is mandatory
to quantitatively describe the faulting probability. By an accurate determination of the
apparent crystallite size with the help of the symmetric analytical fit of the unbroadened
peak contributions by the classical Scherrer or modified Williamson-Hall analysis, physi-
cally meaningful values can be achieved. However, as the classical models for determining
domain sizes from diffraction data rely on the assumption of uniform and mono-modal
particle size distributions, complementary TEM studies are mandatory. Furthermore, it is
noted that the results obtained by peak deconvolution exhibit high sensitivity to smoothing
if such process was applied on noisy data. The (semi )quantification of microstructural pa-
rameters like size and defect concentration of the catalysts CZ, CZA-1 and CZA-2 yielded
different absolute values depending on the method used. Concerning the size, a clear
trend was found among the three catalysts showing that the unpromoted catalysts CZ
was least-nanosized, while the two differently prepared AlyOs-promoted catalysts exhibit
similar crystallite sizes. Depending on the method used, only slight but significant rel-
ative differences concerning these two samples were also observed. The large differences
in the exposed Cu surface area between these catalysts must, however, be explained by
embedding of the Cu particles in CZA-1 in the amorphous oxide matrix. Concerning the
defect concentration, the relative results are not so clear. Based on the determination of
the stacking fault probability from the peak shifts, CZ and CZA-1 show lower values than
CZA-2 in agreement with the intrinsic catalytic activities. Based on the analysis of the
deconvoluted peak profiles, both ternary CZA catalysts are richer in defects than the bi-
nary CZ. For the datasets reported in this study, we regard the peak shift method as more
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Method Measure Mark
Integral breadth coloum length L
Scherrer-Formula apparent crystal size Deyy
Rietveld volume-weighted domain size D,y
TEM particle diameter d
Modified Williamson-Hall average domain size Dave
WPPM average domain size Dove

Table 6.4: Difference in the measure of the ”size-effect” according to specific methods.

reliable regarding the relative differences of the catalysts, because the peak maxima can be
more accurately determined even for unsmoothed profiles. In any case, care has to be taken
when comparing absolute data of size or defect concentrations that have been determined
by different methods. To be more concise, table summarizes the difference between
different measures all describing ”size-effect” determined by the introduced methods.

The most sophisticated method of defect analysis from powder diffraction data is the
WPPM, but high quality data and proper initial parameters concerning instrumental con-
tribution, faulting probability, dislocation density, linear expansion properties and particle
size distribution are required, which is often a problem for realistic catalysts. However,
a good measure for the quality of a fit is rather a matching, flat residual than numerical
correlation factors. If this is obtained with physically plausible parameters and in gen-
eral accordance with the results achieved with complementary methods, a reliable (semi-
Jquantitative microstructural characterization should also be possible for many catalysts.
Qualitatively, the typical signature of planar defects on the peak profiles can be sometimes
already seen in standard XRD evaluation, if the fitting residual is carefully inspected as
was shown for the methanol synthesis catalysts under study. For such complex composite
nano-materials, we recommend the comparative application of different line profile anal-
ysis methods to scan for consistent anisotropic effects. This can already by easily done
using a simple pattern decomposition method like the Williamson-Hall analysis or even
the Scherrer method if applied on more than one reflection always bearing specific physical
limitations and expressiveness in mind.



Chapter 7

The in-situ structure of a methanol
synthesis catalyst m

Heterogeneous catalysts are dynamic materials that interact with the gas phase present in
catalytic reactions. Changes that may occur when a catalyst is in contact with reactive
molecules comprise adsorbate-induced surface reconstruction [155, [156], surface segrega-
tion [I57, 158], inclusion of foreign atoms from the gas phase into the sub-surface [159]
and compound formation in the bulk such as oxide [I60], hydride [159], carbide [I61] or
nitride [56] formation of a metal catalyst. These modifications will affect the catalytic
properties and depend on the chemical potential of the gas phase species. An extrapo-
lation of experimental results obtained at low pressure to pressure regimes of industrial
relevance is often not straightforward (”pressure gap” [162, [163]). To better understand the
impact of dynamic catalyst changes, application of in situ techniques [164, 165] working
at industrially relevant conditions is desirable. Here, we report on the potential of neu-
tron diffraction (ND) as a tool for in situ analysis of heterogeneous catalysts. ND studies
have been carried out on many inorganic materials in various sample environments [166].
Pioneering in situ ND studies of catalysts has been performed by Turner et al.[65] and
Walton et al.[66] Inelastic neutron scattering was used for catalyst characterization by the
groups of Albers, Lennon and Parker.[67, (68, [69, [70, [71] Similar to in situ XRD,[167] ND
is complementary to other in situ techniques used in catalysis research, such as ambient
pressure XPS [168] XAFS[62] or Raman spectroscopy [169]. It is uniquely suitable for in
situ-studies in thick-walled metallic tubular reactors which allow application of realistic
reaction conditions. No special pressure-tight windows or complex reactor design is re-
quired, if a wall material is chosen that shows only minor absorption of neutrons and thus
allows sufficient penetration through the walls [3]. ND is a bulk-sensitive method that gives
quantitative, average structural (lattice constant) and microstructural (domain size, lattice
strain, defects) information. In contrast to XRD, the scattering power is independent of the
diffraction angle providing diffraction peaks at higher angles with higher intensity. This is
in particular useful for the investigation of highly symmetric nanomaterials that often suf-

! Adapted from [5]
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fer from few and weak XRD peaks available for structural analysis. Figure compares
ex-situ ND with XRD data and figure shows a TEM image of the Cu/Zn0O/Al,O3
catalyst used in this study. Such catalysts are employed for the industrial synthesis of
methanol from syngas (Hy/CO/CO,). While being used today mainly as base chemical
and feedstock for chemical industry, methanol has interesting potential as a sustainable
synthetic fuel in a future energy scenario [170] if produced from anthropogenic COy and
regenerative Hy. The exothermic methanol formation is favoured at low T and high P.
In the industrial process is conducted at T = 493-573 K and P = 3.5-10 MPa [I71]. The
nature of the active sites of Cu/Zn0O/Al,O3 catalysts and of the often observed ”Cu-ZnO
synergy” has been vividly debated [3I]. For instance, a model emphasizing the role of
defects found in the active Cu phase after the industrially applied synthesis [8] seems in
apparent contradiction to a model focusing on the dynamic interaction of Cu and ZnO
leading to dynamic morphology changes of the Cu particles [41] 40, 172]. The latter was
related to metal-support interaction and observed on supported model catalysts. Due to
the high mobility of Cu according to this model, annealing of structural defects can be
expected under working conditions. Based on a structure-activity correlation and DFT
calculations, we have recently presented a model for the active site of methanol synthesis
that combines both views.[9] Planar defects have been shown to lead to changes in surface
faceting of the Cu nanoparticles associated with formation of steps and kinks that repre-
sent high energy surface sites of special catalytic activity. For a series of Cu/ZnO-based
catalysts a linear correlation of the defect concentration with the intrinsic activity of the
exposed Cu surface was observed. In addition, surface decoration [41] of Cu with ZnO,
by strong metal support interaction [34] (SMSI) has been confirmed by HRTEM and in
situ-XPS on a high-performance catalyst [9]. Hence, ZnO rather than Cu seems to be the
mobile component in course of Cu-ZnO interaction, thus enabling dynamic changes and
a static Cu defect structure at the same time. The predominating planar defects in the
Cu particles are twin boundaries and stacking faults that can be observed in TEM images
(Fig., b) and quantitatively studied with diffraction techniques. In the present study,
an industrial Cu/Zn0/Al,O3 catalyst with similar properties as the materials presented in
ref.[8] has been used for methanol synthesis and its microstructure has been studied under
industrial working conditions using in situ ND. A typical syngas mixture was applied at
523 K and 6 MPa in a continuous flow reactor, which was described in detail elsewhere
[3]. Catalytic activity studies in the laboratory confirmed stable methanol productivity in
the range reported for state-of-the-art Cu/Zn0O/Al,O3 catalysts. During the ND experi-
ment the reaction was in thermodynamic equilibrium. Analogous in situ diffraction studies
were carried out in a high-flux experiment with a time resolution of 5 min (ILL, Grenoble,
France) [97, 173] and in a high instrumental resolution experiment (Bragg institute, Lucas
Heights, Australia).[98] The catalyst was reduced in a Dy stream in the reactor prior to
the catalytic reaction. During the in situ study, methanol was detected at the outlet of
the reactor by mass spectrometry. Figure[7.3|shows the high-resolution neutron diffraction
patterns of the reduced catalyst in 0.1 MPa Ar at 523 K right before the synthesis and
during synthesis under 6 MPa of syngas after 3 and 24 h time-on-stream (TOS). The
Rietveld-fit of the fresh catalyst in Ar (Fig. , top) reveals the presence of fce-Cu as the
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Figure 7.2: High-resolution TEM image of a typical ellipsoidal copper particle in the used
catalyst. Planar defects and the resulting thin hcp domain are marked in the close-up.

major phase with a unit cell length of a = 3.6268 (£ 0.0008) A at 523 K (more results of
the Rietveld analysis are presented as supporting information). Additional weaker peaks
of the catalyst are due to the ZnO component (green profile). No major changes of the Cu
phase are obvious from a first comparison of the three ND patterns recorded at different
conditions and the lattice parameter of Cu does not vary significantly. Thus, bulk inclusion
of C or H species from the gas phase in the Cu lattice of working catalysts can be readily
excluded. Only a slight sharpening of the Cu peaks can be detected, which corresponds
to an increase in crystalline domain size from 5.9 (+ 0.1) nm to 6.4 (£ 0.1) nm with time
and is due to sintering of the Cu particles.

Planar defects are expected [8, [76] [86] to contribute to the anisotropic broadening of the
ND peaks. Line profile analysis turned out to be complex and data analysis suffered from
the nanostructured nature of the samples and the in situ conditions (for details see sup-
porting information). However, application of a pattern decomposition method has been
shown [9] to allow qualitative confirmation of the presence of stacking faults in the Cu
nanoparticles. This evaluation is based on the peak positions, which can be determined
with higher precision compared to the other peak profile parameters. An ideal defect-free
Cu is expected to show a ratio of the distances between the (111) and (200) lattice planes
of 2/v/3=1.1547. The presence of stacking faults causes a shift of the 111 and 200 peaks
towards each other and lowers this ratio.[74] Thus, the resulting deviation from cubic sym-

metry can be used as a measure for the stacking fault probability «, which is calculated
according to o = 8.3- [(2/\/§) — (dy11/da00)] [74]. Figureshows the evolution of dj11/d2gg
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Figure 7.3: Rietveld-fits of the catalyst before (0.1 MPa Ar, upper panel), at the beginning
(center) and after 24 hours of methanol synthesis (bottom) at 523 K and 6 MPa. Experi-
mental data is shown in grey, the calculated pattern of the catalyst as black line. The thin
grey line is the difference between experimental and calculated pattern. The contribution
of the Cu phase and ZnO is marked as red and green lines with tick marks at the positions
of Bragg reflections. Additional strong peaks due to the Al reactor wall were treated as
peak-phase during Rietveld-analysis and are excluded from the overall calculated profile
shown here.
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of the Cu catalyst versus TOS during methanol synthesis.  Similar values are obtained

1.157 . . . ; ; :

Reference Cu, high resolution

1156 ... Reference Cu. high resolutior ]

Annealed catalyst

1.155+ . at603 Kin D, -
| ! ‘ ! ¢ 141

11841 g bh gy TE te T

1.153 . Fresh catalyst 1
l in Ar

1.152 T T T T T T T T T T T T

0 4 8 12 16 20 24
1.156 1 b)

d111"d200 —_—

Reference Cu, high flux

Time onstream/h —

Figure 7.4: djq1/d2go ratio of Cu in the catalyst and reference sample over TOS during
methanol synthesis under industrially relevant conditions in the high resolution- (a) and
high flux-experiments (b). This ratio is a measure for the defectiveness of Cu (see text).
The formally resulting stacking fault concentration « is shown on the right axis of (b). The
error bars are the standard deviations of the two datasets neglecting systematic errors due
to, e.g., wavelength and zero-shift.

in both the high-flux and the high-resolution experiments that are significantly lower than
that observed for a macrocrystalline Cu reference powder measured in the same reactor
tube. It is noted that the experimental values of this defect-poor reference deviate from
the theoretical value expected for a perfect fcc lattice in both experiment (cf. right hand
axis in Fig. ) This is attributed to systematic displacement errors of the complex
in situ cell at the beamline, which will lead to an offset-like effect in dj17/dage. Thus, in
contrast to previously reported ex situ ND data, [9] « is evaluated in a semi-quantitatively
fashion in this study and only the consistent internal trends observed during the two in
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Figure 7.5: Evolution of the lattice parameter of Cu in the Cu/ZnO/Al,O3 catalyst and
of the Cu reference powder with temperature. The Cu powder was heated in Ar at 0.1
MPa, while the calcined catalyst was heated to 523 K in Dy (0.1 MPa), then subjected to
12 hours of methanol synthesis at 523 K in the syngas feed (6 MPa) and finally heated in
D, (0.1 MPa) to 653 K. Heating rate was 1 K/min and one ND pattern corresponds to ca.
5 K. The dashed square at 523 K marks the period of 12 h synthesis. The right axis shows
the lattice expansion relative to the reference at 298 K.
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situ experiments are discussed in the following. However, it is noted that the magnitude
of deviation between catalyst and reference on the a-scale corresponds to a few %, which
is in agreement with previous studies of similar materials [, [9].

These results confirm that the Cu phase in the active catalyst bears stacking faults. Fur-
thermore, this data proves that the planar defects in the Cu nanoparticles are relatively
stable under working conditions and do not disappear when switching from Ar to syn-
gas on a time scale proposed for Cu morphology changes (< 30 min[I72]), but resist for
24 hours TOS. Annealing of the defects would lead to an approach toward the reference
value, which is in both experiments hardly significant in the investigated time interval.
Figure reveals that the difference between the catalytically active copper phase and
a bulk reference copper material, that has been observed before [§] and ascribed to the
peculiar microstructure of the former,[36] is mostly conserved under working conditions.
This finding supports the concept of a rather static Cu phase, which maintains its defect
structure. In turn, the results suggest that the observed strong interactions between Cu
and ZnO [0] manifest themselves rather in form of mobile ZnO, than mobile Cu in the
industrial high performance catalyst. The material under study here exhibits relatively
large Cu nanoparticles and poorly crystalline ZnO and the observations are not necessarily
in contradiction with previous reports of a mobile Cu phase and static ZnO, which were
made on highly crystalline ZnO decorated with very small Cu particles,[41] as such differ-
ences might be able to cause to a switch of the mobile component during SMSI-induced
dynamics. To study the response of the catalyst to higher T than applied for methanol
synthesis, the sample has been heated after the 24 h TOS experiment in Dy atmosphere
to 603 K (high resolution experiment) and 653 K (high-flux experiment). This is beyond
the temperature limit of approximately 573 K, which should not be exceeded in methanol
synthesis to suppress activity loss due to sintering [32]. At 603 K the Cu crystallites have
grown significantly to 9.4 (+0.2) nm as revealed by ND peak width analysis. At the same
time, also the defects have been annealed and « is at the same level as the bulk reference
(Fig. [7.3h). The evolution of the Cu lattice parameter over the full T-range is shown
in Fig. (high flux data). The thermal expansion of the reference Cu powder as well
as of the catalyst is linear at T < 523 K. Interestingly, the lattice parameters at room
temperature as well as the thermal expansion coefficient of catalyst and reference differ.
The extrapolated Cu lattice parameter is 3.114 (£ 0.0009) A for the catalysts and thus
0.1% smaller than that of the bulk reference, which corresponds to the literature value.
The low value for the catalyst is in agreement with ex situ results[d] and ascribed to the
nanostructured nature of the sample. Lattice contraction with decreasing particles size has
been observed for many metals.[130] [137] Also different thermal expansion coefficients have
been previously observed for nanomaterials compared to their bulk counterparts [174) [175]
and are probably influenced by the smaller particle size, the contact to the oxide phase
and the presence of defects. It can be seen in Figure that the period of methanol
synthesis over 12 hours (dashed square) did not lead to any lattice expansion. Thus the
beginning formation of a-brass in the bulk of the Cu particles by partial reduction of
the ZnO component can be safely excluded during methanol synthesis under industrial
conditions. Spencer[42] reported a low diffusion coefficient of zinc in copper at methanol
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synthesis condition of 523 K that increased when going to 623 K. Accordingly, brass for-
mation is observed at higher T in D, and causes a deviation from the linear behaviour
starting at around 603 K. In this T-regime, thermal expansion is superimposed to the
lattice expansion due to successive substitution of Cu by larger Zn atoms in the newly
formed alloy as is evidenced by the continuing lattice expansion in the isothermal regime
at 653 K (Fig. [7.5 inset). Based on the results of Grazzi et al.,[I76] the concentration of
Zn in the alloy can be estimated to 4.88 (£ 0.05) mass-% after 100 minutes of isothermal
treatment at 653 K in 0.1 MPa Ds. In summary, the potential of in situ ND to study solid
catalysts in a realistic reactor at high pressure conditions that are relevant for applications
has been demonstrated for a Cu/ZnO/Al,O3 methanol synthesis catalyst. The metallic Cu
component is nanostructured and highly defective. The deviation from ideal bulk-Cu is
manifested in a lattice contraction at room temperature and an increased thermal expan-
sion coefficient. In addition, a high concentration of stacking faults has been detected in
the Cu nanoparticles, which were proved to be stable under working conditions. The bulk
inclusion of reactive species from the gas phase as well as the formation of brass during
methanol synthesis can be excluded. The latter alloying was observed only at significantly
higher T". Under reaction conditions, the non-ideal nature of Cu was found to be relatively
stable in industrial catalysts. Future work using this methodology will aim at correlation
of the described structural properties with catalytic performance and include information
about the evolution of the microstructure with deactivation of the catalyst over a longer

TOS.

Experimental Section

The catalyst was provided by Clariant Produkte (Deutschland) GmbH. The methanol
synthesis reaction was done at 523 K and 6 MPa in thermodynamic equilibrium with a
syngas mixture (CO,:CO:Dy:Ar = 8:6:75:6) in a flow cell described previously.[3] Diffraction
experiments were carried out on D1B (ILL, Grenoble, F)[97] and on ECHIDNA (ANSTO,
Lucas Heights, AUS).[08] Sieve fractions of the catalyst and the polycrystalline Cu reference
(99,8%, Heraeus) were used (200-300 pm). Rietveld refinement was done with the Topas
4.2 software. Multiple peak fitting during pattern decomposition was carried out with
OriginPro 8.5 peak analyzer. For more experimental details, please refer to the supporting
information.



82

7. The in-situ structure of a methanol synthesis Catalystﬁ




Chapter 8

Structure and phase composition of
an operational ammonia catalyst

Ammonia synthesis is one of the largest processes in chemical industries. It was first oper-
ated at BASF one hundred years ago based on the fundamental work of Fritz Haber[177]
and process engineering by Carl Bosch. Haber combined feed gas recycling with applica-
tion of high pressure (P = 200 bar) and a Ruthenium catalyst to achieve sufficiently high
conversions of nitrogen according to Ny 4+ 3 Hy &= 2 NHj3. This success enabled the large
scale production of artificial fertilizers, which was a prerequisite to face the worlds increase
in population and is known as the extraction of bread from air - a term that was coined
later by Max von Laue.

Today, contrary to the generation of syngas for ammonia, only little has changed in the in-
dustrial process for the actual synthesis of ammonia[I78]. The process is operated at typical
temperatures of 500 °C and pressures around 200 bar, resulting in ammonia concentrations
in the exhaust gas of up to 17 vol.%. Approximately 80% of the worldwide ammonia output
of 136 Mtons[I2] (2011) is used for the production of fertilizers. A key development for the
modern Haber-Bosch process, however, has been the catalyst development at BASF that
was led by Alwin Mittasch in the early 20th century. After testing 22 000 different formu-
lations in a gigantic effort, the work was concluded in 1922 with the identification of a very
unique catalyst synthesis [103]. To achieve a highly active iron catalyst, magnetite, Fe3Oy,
was promoted by fusing it together with irreducible oxides (K20, AlyO3, later also CaO) in
an oxide melt at temperatures around 1000 °C. The fused magnetite is mechanically gran-
ulated and its reduction need to be conducted with great care in the syngas feed to finally
give the active a-Fe catalyst[I79]. This special synthesis leads to certain crucial properties
of the resulting a-Fe phase, which is commonly termed “ammonia iron”. In addition to
its outstanding economic relevance, ammonia synthesis acts as a “drosophila reaction” for
catalysis research and has always been a test case for the maturity of catalysis science in
the context of a technologically mature application. Today, due to the enormous efforts in
surface science, physical and theoretical chemistry, and chemical engineering a consistent
picture of the reaction mechanism and the role of the Fe catalyst and its promoters has
emerged. Key contributions to the modern understanding of the ammonia synthesis reac-
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tions came from the teams lead by Gerhard Ertl [59, [51], Michel Boudart [180, [16], Gabor
Somorjai [55], Haldor Topsge [I81] and Jens K. Negrskov [182] [183], just to mention a few.
However, even after 100 years of application and research there still is scientific interest in
the Haber-Bosch process, mainly because of two aspects. Firstly, catalysts with improved
low-temperature activity, higher specific surface area and higher tolerance against poisons
and on-off operations are generally desirable. Also the development of a more elegant
synthesis route for the Fe-based catalyst without the melting step and the extremely crit-
ical activation procedure could foster the potential application of ammonia as an energy
storage molecule [I84]. Secondly, there still is a gap between the model studies conducted
with well-defined simplified materials with clean surfaces at low pressures to elaborate the
current knowledge of ammonia synthesis and the industrial process. These so-called pres-
sure and materials gaps often prevent straightforward extrapolation of model studies to
real industrial processes. Thus, the question of a dynamical change of the catalyst under
true reaction conditions remains to be studied and calls for in situ experimentation.

This point requires special attention in case of the ammonia synthesis over iron catalysts,
because it is well known and has been studied for decades in the context of steel hardening
[185], 186, 187, 188, 189, 190] and catalytic ammonia decomposition [I91] that iron can
be easily nitrided by ammonia. Ertl and co-workers described the reaction mechanism of
ammonia synthesis [51), [62]. He and other authors showed that the reaction is structure
sensitive [53], [59] 55, 192]. The dissociative chemisorption of di-nitrogen on the iron surface
is the rate limiting step in ammonia synthesis [59] and opens possibilities for sub-surface
diffusion of the atomic nitrogen [55]. Ertl et al. proposed the surface dissolution of nitrogen
into iron forming a surface nitride of the approximate composition Fe;N and the presence
of in-situ formed metastable y-FesN [59] Thus, for experimental conditions remote from
the Haber-Bosch process, participation of stoichiometric bulk nitrides like FeN has been
excluded. Instead, Herzog et al. proposed formation of subnitrides of the type Fejg_o0N
based on a diffraction study on an industrial material, but at ambient pressure [56].

The partial pressure of ammonia pyp, determines the thermodynamical nitriding ability
of the gas stream and the formed phases [I85]. In the Haber-Bosch process, pyg, is high
due to the high total pressure and the relatively high product concentration. The ammo-
nia decomposition reaction furthermore provides a “virtual” pressure of atomic nitrogen
[61), 60], which is higher than the corresponding hydrostatic pressure due to the easier
formation of atomic nitrogen from the product ammonia compared to reactant di-nitrogen
[57]. According to the Lehrer-Diagram [I85] the existence of metastable v- or e-FeN is
thermodynamically expected at the virtual ammonia pressures of the Haber-Bosch pro-
cess. The discrimination of these stoichiometric bulk iron nitrides from N-free a-Fe by
diffraction is straightforward, as they have different crystal structures, beginning with bce
a-Fe containing up to 0.4 at.% N, over fcc 7-Fe with a maximum solubility of 20 at.% N,
followed by hep e-Fe,N, with a N solubility between 15 and 33 at.% [189]. Owing to the
elastic coherent scattering length of N for thermal neutrons (9.36 fm), which is almost as
high as Fe (9.45 fm)[84], an increasing number of N atoms in the Fe-host lattice contribute
to a higher scattering intensity in neutron diffraction. However, the (reversible) formation
of FeN in ammonia synthesis was so far not directly observed, which might be related to
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the lack of experimental methods that are suitable for these demanding conditions. Thus,
the in situ-nitriding of the ammonia synthesis catalysts has been debated in the literature
[193), 56, 194]. Herein, we report in situ neutron diffraction data obtained on an industrial
catalyst under conditions much closer to the Haber-Bosch process to answer the question
of a dynamical bulk nitridation of the ammonia synthesis catalyst. This method and the
experimental setup used have been recently shown to enable direct in situ observation of
the bulk structural properties of working catalysts [3, [5]. Here, ammonia synthesis was
conducted on an industrial catalysts provided by BASF in a tubular fixed bed reactor
made of a Nickel alloy at conditions given by the safety limits of 425 °C and 90 bar. Syn-
gas (Ng:Dy, 1:3) was fed through the catalyst bed at a low space velocity to approach
thermodynamic equilibrium of the ammonia synthesis reaction corresponding to a product
concentration of 14.7 vol.% NH3 (measured: 12.6 vol.%). The experiment was performed
at the SPODI beamline [195] of the FRM-II neutron research reactor in Munich, Germany.
The reactor walls and the catalyst bed were penetrated by the neutron beam during the
experiment and high resolution neutron diffraction data was recorded. According to the
Lehrer-diagram, the conditions are sufficient for formation of the y-phase of iron nitrides.
At 425 °C and 75 bar the transition from the a-phase to 7 happens at 0.9 vol.% NHj for
pure iron, while the e-phase is expected at 7.6 vol.% NH3. In addition to the ammonia
synthesis conditions, milder conditions were applied before and after the reaction to check
for reversible changes.

In figure 8.1} the neutron diffraction pattern of the post-reaction industrial catalyst is com-
pared to two reference materials, commercial iron (a-Fe) and iron nitride (Fes_4N). The
commercial iron nitride has been prepared from iron by nitridation with ammonia and
quenching. In the pattern of this reference sample, the v-FeyN;_, (63 wt.%), e-FesNy o435
(24 wt.%) and e-FesNy (13 wt.%) phases of iron nitride can be identified. As seen from
the comparison and confirmed by Rietveld refinement, all peaks of the Fe phase in the
catalysts can be explained by the presence of a-Fe, and a phase transformation induced
by nitridation leading to a stable bulk iron nitride can be excluded.

To check for the possibility of a reversible formation of a metastable Fe-N phase during
operation, as expected from the phase diagram, the patterns of the activated catalyst in
the pre-reaction state, the in situ pattern recorded at a self-generated ammonia concen-
tration of 12.6 vol.% as the post reaction state are compared in Figure [8.2] In addition
to the peaks of the metallic iron, a faint contribution of an additional magnetite phase
(Fe3O4) phase was observed in the pre-reaction catalyst. The presence of magnetite is
a consequence of the kinetic difficulty to fully reduce the catalyst and single-crystalline
magnetite particles are proposed to act as spacers to prevent the metallic Fe-platelets from
sintering [82]. However, the crystalline magnetite readily disappeared at TOS=26 h in the
operational catalyst probably due to the higher reducing potential of the syngas at 75 bar
and 425 °C and the catalyst is found to be in a strongly reduced state [57].

It is evident from Figure that no in situ transformation into metastable bulk nitrides
has taken place due to inclusion of nitrogen atoms from the formed ammonia despite the
high pyp,. Like the post-reaction state (Figure , the catalyst in working condition
can be described to a first approximation by a single a-Fe phase. We can, thus, safely
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Figure 8.1: Neutron diffraction pattern of commercial iron powder (bottom, red) and iron
nitride (middle, black, Fe;_4N) and the post-reaction industrial ammonia synthesis catalyst
at room temperature (top). Rietveld refinement revealed the presence of a-Fe (red profile)
and peaks due to the reactor cell walls (marked).
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conclude that the virtual pressure of nitrogen during the experiment was not sufficient for
nitriding of the entire bulk, because no peaks of the Feys 4N reference pattern (Fig.
were observed at any time. Such phases were recently described [190] and are commonly
observed in Fe-based catalysts for ammonia decomposition. In the following, we address
the microstructure of the stable a-Fe phase in the catalysts in comparison with the ref-
erence material and its evolution under reaction conditions. In comparison with the a-Fe
reference, the peak profiles of the catalyst are significantly broadened as seen in Figure
indicating a difference in the microstructure of both materials. Also the intensity ra-
tio of the a-Fe peaks differs for the reference (100:23:68:27:37:13, expected for ideal a-Fe:
100:24:64:25:43:15 [196] and the catalyst (100:21:57:23:30:16, pre-reaction state) with a
stronger 110 and 222 in the latter. At the same time, an anisotropic peak broadening of
the 110 and 310 profiles was observed (see supporting information). These observations
clearly indicate a microstructural and textural effect of the preparation and activation pro-
cess and/or additives on the catalyst. In addition, it can be seen in the inset of Figure
that the peak profiles of the catalyst are not fully satisfactorily described by the Rietveld
fit, which is another indication that points to presence of deviations from the ideal struc-
ture [197].

Earlier studies revealed that the activated ammonia catalyst shows a strongly hierarchi-
cal microstructure [198, 199, [78]. Anisotropic Fe platelets have been observed in the
surface near region [57]. Therefore, the deviation of the catalysts peak intensities and
breadths from the a-Fe powder reference [4] can be explained as ’structural anisotropy’
of the ammonia-iron caused by defects, size and strain effects [10, 200}, 201] (a short dis-
cussion of line profile effects of defects in a-Fe is given in the supporting information). It
seems likely that the unexpected stability of the a-Fe in the catalyst is related to these
microstructural effects.

While the difference between catalyst and reference was obvious, it was surprising to see
hardly any changes in the peak shapes of the catalyst upon changing the conditions (Fig.
B.2] a)). This observation strikingly confirms the stability not only of the iron bulk
against nitridation, but also of the catalysts peculiar microstructure. Neither thermal an-
nealing of defects, nor any reversible or irreversible dependence of the catalysts structural
features on pyp, could be found. It turned out that the variation of the peak breadth
between the reduced and pre-reaction state is explained by a faint reduction of the ap-
parent a-Fe domain size upon further heating and reduction under syngas by c.a. 5 nm
to 26 nm +5 nm at TOS=0h. As a function of TOS, an increase of averaged, apparent
domain size is observed, up to a value of 32 nm +7 nm for the operational catalyst at
TOS=88h during coincidental increase of the mean residual strain (MRS) by 0.03%. The
persistency of the lattice parameter of the a-Fe with 288.43 pm over the entire operational
period obviates any restructuration of the host structure. The diffusion-controlled cooled
post-reaction catalyst under Ar exhibits the largest domain size (36 nm 4+ 8 nm) and as
well the highest MRS with 0.24% of the sample series. Interestingly, its lattice parameter
(286.79 pm) does not differ tremendously from reference a-Fe at the same temperature
(286.78 pm). These trends in the series of samples observed by Rietveld refinement were
confirmed by model-free line profile analysis by Williamson-Hall method (details see Sup-
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Intensity / counts

Figure 8.2: Neutron diffraction patterns of the ammonia synthesis catalysts at different
conditions. The solid red line indicates the fitted contribution a-Fe phase to the patterns.
a) reduced, initial catalyst in 5 bar Dy at 180 °C (the olive line is the profile of magnetite,
peaks additionally marked by asterisks); b) pre-reaction catalyst at 425 °C under 75 bar
syngas at TOS=0h; c) in-situ reaction state at 425 °C under 75 bar syngas, which is
converted to yield 12 vol.% ND3 at TOS=88 h d) post-reaction catalyst in 75 bar Ar at
room temperature. The insets show the magnification of the 200 peak of a-Fe, wherein
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——Fe.ref.
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Figure 8.3: a) Normalized peaks profiles of the 200 (right, top), 211 (left, top), 220 (right,
bottom) and 222 (left, bottom) of the catalysts a-Fe reflections. The thermal shift from
28 °C (reference-iron, black and post-reaction state, green) to 180 °C (pre-reaction state)
and 425 °C (12 vol.% NDj3) was compensated by normalizing to the peak maxima on
the x-axis. b) Representative HRTEM micrograph of the post-reaction ammonia catalyst.
The inset in the upper left corner shows the power spectrum of the TEM image. The
interference in the outer region of the iron lattice is assigned to a tetragonal inclusion into
the host lattice.
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plementary Information). Taking the determined lattice parameters at RT, 180 °C and
330 °C (from earlier measurements [4]) into account, the linear thermal expansion coef-
ficient can be determined. The determined value for the temperature regime (26 °C to
330 °C ) of 11.9x1076 K=t £0.2% is in good agreement with the given literature value of
11.8x107% K~! [47]. Ridley and Stuart state, that the true coefficient for pure a-Fe in-
creases almost linear to just above 550 °C [80]. With respect to that, the measured lattice
constant of the catalyst under reaction conditions at 425 °C is 0.1% larger than expected
for this temperature. The most probable explanation for the variation in d-spacing, which
is consistent with the literature view on the active catalyst is the presence of endotactic
chemical impurities [I81],[57], expressed in a fashion of incorporation of individual molecules
of hercynite into the lattice of the a-Fe host lattice. The phenomenon of the replacement
of seven iron atoms by one hercynite molecule was named paracrystallinity by Hosemann
et al. [81] (detailed information in SI). The consequence of the replacement of the iron
atoms is expressed in elastic deformations in the vicinity of the hercynite molecule due to
differences in the molecular structure compared to the host structure, which results in a
higher lattice constant of the a-Fe lattice [14].

While the measured apparent domain size at TOS=0h with 26 nm +5 nm confirms the
values of earlier measurements [14], [106], it remains open, if the observed variation in the
peak breadth over TOS is really a consequence of increasing apparent domain size or either
a contribution from non-statistical distributed, anisotropic strained diffraction planes in
the domain resulting due to hercynite incorporation, which is expressed in an increase of
paracrystallinity over TOS by almost 1.1% (c.f. SI).

Regarding the lattice parameter of the subsequently fully reduced minority magnetite phase
(840.9 pm at 180 °C and 843.8 pm at 425 °C ), a solid solution of alumina and the mag-
netite of the type Fes_,Al,O4 [I06] can be excluded due to a very high concordance to
reference values given in literature (840.6 pm at 180°C and 843.4 pm at 425°C [107)).
Conclusively it is claimed, that the presence of strain in varying amounts over entire TOS
is indicating that the proposed lattice distortion has formed already as a result of catalyst
activation, probably with other atoms in the interstitials of the iron lattice. It is noted that
refined phase content of the magnetite is below 1.4 wt.% and thus close to the detection
limit for minor phases, in particular if these are crystallographical related to the main
phase like in this case.

We, however, note that the interpretation of the above results is consistent with the liter-
ature view on the active catalyst. The unnitridated a-Fe still clearly is the major phase of
the catalyst. Thus nitrogen dissolution may be limited to a small fraction of the catalyst
and we tentatively locate these domains in the surface near region of the larger iron parti-
cles (d 100 nm [4]) leading to a situation that can be described as a Fe-N surface phase
(0.8-0.96 monolayers [53, 202]) supported on a core of unaffected a-Fe, which dominates
the diffraction pattern. This picture is in agreement with the model that the bulk a-Fe
provides the skeleton for a surface Fe-species, which is supposed to play the crucial role in
the catalytic process [56], 57, 82, R3]. Because hardly any reversible structural change was
observed, our diffraction results encourage post-reaction high resolution TEM (HRTEM)
studies of the near surface region. A representative HRTEM image of the post-reaction
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catalyst is given in Figure [8.3b.

An anisotropic, platelet-like morphology of the iron particles was observed. The lattice
spacings are due to the a-Fe phase and the crystalline domains, in agreement with the
diffraction analysis, exhibit sizes of a few nanometers. In conclusion, this work has pro-
vided experimental evidence that validates the understanding obtained on iron surfaces
from surface science in low-pressure experimentation and theoretical model approaches for
the industrial ammonia synthesis reaction. No major dynamic phase changes due to ni-
tridation have been observed on an industrial ammonia synthesis catalyst when subjected
to a self-generated NH3 concentration of 12.6 % at 75 bar and 425 °C , i.e. close to the
conditions in the Haber-Bosch process. The stability of the a-Fe phase in the catalyst was
not expected based on the thermodynamics of pure iron at such NHj3 partial pressures.
In comparison to reference Fe, the industrial catalyst shows a complex and defective mi-
crostructure that was inherited from the preparation and activation processes. Also this
unique microstructure was stable and hardly any structural healing was observed during
operation. The absence of nitridation is thus not due to the general absence of a gap
between low and high pressure, but can be rather explained due to the cancellation of
the expected pressure effect by the materials effect. While the former thermodynamically
favors bulk nitridation, the latter kinetically stabilizes the defective a-Fe phase likely a re-
sult of the presence of additives and of the preparation history of Mittaschs synthesis. The
complex real structure of this catalyst after activation and its stability appears to be a pre-
requisite for high performance and should be target of any alternative synthesis approaches
for ammonia synthesis catalysts aiming at a simpler and more elegant preparation.
Experimental Section

A BASF S6-10 catalyst was carefully reduced and dried. 17.1703 g of the reduced cat-
alyst were transferred via an Ar-glovebox into the flow cell for the neutron experiment
and sealed air-tight. The experiment was carried out on high-resolution thermal neutron
diffractometer SPODI [195] at the research reactor Heinz Maier-Leibnitz (FRM II) of the
Technical University Munich in Garching, Germany. For the in-situ studies a modified ver-
sion of a continuous flow-cell was used, which was already described elsewhere [3]. At the
beamline, the pre-reduced catalyst was activated by heating up slowly from RT to 180 °C
with a heating rate of 1 Kpm in a Dy stream of 9.6 1/h at 4.4 bar. Further heating to
reaction state was done under 75 bar Dy/Ny/Ar-Syngas (72:23:6) with a rate of 0.5 Kpm
to 425 °C . The reaction slowly approached a steady state concentration of ND3 of 12.6
vol.% after 88 h TOS, which is close to equilibrium. The catalyst bed temperature as
well as reaction pressure were monitored by an in-bed-thermocouple and pressure gages
at reactor inlet and outlet. The gas-phase composition and flow were monitored with a
Pfeiffer-Thermostar mass-spectrometer and film-flow-meters. For each reaction state, pre-
reaction, in-situ (TOS=88 h) and post-reaction, 3 diffraction pattern (each 30 min) were
acquired and the NDj yield was determined by bubbling the exhaust stream through water
and subsequent titration. Analysis of the patterns was carried out by Rietveld-refinement.
Further details of the experiment can be found as supporting information.
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Appendix A

Mathematical appendix for data
evaluation

A.1 Analytical determination of instrumental broad-
ening (IRF)

As it is crucial for analytical profile fitting routines to determine H,,, -or more precisely 3,y -
at every certain point along entire range of the diffraction profile, an accurate determination
of instrumental broadening is a prerequisite. Assuming pseudo-Voigt peak shape, initial
peak parameters (Qo, H and 1) which are needed for accurate structural analysis could be
achieved by any fitting routines which support the pseudo-voigt peak function. The data
obtained in this study was decomposed and analyzed by Xfit-Koalariet [I30] and Origin
8.5.1.

The shape parameter 7, which is the exact description of the analytical profile can be
obtained by the fitting of the reflection profiles of a suitable reference compound. From
n, the full width at half maximum (FWHM) H,, of the pseudo-Voigt peak is related to
the individual Lorentzian (Hy) and Gaussian (Hg) FWHM components. Thompson et
al. gave a numerical approximation which relates (Hy, Hg) and (H,n) via the expressions
[203]:

o
L —0.72928n + 0.19289n2 + 0.07783, (A.1)
pV
and
o
HG — (1 — 0.74417n — 0.247815 — 0.008107%) /* (A.2)
pV

The integral breadth 3,y,, which was used along this study to model IRF and create classical
Williamson-Hall-Plots, is the ratio between integral intensiy and amplitude, given by the
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relation:

ﬁ _ 7THpv/2
s (=) [rm2))

(A.3)

The integral breadths of Lorentzian and Gaussian components are converted from the
FWHM’s of the corresponding components according to [143]:

1
Br :%HL and  fig = 5(r/In2)"/*Hg (A.4)
In Rietvelds [77] original approach to model the IRF of a low-resolution neutron diffrac-
tometer, it was assumed that for the range between @Q,,;,, and Q... the shape parameter
of the pseudo-Voigt function, n, strictly follows a linear trend

n =a + bo. (A.5)

In a first approximation, the description of the IRF by Eq. 5 and Eq. 6 is sufficient
when the instrument can be considered only as an arrangement in horizontal geometry,
which is causing primary Gaussian broadening [125] [77]. While on high resolution neutron
diffractometers there is a considerable axial beam divergence [127], this effects results in
an additional Lorentzian broadening. As a consequence, Eq. 6 was enhanced to account
for that fact by a Lorentzian term (Eq. 7)[126], 87].

Hg =+/Utan?0 + Vtanf + W + P/cos20 (A.6)
and
X
Hp =—— +Ytand + Z (A.7)
cost

The graphical interpretations of the numerical results of Egs. 6 and 7 are depicted in
FigJA ] for the neutron diffractometer and Fig. for the X-ray diffractometer. It should
be pointed out, that the numerical values for U,V,W P and X, Y, Z have no significant
physical meaning, as their are only used to achive the best possible fit for the IRF.

A.2 Deconvolution of instrumental contribution [

The measured experimental pattern I, is a convolution of the interference function Ig
given by the scattering vector () of the crystal lattice and the instrument function g@). The
convolution integral given by

+oo
lo. = [ lo-as(@)da (A8)

o0

!The following paragraphs are adapted from [6] and [7]



A.2 Deconvolution of instrumental Contribution

95

1.3

Q (A"

1.67 3.29 4.80 6.18 7.36 8.32 9.03 9.46

12
1.1
1.0
0.9
0.8
0.7 4

BpV’BL’BG (o)

0.6
0.5
0.4
0.3
0.2
0.1

T T T T T T T T T T T T T
° By of Firepod, determined with Y, O,

o BL
- By

T T T T T T T T T T
20 40 60 80 100 120 140 160
26 (°)

Figure A.1: IRF of the fine resolution powder diffractometer (Firepod, E9) at the research
reactor BER II at Helmholtz-Centre Berlin in the former configuration [I127] with Y5Os.
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Figure A.2: IRF of the X-ray diffractometer (Bruker D8 Advance) in Bragg-Brentano
geometry, determined with LaBg.
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By setting the expressions for the measured experimental pattern Iy, = h(Q) and the
pure structural interference function Iy = f(Q) one achieves

hg = i oon_Qig<Qi>in (A.9)
= (f*9)(Q) (A.10)

As it is assumed, that the Fourier-transformation of a convolution of two functions is equal
to the product of the Fourier-transform of each factor, it follows

+00
= [ U @entiona = VarFG(L) A11)

wherein F(L) and G(L) are the Fourier-transformations of f(Q) and g(Q). While the scat-
tering vector () is a reciprocal unit, it represents the information depth in the scattering
material, the so called column length L. Therefore, each constituent A(Q), f(Q) and ¢g(Q)
of the pattern could be expressed as a Fourier-series of the type

h(Q) = /H(L)emp(—Qm’QL)dQ (A.12)
1@ = [ Fjeap(-2miQL)iQ (A13)
9(Q) = /G(L)exp(—QmQL)dQ (A.14)

As each peak of h(Q) and g(Q) used for the correction has a discrete data-point in @ in
the observed range, for a given peak-center )y the probing intervals (Q),) are given as
n=0,1,2,3,...N. Therefore, Egs. can be written in the analytical form [6]

N/2

hQ)= > H(Ln)exp(—2miQLy)dQ (A.15)
n=—N/2
N/2

f@Q = Y F(Lyexp(—2miQL,)dQ (A.16)
n=—N/2
N/2

9@Q) = > G(Ln)exp(—2miQLy)dQ; . (A.17)

n=—N/2

The correction for instrumental broadening is carried out by complex division according
to:

F(L)= @ (A.18)

By back-transformation of f(Q), I can be achieved.
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A.3 Fourier coeflicients and Fourier-synthesis

It is supposed, that the instrument-corrected scattering signal, implicit in Eqs. A.6 and
A.8 can be expressed as a Fourier-series of the type

f(Q) = % + i(am cos m@Q + by, sinmQ) (A.19)

m=0

where the Fourier coefficients a,, and b,, are terms like domain size, dislocations, anti-
phase domains and faulting, which contribute to the broadening of the scattering peak.
By applying a manual least-squares fitting procedure to the broadened peaks one gets an
analytical function f’(Q) which can be used to determine Fourier coefficients according to

a, = l/ f'(z)cosnxdx (n=0,1,2, ... (A.20)
™ —T
and
by, = l/ f(z)sinnxdx (n=1,2,3, ... (A.21)
™ —T

Since the sine is an odd function, the coefficient b,, becomes zero, if the curve is considered
as symmetric (e.g. pseudo-Voigt, Gauss).
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Appendix B

Used program codes

B.1 Instrument resolution determination by Origin

The following fitting-routine was developed in OriginC, to determine instrumental resolu-
tion parameters according to ”Caglioti” directly from XFit results of LaBg or Y203 with
FWHM and 26-values.

#include <origin.h>

void _nlsfCagliotti(

// Fit Parameter(s):

double U, double V, double W, double P, double X, double Y, double 7Z,

// Independent Variable(s):

double x,

// Dependent Variable(s):

double& y)

{
// Beginning of editable part
y=sqrt (Ustan (((x/2)*(PI/180))) " 24+Vxtan (((x/2)*(PI/180)))+W+P/cos (((x/2) *(

PI1/180))) "2)+X/cos (((x/2)*(PI/180)))+Y*tan (((x/2)*(PI/180)))+Z

// Curve(s)

Curve x_y_curve,
// Awuzxilary error code:
int& nErr)

{
// initialize parameters

get_exponent (x_data, y_data, NULL, &A);

// End of editable part
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B.2 Stacking fault simulation using DIFFAX

The following code was used to calculate diffraction intensities from Cu-catalysts, that
contain coherent stacking faults. DIFFaX (v 1.812) was written by Michael M. J. Treacy
in Fortran. The stacking faults appear in a infinity crystal in {111}-plane of hexagonal-
packing. The stacking fault probability («) is considered to by 1%. According to previous
Rietveld-refinements, Bj,, is considered to be 0.2. The pV-mixing parameter p is assumed
to be constant over the 260-range from 10-175°. The minimum increment is A26 = 0.01.

{data file for copper, with random hexagonal intergrowths}

{probability of cubic stacking = 90%}

{cubic stacking sequence = 111111111.... or 222222222...}

{Hexagonal staking sequence = 1212121212121212....}

INSTRUMENTAL {Header for instrumental section}

NEUTRON {Simulate neutron diffraction}

1.307666 {Neutron wavelength}

{gaussian 0.1 trim} {Instrumental broadening (much faster)}

PSEUDO-VOIGT 0.04844 0.0 0.3133 0.2186 TRIM {Instrumental broadening (
Caglioti)}

STRUCTURAL {Header for structural section}

2.5560 2.5560 2.0869 120.0 {unit cell coordinates, a, b, ¢, gamma}

UNKNOWN {hexagonal, ¢ = cubic [111]}

2 {111 sheet, plus its mirror}

infinite {Layers are very wide in the a—b plane}

LAYER 1

CENTROSYMMETRIC

Cu 1 0.0 0.0 0.0 0.2 1.0

LAYER 2 =1 {Layer 1 is isostructural to layer 2 and viceversa}

STACKING {Header for stacking description}

recursive {Statistical ensemble}

infinite {Infinite number of layers}

TRANSITIONS {Header for stacking transition data}

{Transitions from layer 1}
0.001 1/3 2/3 1.0 {layer 1 to layer 1}
0.999 2/3 1/3 1.0 {layer 1 to layer 2}

{Transitions from layer 2}
0.001 1/3 2/3 1.0 {layer 2 to layer 1}
0.999 2/3 1/3 1.0 {layer 2 to layer 2}
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B.3 Fourier-synthesis using PM2K

The following code was used in PM2K (written by Matteo Leoni) to refine an unaged
Cu-sample with partly diffraction-amorphous ZnO. Instrument resolution, log-normal size
distribution, stacking faults (2D) and line defects (1D) were included into the convolution.
The Background is afterwards added to the convoluted intensity and modelled by a 6th
order Chebyshev-polynomial.

// load the input data and associate it to the WPPM model
loadData (”72—7088—LC.xy"” , WPPM() )

// enable output of results as a .fit file
enableFileFit ()

// add spectral components
addWavelength (0.1307666, 1)

// define the lattice (for cerium ozide)

addPhase (aCu 3.609803e¢—001, aCu, aCu, 90, 90, 90)

// start definition of broadening contributions

par W 3.2373e—001, !V 0, !U 3.6410e—002

//  Parameters for eta (a + b th + ¢ th"2)

par l!a 5.995e—-002, !b 4.75e—003, !¢ —2.30176e—005

convolveFourier (CagliotiUVWabc (U, V, W, a, b, ¢))

convolveFourier (SizeDistribution (”sphere” ;”lognormal” , mu 1.427031e+000,
sigma 4.985432e¢—001 max 30 min 0))

par !Dave:=exp (mutsigma“2/2); /x(arithmetic) mean sizex/

par !sd:=sqrt (exp(2+«mutsigma”2)*(exp(sigma”2)—1)); /xstandard deviationx/

splitPeaks (” fcc”)

convolveFourier (FaultingWarren (alp 3.679448e—003, bet 7.412676e—002))

convolveFourier (Wilkens(rho —8.971250e—003,Re —1.768587e+000,
0.304602,—-0.500211,0.298341,—-0.708806, !mix 0.5,burgers := aCuxsqrt (2)
/2:))

// add the peaks

addPeak( 1, 1, 1 , @ 7.707255e+4001)
addPeak( 2, 0, 0 , @ 4.792527e+4001)
addPeak( 2, 2, 0 , @ 1.247087e+002)
addPeak( 3, 1, 1 , @ 2.799106e+002)
addPeak( 2, 2, 2 , @ 9.597580e+001)
addPeak( 4, 0, 0 , @ 8.903351e+001)
addPeak( 3, 3, 1 , @ 2.638652e+002)
addPeak( 4, 2, 0 , @ 2.440246e+002)
addPeak( 4, 2, 2 , @ 1.471154e+002)
addPeak( 3, 3, 3 , Int333 4.079655e+001)
addPeak( 5, 1, 1 , @ :=Int333x3.044;)

// add diffractometer misalignment and specimen displacement

// 2theta shift contributions

//shift(SpecimenDisplacement (185, @ —3.252060e—002))

shift (ZeroError (@ 3.173666e—002))

//shift (LaB6tancorrection (ax —5.761528e—002,bx 2.048272e—001,cx —8.616463¢
—-001,0))

// consider Lorentz—Polarization correction
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40| mul (LPFactorSecondary (0,0))

41| // add the phase background

42| add (Chebyshev (@ 1.071614e+003,@ 3.128031e+001,@ —3.826774e—-001,@ 1.612235¢
—003,@ —2.253188e—006))




Appendix C

Reactor construction

C.1 Fatigue crack analysis and materials database

The materials used for the construction of the ammonia and methanol synthesis reactor
had to be assessed regarding their long term stability. The numerical values of the yield
strength as a function of temperature were gained by suppliers specifications or specific
publications (references see text). In a first attempt, the applicable pressure onto the tube
was estimated by von Mieses yield criterion.

Generally assuming, that a non-reversible deformation or failure of an object is a conse-
quence of exceeding the ultimate yield strength (o,) of a material -also named the von
Mises criterion-, three principle stress coordinates (tensors) are contributing. In a simple
uniaxial stress situation or tension, the problem is one-dimesional and therefore reduced to
axial strain (o;). In the case of plain stress (e.g. compression) Mises criterion becomes pla-
nar, described by circumferential strain (¢2). Applying pressure (e.g.inner wall of a tube)
yields additionally into radial strain (o). Therefore, the so called yield surface is sum of
all tensors, where each of the tensors must be smaller then the ultimate yield strength:

e % V(ow = o) + (01— 0, + (0, — 0u)? (C.1)
As from Hook’s law known, any material is elongated proportional to applied uniaxial
tension. Hook’s law, simply speaking, collapses at the end of the linear elangation process
with materials failure the so called ultimate tensile strength, R.y. To present materials
from total failure, the applicable load limit = ultimate yield strength is set to a limit, were
a maximum permanent deformation of 0.2% is recognized. Therefore, the relation between
00.2 and Rpgo can be described as:

Rey
v = 2
R (€2
002 — Rpo_g (C?))

wherein vy is a specific weakening coefficient of junctions in the material, typically 1-0.85.
For the geometry of a pressurized (p) tube, with a given inner diameter (d;) and a wall
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Nimonic 80 A, W. Nr. 2.4952

Temperature Tors. modulus Dyn. Young’s mod. Rpgs Specific heat LTE
°C kN /mm? kN /mm? N/mm? J/Kg°C 107°/°C
20 85 219 570 448 12.8
100 84 216 550 469 12.8
200 82 210 530 494 13.3
300 79 204 500 519 13.7
400 7 197 475 548 14.1
500 74 191 475 573 14.5
600 70 183 475 599 15
700 67 175 450 628 15.5

Table C.1: Mechanical properties of Nimonic alloy 80A. Heat treated 8 h at 1080°C and
air cooled for 16 h at 700°C, cooled to RT by air(Values taken from Special Metals).

thickness (s), oy, 0, and o, are given by:

d.
= ! CA4
g1 p (45) ( )
p (d;
== —-1 )
ou =3 < . ) (C.5)
4
o= (C.6)
For a given applied pressure, wall thickness is calculated according:

d; -

b (C.7)

S =
2 (2002 — p) - vn + 2p

The maximum applicable pressure for a given wall thickness is calculated therefore by:
. S - 20’0.2 *UN
N d; + (8 *UN ) ‘
For the calculation of applicable fatigue crack load, o is replaced by o,. Following tables
depict the used values for Rpg o used for design and calculation of the reactors. Nimonic is
a heat-durable, age-hardenable Ni-Cr alloy, strengthened by additions of Ti, Al and C for
temperatures up to 815°C, which was used for the construction of the ammonia-reactor.

The AlMgs-alloy was used for low-temperature applications, due to it’s no-gamma-emission
property, like e.g. methanol synthesis.

Po.2 (C.8)

C.2 Construction drafts for ammonia reactor

The following construction drafts show the assembled reactor body and flow cell of the
reactor used for ammonia synthesis. For technical details referring to the methanol reactor
c.f. to Chapter 4.
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AlMg3, W. Nr. 3.3535

Temperature Tors. modulus Dyn. Young’s mod. Rpgo Specific heat LTE
°C kN /mm? kN/mm? N/mm? J/Kg°C 107¢/°C
20 70 n.d. 82 n.d. 23.8
100 70 n.d. 82 n.d. 23.8
200 n.d. n.d. 80 n.d. n.d.
300 n.d. n.d. 73 n.d. n.d.
400 n.d. n.d. 41 n.d. n.d.
500 n.d. n.d. 36 n.d. n.d.

Table C.2: Mechanical properties of aluminium alloy AIMg3 (Values taken from [94].

SS 316L, W. Nr. 1.4401

Temperature Tors. modulus Dyn. Young’s mod. Rpgs  Specific heat LTE
°C kN /mm? kN /mm? N/mm? J/Kg°C  107%/°C
20 n.d. 200 600 500 16.5
100 n.d. 194 582 n.d. 16.5
200 n.d. 186 561 n.d. 17.5
300 n.d. 179 536 n.d. 17.5
400 n.d. 172 508 n.d. 18.5
500 n.d. 165 484 n.d. 18.5
600 n.d. n.d. <300 n.d. n.d.

Table C.3: Mechanical properties of stainless steel alloy 316L (Values taken from Swagelok).

SS 304, W. Nr. 1.4301

Temperature Tors. modulus Dyn. Young’s mod. Rpgs Specific heat LTE
°C kN /mm? kN /mm? N/mm? J/Kg°C 107°/°C
20 n.d. 200 230 500 16
100 n.d. 194 157 n.d. 16
200 n.d. 186 127 n.d. 17
300 n.d. 179 110 n.d. 17
400 n.d. 172 98 n.d. 18
500 n.d. 165 92 n.d. 18
600 n.d. n.d. 90 n.d. n.d.

Table C.4: Mechanical properties of stainless steel alloy 304 (Values taken from Matweb
online-resource).
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Appendix D

Supplementary information to
Chapter 8

D.1 Further experimental details

A commercial iron catalyst (BASF S6-10) consisting mainly of fused iron oxides was re-
duced under atmospheric pressure for 17 days, by heating slowly up in a 100 ml/min H2
stream with 1 Kpm to 433 K and holding it at this temperature for two days to allow
the catalyst to dry. After drying, the catalyst was heated up further with 0.05 Kpm to
733 K, where it was kept under steady conditions to allow reduction. This treatment is
an important prerequisite to obtain the active form of the industrial catalyst, which is
ascribed to the formation of a highly ordered, epitactic platelet structure of the active cat-
alyst by diffusion controlled processes [57]. After the reduction procedure 17.1703 g of the
catalyst were transferred via an Ar-glovebox into the flow cell for the neutron experiment
and sealed air-tight. At the beamline, the pre-reduced catalyst was activated by heating
up slowly from RT to 180°C with a heating rate of 1 Kpm in a Dy stream of 9.6 1/h at 4.4
bar. Further heating to reaction state was done under 70 bar Dy /Ny-Syngas with a rate of
0.5 °C to 425 °C.

Reaction setup For the in-situ studies a modified version of a continuous flow-cell was
used, which was already described in literature [3]. In contrast to studies carried out
earlier, a reactor tube made of a Nickel-based alloy, seal-able by flanges with soft-iron
gaskets was used. The high-temperature alloy used had an excellent corrosion resistivity
against gaseous ammonia at elevated temperatures, as well as a high tensile yield strength,
which allows reduction of the wall thickness to 1 mm to achieve a lower background signal.
Precautions were taken to reduce pore-diffusion and heat transfer effects by using a catalyst
sieve fraction in the range between 250 pum and 355 pum. However, the ratio of bed length
to bed diameter was optimized rather with respect to the neutron beam geometry than for
optimal flow condictions. The powder density of the catalyst sieve fraction was approx.
1.95 g ecm™3 and a uniform packing density of the fixed bed reactor could not be easily
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achieved, which might have caused deviations from the idealized plug flow model [I14].
A longitudinal temperature gradient in the catalyst bed in the range of A T=12 K was
measured as a result of the open furnace geometry for proper neutron diffraction pattern
acquisition.

In-situ neutron diffraction As feedgas a mixture of 23 vol.% Ny (5.0), 6 vol.% Ar
(5.0) and 72 vol.% Do (2.8) was used. Purging of the lines was done with Ar (6.0). In
spite of the usage of high-purity feedgas, an additional guard-reactor operated at 220 °C
and loaded with a mixture of reduced S6-10 and pre-reduced high-purity iron-powder was
introduced for conditioning of the syngas to avoid oxygen-poisoning of the catalyst.
Initially, a first pattern was acquired at 180 °C under Dy at 4.4 bar, to catch the initial
" freshly”-reduced, pre-reaction state. This pattern is used along this study as a reference
state to compare with the post-reaction pattern and patterns recorded under increasing
ammonia production rate. Afterwards the feed was switched to syngas and the pressure
was increased to 70 bar, while the gas flow was kept constant at 9.6 1/h. Heating to
reaction conditions was done under syngas feed with a rate of 0.5 Kpm to 425 °C. When
the final reaction temperature was reached, pressure was increased to 75 bar. At this
stage a pattern of the TOS=0 h catalyst was acquired. The gas phase composition was
monitored by Mass-spectrometry at all times, while a quantitative ammonia determination
was performed by titration experiments every 8 hours. Significant amounts of ammonia
during this conditioning phase were only detected after 25.5 h of synthesis with 0.63%
in the exhaust indicating a slow formation of the active catalyst. The reaction slowly
approached a steady state concentration of ND3 of 12.6 vol.% after 88 h TOS. For each
reaction state, pre-reaction, in-situ (TOS=88 h) and post-reaction, 3 diffraction pattern
(each 30 min) were acquired and the NDj yield was determined by titration.

Data acquisition and analysis The in-situ experiment was carried out on high-resolution
thermal neutron diffractometer SPODI at the research reactor Heinz Maier-Leibnitz (FRM
IT) of the Technical University Munich in Garching, Germany. Its large monochromator
take-off angle of 155 ° with a monochromator-sample distance of 5 m allow a sufficient
neutron flux of 1 x 10° n cm™2 s7! at a wavelength of A=0.15481 nm [195], dedicated for
in-situ studies. The implemented data reduction routine for the intensity integration along
the Debye-Scherrer cones from the array of 80 vertical position sensitive *He detectors
allows the acquisition of patterns with a typical step width of A(20) = 0.05° [195], while
the typical acquisition time per pattern was 30 minutes. As alpha-Fe shows ferromagnetic
properties below the Curie-temperature (T.) of 770 °C [47], the crystallographic and mag-
netic unit cell overlap, therefore not additional peaks are expected due to magnetism [204].
The catalyst bed temperature as well as reaction pressure were monitored by an in-bed-
thermocouple and pressure gages at reactor inlet and outlet. The gas-phase composition
and flow were monitored at all times with a Pfeiffer-Thermostar mass-spectrometer and
film-flow-meters.

Analysis of the pattern was carried out by Rietveld-refinement of representative patterns
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Figure D.1: Williamson-Hall plot from the single peak fit of the reduced, TOS=0h,
TOS=88h, post-reaction catalyst and Fe-reference

before and after ammonia-synthesis, as well as for several in-situ pattern, while the corre-
sponding ammonia production rate was determined by bubbling the exhaust gas for 1 h
through a solution of 250 ml millipore water and subsequent titration of an aliquot of 15 ml
with 0.1 mol 17! HCI over the acquisition time of the pattern.

D.2 Line profile analysis by Williamson-Hall method

Size-strain analysis was carried out by WilliamsonHall method. Therefore the results of
the single-peak fitting procedure were subtracted by the influence of the instrumental
broadening (for details about the method ref. [197]). The resulting integral breadth is
plotted as following: The negative slope for the iron sample is indicating anisotropy due to
stacking faults and twin boundaries. The excessive amounts of defects in the Fe-reference
can be explained with respect to the preparation history of the sample by ball milling [201].
Furthermore, the domain size of the macrocrystalline material is suspected to larger than
100 nm, which is the size limitation of Williamson-Hall analysis and the Scherrer-formula,
which is used to determine the apparent crystal size, respectively.
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