
 
 

 

Layered Double Hydroxide Derived Iron-based 

Catalysts for Ammonia Decomposition and 

Synthesis 

DISSERTATION 

vorgelegt von 

DENISE REIN, M.SC. 

aus Düsseldorf 

von der Fakultät für Chemie 

der Universität Duisburg-Essen 

zur Erlangung des akademischen Grades 

Doktor der Naturwissenschaften 

– Dr. rer. nat. –  

Promotionsausschuss: 

Vorsitzender:  Prof. Dr. Alexander Probst 

Gutachter: Prof. Dr. Malte Behrens 

Gutachter: Prof. Dr. Robert Schlögl 

            Tag der Disputation: 27.02.2020

Essen, 27. Februar 2020



 
 

Diese Dissertation wird via DuEPublico, dem Dokumenten- und Publikationsserver der
Universität Duisburg-Essen, zur Verfügung gestellt und liegt auch als Print-Version vor.

DOI: 10.17185/duepublico/71437
URN: urn:nbn:de:hbz:465-20220711-122107-2

Alle Rechte vorbehalten.

https://duepublico2.uni-due.de/
https://duepublico2.uni-due.de/
https://doi.org/10.17185/duepublico/71437
https://nbn-resolving.org/urn:nbn:de:hbz:465-20220711-122107-2


I 
 

Eidesstattliche Erklärung 

 

 

Hiermit versichere ich, die vorliegende Abschlussarbeit selbstständig und nur unter 

Verwendung der von mir angegebenen Quellen und Hilfsmittel verfasst zu haben. Sowohl 

inhaltlich als auch wörtlich entnommene Inhalte wurden als solche kenntlich gemacht. Die 

Arbeit hat in dieser oder vergleichbarer Form noch keinem anderem Prüfungsgremium 

vorgelegen. 

 

 

 

Datum, Ort ______________________ Unterschrift ______________________ 

 

 

 

 

 

 

 

 

 

 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



II 
 

Danksagung 

Alles hat einen Anfang und auch ein Ende. Stets geben sich gemischte Gefühle wie Freude, 

Hoffnung aber auch Bedauern oder sogar Furcht vor dem Ungewissen die Hand. Doch sollte 

man stets mutig voranschreiten, denn meist überwiegen die positiven Seiten. Das wichtigste 

jedoch sind die Menschen, mit denen man diesen Weg geht, denn sie unterstützen und 

begleiten einen, wenn auch nur einen Teil des Wegs. 

An dieser Stelle möchte ich vor allem Prof. Dr. Malte Behrens und Prof. Dr. Robert Schlögl 

dafür danken, dass ich die Möglichkeit hatte diese Doktorarbeit zu schreiben. Zudem bin ich 

für die vielen produktiven Gespräche, konstruktive Kritik aber auch spannenden Erfahrungen 

dankbar die uns die letzten 3,5 Jahre zusammengebracht hat. 

Dr. Klaus Friedel Ortega bin ich im Besonderen dankbar für die steten anregenden 

Diskussionen, die tatkräftige Unterstützung und die enge Zusammenarbeit an diesem großen 

Projekt, das jedes Jahr ein wenig größer wurde. 

Dr. Holger Ruland, Dr. Kevin Kähler und Dr. Jan Markus Folke vom MPI CEC danke ich im 

Besonderen für die herausragende Zusammenarbeit und freundliche Arbeitsatmosphäre an der 

NH3-Synthesefront. Genauso danken möchte ich Dr. Claudia Weidenthaler, Dr. Eckhard Bill 

und ihrem Team am MPI für Kohlenforschung für die Hilfe bei den in situ XRD Studien. Dr. 

Franz Schmidt und Dr. Frank Girgsdies vom FHI in Berlin danke ich für die TEM und in situ 

XRD Untersuchungen, sowie die hilfreichen Diskussionen.  

Danken möchte ich auch meinen zahlreichen Arbeitskollegen an der Universität Duisburg-

Essen, hier insbesondere Dr. Stefanie Becker, für die motivierenden Momente und auch die 

gemeinsame Zeit in Japan, Dr. Fatih Özcan, Dr. Manuel Heimann, Dr. Justus Heese, Andreas 

Hüttner und Robin Meya für die Unterstützung bei den Messungen und die stete gute Laune 

bei der Arbeit. Besonderer Dank gilt auch André Borutta und Christian Lüttmann, die sehr 

engagiert an dieser Arbeit im Rahmen ihrer Masterarbeiten mitgearbeitet haben. Auch allen 

anderen und Newcomern in unserem Arbeitskreis und die vielen Menschen, die ich nicht alle 

einzeln aufzählen kann, möchte ich für die gute Zusammenarbeit danken.  

Zum Schluss möchte ich noch meinen größten Unterstützern, meinen Eltern und meinem 

Partner, Hennes Hoffmann, danken. Ihr habt mich stets mit viel Geduld aufgemuntert, mir den 

Rücken freigehalten (auch wenn ihr keine Ahnung hattet, wovon ich sprach) und mir Halt 

gegeben. Dies alles wäre ohne euch nicht möglich gewesen. Danke! 



 
 

III 

 

Zusammenfassung 

Die Suche nach neuen Möglichkeiten zur Speicherung von erneuerbaren Energien ist eine der 

wichtigsten Fragen unserer Zeit. Eine vielversprechende Option ist die Verwendung von 

Ammoniak als chemischer Energieträger. Aufgrund seiner Bedeutung in der chemischen 

Industrie sind Lagermöglichkeiten, Transport- und Vertriebswege bereits vorhanden. Für die 

Synthese werden hocheffiziente Katalysatoren in einem äußerst optimierten Prozess seit über 

hundert Jahren verwendet. Ein noch fehlendes Puzzleteil ist hingegen ein gut funktionierender 

Ammoniak Zersetzungskatalysator, welcher keine Edelmetalle enthält. Aus diesem Grund 

beschäftigt sich diese Dissertation mit der Erforschung von Eisen-Magnesium-basierten 

Katalysatoren sowohl für die Ammoniakzersetzung als auch für die Synthesereaktion. 

Zu diesem Zweck wurden so genannte layered double hydroxide (LDH) Präkursor-

Materialien verwendet, welche sich über eine vergleichsweise milde co-Fällungsreaktion 

synthetisieren lassen, im Gegensatz zu dem sonst üblichen Hochtemperatur-Schmelzprozess 

der Industrie. Die größten Vorteile dieser Materialien liegt in ihrer Variabilität, was die 

Zusammensetzung angeht und dass hier die Beziehung zwischen Präkursorstruktur und 

katalytischer Aktivität mit einfachen Mitteln erforscht werden kann. Diese LDH Materialien 

können über einen Kalzinierungsschritt an Luft (600 °C) in phasenreine Spinell-Strukturen 

transformiert werden, bevor sie nach einem reduzierenden Aktivierungsprozess katalytisch 

aktiv in der Ammoniak Synthese und Zersetzung sind. 

Viele unterschiedliche Charakterisierungsmethoden wurden verwendet, beginnend bei 

Standardmethoden wie N2-physisorption, Elementaranalyse, Thermogravimetrie, Röntgenpul-

verdiffraktometrie (XRD), Rasterelektronenmikroskopie, H2- temperaturprogrammierte 

Reduktion und stationäre Katalysemessungen bis hin zu spezialisierteren Verfahren wie in 

situ XRD, hochauflösende Transmissionselektronenmikroskopie, energiedisvpersive 

Röntgenspektroskopie (EDX), Rietveld-Verfeinerung, Mössbauer Spektroskopie oder NH3- 

temperaturprogrammierte Desorption für ausgewählte Proben. 

Diese Dissertation beschäftigt sich hauptsächlich mit der Synthese und Charakterisierung von 

unterschiedlichen Katalysatorzusammensetzungen, beginnend mit einem für die Ammoniak-

zersetzung hochaktiven MgFeGa-Katalysator, bei dem der Einfluss der Synthesebedingungen 

auf den Präkursor untersucht wurde. Es zeigte sich, dass durch die besondere Präkursorstruk-

tur ein Teil des Galliums leicht reduziert werden kann, was während der Katalyse zu einer 
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Bildung einer Galliumnitridphase führt, die maßgeblich für die erhöhte Aktivität 

verantwortlich ist. Zudem deutete sich hier die Wichtigkeit von kristallografischer 

Phasenreinheit, bzw. die Abwesenheit einer Hämatitnebenphase im Spinellpräkursor an. Das 

darauffolgende Kapitel befasst sich mit genau diesem Aspekt und untersucht ihn detailliert an 

einem MgFe-System. Gleichzeitig wird hier auch der Effekt der sogenannten „Pressure 

Gap“ (dt. Druck-Diskrepanz) zwischen den beiden untersuchten Reaktionen aufgezeigt, 

sodass deutlich wird, dass Rückschlüsse auf die Aktivität eines Katalysators nur bei der 

Messung unter realen Bedingungen gezogen werden können. In Kapitel 5 geht es dann um 

den Effekt, den Klaiumimprägnierungen auf MgFe-LDHs für die Ammoniakzersetzung haben. 

Während mit einem auf MgFeO4 (0.5 wt.% K) basierenden Katalysators in der 

Ammoniaksynthese Aktivitäten von ca. 70% eines vollpromotierten industriellen Katalysators 

erreicht werden können, ist Kalium für die Ammoniakzersetzung meist abträglich. Eine 

Ausnahme bildet hingegen eben genannter Katalysator, der ebenfalls einen promotierenden 

Effekt für die Ammoniakzersetzung aufweist. Im letzten Kapitel wird dann der promotierende 

Effekt von Co in der Ammmoniaksynthese und -zersetzung untersucht. Dabei ergab sich, dass 

durch die Promotierung während der Reduktion kleinere FeCo-Legierungspartikel von 

spezieller Morphologie gebildet werden, was einen positiven Einfluss auf beide 

Ammoniakreaktionen hat. 
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Abstract 

Finding new ways to store renewable energies, is one of the most important questions of this 

time. One promising way is to use ammonia as chemical energy storage molecule. Due to its 

importance in the chemical industry, storage, transport and distribution facilities are already in 

place. For ammonia synthesis highly efficient catalysts are used for more than hundred years 

and the whole process is thoroughly optimized. One missing puzzle piece is a well-

functioning ammonia decomposition catalyst, which does not contain noble metals. Therefore, 

this thesis focuses on the investigation of iron-magnesium-based catalysts for the ammonia 

decomposition, but also synthesis reaction. 

For this purpose, so called layered double hydroxide (LDH) precursor materials were used, 

which can be synthesized with a mild co-precipitation reaction instead of the usually used 

high temperature fusion processes in industry. Great advantages lie in the variability of the 

composition of these materials and, that a precursor structure - catalyst activity relationship 

can be conveniently studied. These LDHs can be transformed via calcination in air (600 °C) 

to phase pure spinel structures before being subject to a reducing activation process to be 

active in ammonia synthesis and decomposition. 

Several different characterization methods were applied, ranging from standard methods like 

N2-physisorption, elemental analysis, thermogravimetry, scanning electron microscopy, 

powder X-ray diffraction, H2-temperature programmed reduction and steady-state catalysis up 

to more specialized techniques like in situ X-ray diffraction, high-resolution transmission 

microscopy, energy dispersive X-ray spectroscopy (EDX), Rietveld refinement, Mössbauer 

spectroscopy or NH3-temperature programmed desorption, which were applied on selected 

samples. 

This thesis focuses on the synthesis and characterization of different catalyst compositions, 

starting with a MgFeGa-system to investigate how the synthesis conditions of the precursor 

influences the exceptionally high catalytic activity in ammonia decomposition. It was found 

that Ga is partially reduceable in these precursor materials, which lead to the formation of a 

gallium iron nitride, which is associated with the unprecedented high activity in ammonia 

decomposition. It also indicates, the importance of phase purity, or at least the absence of a 

hematite by-phase. The next chapter focuses on this aspect and describes the impact in detail 

on a MgFe-system, while showing that due to the pressure gap between the two reactions, 
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conclusions about the catalytic activity of materials should not be drawn, if not measured 

under reaction relevant conditions. Chapter 5 investigates the effect that potassium 

impregnation has on these kinds of materials in the decomposition reaction. While in 

ammonia synthesis catalytic activities of ca. 70% of a fully promoted industrial catalyst can 

be reached with a MgFeO4 (0.5 wt.% K) precursor material, in ammonia decomposition K-

loadings are mostly detrimental except the afore mentioned sample, which also increases the 

activity. In the last chapter the promotional effect of Co is analyzed in ammonia synthesis and 

decomposition. Here a Co promotion leads to the formation of smaller and more distorted 

metal alloy particles during reduction, which is very beneficial for ammonia synthesis and 

decomposition.  
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1. Introduction and Motivation 

In scope of the growing energy crisis and anthropogenic climate change, renewable energies 

and energy systems face a high demand and are of great common interest. When looking at 

examples like wind or solar energy as some representatives of such systems, one major 

challenge is the storage of the produced electrical energy. Since the amount of obtained 

energy is strongly dependent on weather conditions, the energy feed fluctuates drastically and 

cannot match the energy demand leading to surplus production or undersupply. To ensure a 

reliable and continuous energy supply, these fluctuations must be reduced by storing electrical 

energy in some way that it can flexibly be released when a power demand arises. In 

comparison to static storage technologies like pumped-storage hydroelectric power with a 

limited storage capacity, chemical storage e.g. hydrogen, which can be generated by the 

electrolysis of water, is significantly more versatilely deployable.[1] Some applications for 

hydrogen are for example as fuel in fuel cells, generating heat by combustion or as 

commodity chemical in industrial processes. Since hydrogen is already employed in many 

established industrial processes, the existing infrastructures can be used for production and 

conversion. Nonetheless, an economy based only on hydrogen is not strived for.[2] Due to the 

low volumetric energy density and small molecular size of hydrogen, it diffuses through many 

different materials. Only appropriate and very specialized materials, like austenite steel[3], can 

be used to counter the negative effects of hydrogen diffusion. To liquefy hydrogen, 

temperatures of around 20 K are needed, which in turn leads to high costs when storing it 

directly as gas or liquid.[4-5] Thereby up to 40% of the potential energy content is lost,[6] 

belittling the attractiveness of this storage medium. Even as a liquid the volumetric energy 

density is less than 10 MJ L-1, reaching only one third of the energy density of gasoline. 

Additionally, one must consider a high-risk potential of this flammable chemical. In a range 

between 4-76 Vol.-% hydrogen forms burnable gas mixtures with air, which are even 

explosive between 18-59 Vol.-%.[7] Therefore, alternative storage and transport facilities are 

investigated, one often mentioned option is using metal hydrides as chemical hydrogen 

storage materials. 

Several systems are actively researched for this purpose e.g. LiAlH4,
[8-9] NiAlH4,

[10-11] 

AlH3,
[12-13] metal organic frameworks (MOFs)[14-15] or boron hydride[16-17]. Besides their 

potential, quite a few crucial disadvantages emerge, like their partially high material cost or 

the high weight in addition to relatively low hydrogen storage density of only 8 wt.-%.[18] To 



 
 

2 

 

make matters worse the hydrogen ad- and desorption as well as the dissociation and diffusion 

in those systems are difficult to control, leading to problems if the aim is a material with a fast 

cycling of charge and discharge processes.[6, 18] Also, special treatment and precautions have 

to be taken to ensure that no traces of O2, CO, SO2 or H2S can reach the active metal surface, 

since this would cause a passivation or even poisoning of the material.[18] 

Therefore, ammonia as an alternative storage molecule offers some advantages in comparison 

to pure hydrogen or metal hydrides. At room temperature and low pressure (<10 bar), 

ammonia can be liquified, needing considerably less energy than pure hydrogen.[19] Moreover, 

ammonia as a liquid contains around 106 g L-1 of hydrogen, assuming a liquid density of 

0.603 g cm-3 and a gravimetric hydrogen content of 17.6 wt.-%.[19] In addition the synthesis of 

ammonia is one of the most important processes in industry. Every year ca. 170 MT (2018)[20] 

are produced globally, since it is the platform molecule for the production of all nitrogen 

based materials with fertilizers as main field of application. Due to more than 100 years of 

research in the field of industrially used ammonia synthesis and its global importance, 

ammonia is cost-efficient in production and a well-functioning logistics system is already 

established.[19] Therefore, the distribution facilities for various different quantities can be used 

for numerous applications. 

Within the scope of climate change and the reduction of greenhouse gases the use of ammonia 

as provider of hydrogen e.g. for fuel cells is interesting, given that ammonia does not contain 

a carbon source hence will not generate any kind of COx during combustion.[21] Carbon 

contamination is for some fuel cell catalyst materials detrimental since it can lead to a 

complete poisoning of the catalyst. One example where ammonia cannot be used directly 

would be low temperature fuel cells with polymer electrolyte membranes (PEM)[22] where 

trace amounts (1 ppm) of ammonia would poison the PEM fuel cell[23]. In combustion 

engines[24] or solid oxide fuel cells[25] on the other hand, ammonia can be used directly. Also 

alkaline fuel cells withstand residual amounts of ammonia in the feed gas very well, due to 

the basicity of the alkaline electrolyte, which rejects ammonia. This residual ammonia 

amounts can be recirculated through the dissociator catalytic heating unit so that such systems 

do not require expensive separation or purification systems.[26] For these reasons ammonia has 

a huge potential, both as storage medium in stationary and in mobile applications. Therefore, 

new catalysts are needed to decompose ammonia in a very efficient way. 
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2. Theoretical Background 

2.1. The Ammonia Synthesis Process as Starting Point for the 

Development of Catalyst Materials 

To minimize energy losses deriving from the temporary hydrogen storage in ammonia, the 

synthesis and decomposition reaction have to be optimized. Considering that the ammonia 

synthesis reaction produces already one of the most important base chemicals and is applied 

in industry for more than 100 years, optimization would be hard to achieve, but the 

decomposition of ammonia is not industrially used yet. One of the most important factors, 

when optimizing chemical reactions is the use of catalysts. Underlying the concept of 

microscopic reversibility, one might expect that the best ammonia synthesis catalyst 

represents also the best ammonia decomposition catalyst. But keeping in mind, that the 

reaction conditions during synthesis and decomposition reaction are quite different, this 

concept can only serve as first approximation.[19, 27] For this reason, chapter 2.1 will focus on 

the most important data and insight on the ammonia synthesis process. 

The first implemented and still most important industrial process for the synthesis of 

ammonia is the Haber-Bosch-Process where ammonia is synthesized from hydrogen and 

nitrogen (see eq. 2.1.1) under high pressures (150-250 bar) and temperatures (400-500 °C) 

using an iron-based catalyst.[28-29]  

 N2 +  3 H2  ⇌  2 NH3 (2.1.1) 
 

With an overall reaction enthalpy of ΔH0 = − 92.44 kJ mol-1[28] this exothermic process can 

proceed through two alternative paths, which in either case involves the activation of 

molecular hydrogen and nitrogen. The difference lies in the point of time at which nitrogen 

dissociation occurs. Either nitrogen is dissociated, and then hydrogenated step by step, or it is 

partially hydrogenated to diimine, hydrazine and hydrazinediium followed by dissociation.[28] 

The first path occurs primarily at the gas phase reaction and heterogeneous catalysis on a 

catalyst surface, while the second path is almost exclusively performed by biological nitrogen 

fixation via enzymes. 

From a thermodynamic point of view, this reaction should be conducted at low temperature 

and high pressure. However, considering the highly stable N≡N bond (D0 = 941 kJ mol-1) and 
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the herewith associated short interatomic distance of 109.76 pm, high temperatures are 

required for the dissociation step.[28] This contrasts with the ammonia building reaction. 

Figure 2.1.1 depicts the equilibrium yields of ammonia synthesis at different pressures. 

Evidently, higher temperatures as needed for the dissociation of molecular nitrogen are 

detrimental for the synthesis of ammonia as the equilibrium yield of the exothermic reaction 

decreases with increasing temperature. Following the principle of Le Chatelier[30], the 

equilibrium of a gas phase reaction is shifted to the side with the lower molar volume if the 

pressure is increased. Therefore, high pressures are beneficial to lessen the negative effects of 

the temperature increase in order to synthesize moderate, industrially relevant amounts of 

ammonia (see Figure 2.1.1).[28] 

 

Figure 2.1.1: Ammonia synthesis equilibrium at three different pressures and stoichiometric 

composition (left); equilibrium yields of ammonia synthesis as output 

concentration vs. various pressures [atm] (right) and stoichiometric mixture of 

hydrogen and nitrogen. Reprinted by permission of John Wiley and Sons.[28]  

For this reason, materials that lead to a decrease of the activation energy of dissociation and, 

therefore, lower the temperatures required for this reaction, are desired. Simultaneously, a 

lower temperature requirement shifts the equilibrium yield to higher values and the pressure 

at which the reaction must take place can be lowered as well. Nature, for example, is using 

metalla-proteins with molybdenum-iron oligo nuclear active centers.[31] These are efficient but 

not suitable for industrial use.[28] 

Due to its technical relevance, ammonia synthesis has been under investigation for over 100 

years. Many surface science techniques applied for the kinetic analysis of reaction 

mechanisms on single crystals used today have been originally developed for this process. On 

account of the numerous studies, this reaction is one of the best understood, albeit many 

details are still debatable. It is widely accepted that the heterogeneously catalyzed ammonia 
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synthesis proceeds on a catalyst surface by following elemental steps (∗ = free adsorption 

site):[29] 

 H2 + ∗ ⇌ 2 Had (2.1.2) 

 N2 + ∗ ⇌ N2, ad (2.1.3) 

 N2, ad ⇌ 2 Nad (2.1.4) 

 Nad + Had ⇌ NHad (2.1.5) 

 NHad + Had ⇌ NH2, ad (2.1.6) 

 NH2, ad + Had ⇌ NH3, ad (2.1.7) 

 NH3, ad ⇌ NH3 + ∗ (2.1.8) 

Besides iron-based catalysts, the other industrially used catalyst system is ruthenium-based 

but the elemental steps for this reaction are the same. The energy profile for the reaction in 

gas phase without and with a solid catalyst is depicted in Figure 2.1.2. By using a catalyst, the 

high dissociation energies for the initial steps can be overcome, which would otherwise not be 

feasible for industrial purposes.[29] The rate determining step, also the slowest elementary step, 

is the dissociation of nitrogen that defines the reaction kinetics.[28] For the overall process not 

only the activation barrier is decisive; in fact the activation barrier for the dissociative 

nitrogen adsorption is with 21 kJ/mol even lower than that of the remaining elemental steps. 

Rather the preexponential factor in the Arrhenius equation is determining for the rate constant. 

This factor is very unfavorable for the first elemental step but can be overcome by applying 

high temperatures during the reaction.[29] 

In case a suitable catalytic material would allow to carry out the reaction at lower 

temperatures, the subsequent hydrogenation of atomic nitrogen would become the rate 

determining step due to its higher activation energy.[29] 

As briefly mentioned before, two different catalytic systems have been established in industry. 

The newer and less common Kellogg-Advanced-Ammonia-Process (KAAP) employs a 

catalyst composed of 5 wt.-% ruthenium supported on graphite which is promoted with 

10 wt.-% rubidium.[32] It is assumed that B5 sites, which consist of five surface atoms formed 

on the steps of Ru nanoparticles, are the active centers in this system.[33] Despite their shorter 

lifetime and much higher cost, they exhibit a significantly higher activity in ammonia 

synthesis compared to iron-based catalysts.[34] 

The technically far more important and older process is the Haber-Bosch-process. Shortly 

after the year 1900, Fritz Haber and Carl Bosch at BASF developed this high pressure process, 
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while Alvin Mittasch discovered the promoted iron catalyst.[34] As precursor, typically 

magnetite based materials are used, e.g. a mixture of Fe3O4 (94.3 wt.-%), K2O, Al2O3, CaO, 

MgO and SiO2.
[35] The precursor is initially laboriously fused in a smelting furnace (at 1600-

2000 °C)[29] and then reduced and activated using synthesis gas. Thereafter the catalyst can be 

passivated and doped again,[29] which leads to a highly active doubly-promoted system. 

 

Figure 2.1.2: Schematic energy diagram of the ammonia synthesis reaction on an iron 

catalyst (energies in kJ mol-1). Reprinted by permission from Springer 

Nature: Springer Science+Business Media ©1991.[36] 

Approximately 25-35% of the educts are turned into ammonia.[29] From a chemical 

engineering point of view, an enhanced space-time-yield is reached in an adiabatic tray 

reactor, which allows a stepwise increase of the conversion per pass compared to a single step 

multi-tubular reactor. In spite of this, full conversion is not achieved, wherefore the outlet gas 

is recycled by separating unreacted educts from ammonia. Because of the different boiling 

points of the reactants, the product condensates at lower temperatures, while hydrogen and 

nitrogen remain in the gas phase.[34] 

α-Fe is proposed to be the catalytic active phase for the iron-based catalyst of the Haber-

Bosch process. Many studies have set their focus on the identification of the active sites, since 

the synthesis of ammonia is highly sensitive towards the surface structure of the catalyst 
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material. Therefore, Strongin et al.[37-38] analyzed different unpromoted iron crystal 

orientations for the ammonia synthesis at 20 bar and found the (111) iron surface to be the 

most active one (see Figure 2.1.3). While the (211) surface generates a similar activity, the 

other surface orientations show no significant activity and can be stated as unattractive for the 

ammonia production.[38] 

 

Figure 2.1.3: Rate of ammonia synthesis over five different surface orientations of iron. 

Reprinted by permission of Elsevier.[38] 

 

Figure 2.1.4: Five different surface orientations of iron with their respective coordination 

numbers (green: C7 sites). 
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When looking at the individual surface structures of the five orientations (see Figure 2.1.4), a 

difference in surface roughness is evident but can also be quantified by work function 

measurements.[39] The largest variation in interatomic distances can be found for the (111) 

plane, showing the roughest surface. Highly coordinated atoms with seven nearest iron 

neighbors, so called C7-sites, only appear on the (111) and (210) surfaces.[28] These sites are 

believed to be most active because the atoms experience there the largest electronic charge 

fluctuations in the solid.[38] Higher activities on (111) planes have been associated with much 

more accessible C7-sites than for the (210) plane. 

Nevertheless, single crystal studies are not comparable to highly-promoted catalysts, since the 

fraction of structural defects in the former case is negligible. Therefore, single crystals are far 

less complex than industrial catalysts. Furthermore, the studies were not performed at actual 

industrial reaction conditions, especially under high pressures. The surface structures might 

not be stable under these conditions. Restructuring experiments showed that the surfaces can 

be stabilized with aluminum oxide, an often used promotor in ammonia synthesis catalysts.[40] 

The influence of promoters or defect structures formed on steps and edges, might even be 

more important than the C7 sites. All in all, rough, stabilized surfaces which expose highly 

coordinated iron atoms are beneficial for the ammonia synthesis reaction. But further 

investigations are needed to clarify the correlations. 

For the multipromoted industrial catalyst it is suspected that most of the active sites are 

located at the surface of iron platelets. These platelets are at least partly nitridated under 

synthesis conditions.[28] A schematic depiction of the microstructure of such an industrial iron 

catalyst is shown in Figure 2.1.5. The catalyst consists of an unreactive iron bulk material (a) 

where the active iron material is gathered around (b). These packages are separated with 

unreducible spacers e.g. aluminum oxide (c).[28] 
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Until 1986 magnetite-based catalyst precursors were seen as the gold standard in ammonia 

synthesis with no room for improvement. Liu et al.[41] then discovered that wuestite-based 

precursors, another iron oxide material, are more active (see Figure 2.1.6), have a high 

mechanical stability and can also be generated using the same high temperature fusion 

process with a quenching step, as for the magnetite-based catalysts.  

The major difference between magnetite (Fe3O4) and wuestite (Fe1-xO) is the amount of 

oxygen present during the quenching process. Wuestite with its non-stoichiometric iron to 

oxygen ratio is usually not stable at temperatures below 570 °C, disproportioning to α-iron 

and magnetite. Therefore, the quenching has to be much more precise and faster than in the 

case of magnetite, to avoid by-phase formation since this is detrimental for catalyst activity. 

 

Figure 2.1.5: Microstructure of an industrial iron-based ammonia catalyst. (a) bulk iron, (b) 

non-reducible spacer, (c) partly nitridated iron platelet, (d) stacked iron 

platelets, (e) platelets in ternary structure around bulk iron, (f) microstructure 

of catalyst material. Reprinted by permission of John Wiley and Sons.[28] 



 

 

10 

 

 
Figure 2.1.6: Catalytic activity of activated ammonia synthesis catalysts derived from 

different iron oxides. Reprinted by permission of Elsevier.[41] 

Structural differences in the crystal lattice are proposed to be the reason for the improved 

catalytic activity. While magnetite crystallizes in an inverse spinel structure, wuestite forms a 

NaCl-type lattice structure where unoccupied lattice sites lead to various defects depending on 

the Fe1-xO composition.[41] Wuestite-based catalysts are supposed to be coequal in activity to 

Ru/C catalysts in the low temperature regime, except at high conversion.[42] This example 

clearly shows the enormous impact of phase purity and surface structure on the activity of the 

catalyst, demonstrating the structural sensitivity of this catalyzed reaction and underlining that 

this are crucial factors when synthesizing new precursor materials, also for ammonia 

decomposition.  
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2.2. Ammonia Decomposition Catalysts 

At the beginning of research for ammonia synthesis, the decomposition reaction was also of 

huge interest.[19] Dulong and Thenard[43] described already in 1823 that certain metals like 

iron, copper, silver, gold and platinum accelerate the decomposition of ammonia without 

being changed themselves. At this moment in time, catalysis was not a concept known to 

chemistry. When Alvin Mittasch started searching for a suitable ammonia synthesis catalyst 

in the early 1900’s at BASF, he tested almost all elements of the periodic table for their 

suitability as ammonia catalysts, some results are shown in Figure 2.2.1. This diagram is a 

conclusion of two different studies which produced slightly different trends. 

 
Figure 2.2.1: The rate constants of ammonia decomposition on metals (A) and ammonia 

synthesis capacity of metals (B) as a function of −Δ𝐻0
0 . (Mol. denotes 

molecule, mol denotes mole). Reprinted by permission of John Wiley and 

Sons.[32] 

In general, pure metals showed in these purely empirical studies some kind of volcano plot 

with ruthenium, iron, osmium, rhodium, cobalt and nickel as the most active metals for 

ammonia synthesis and decomposition. When looking at studies[44-49] debating the reaction 

mechanism it becomes clear that rather than a definite rate determining step, it is strongly 

dependent on reaction conditions and catalyst material. For ruthenium it was e.g. proposed 

that the recombinative N2 desorption may be rate determining[44], but other studies suggested, 

that the N-H bond scission would be the slowest step[45]. This contradicting results can be 
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found for most studied elements and therefore, each catalytic system has to be analyzed 

separately.[19] 

The decomposition reaction by itself is favored at high temperatures due to its endothermic 

character (ΔrH = +46,22 kJ mol-1 at 25 °C and 1013 mbar)[28]. Considering ammonia’s 

aggressive nature, the reactor material and other technical compounds have to meet high 

requirements, depending on the temperature used for decomposition. Commercially available 

nickel catalysts supported on aluminum oxide, could be used since they exhibit a high 

mechanical and temperature resistance.[50-51] Unfortunately low concentrations of 20-50 ppm 

unconverted ammonia can only be achieved at temperatures above 800 °C, which can be 

problematic for technical or mobile applications.[50] From a thermodynamic point of view new 

catalysts must be found for industrial applications to reach low residual ammonia 

concentrations but at much lower reaction temperatures.  

Due to the increasing interest in this reaction, several different materials have been analyzed 

specifically for the purpose of ammonia decomposition and not only to get further insight in 

ammonia synthesis.[27, 46, 52-114] Metals (Ru[27, 52-73], Ir[52], Rh[55], Pt[55], Pd[55], Ni[27, 52, 55, 74-81], 

Co[27, 78, 81-83, 111], Fe[27, 55, 78, 81, 84-92, 108-109, 112-113]), alloys (Fe-Co[93], Fe-Ni[94-95], Fe-Ga[113-114], 

Ni-Co[96], Ni-Pt[97]), nitrides (MoNx
[46, 98-100, 110], FeMoNx

[99, 101], NiMoNx
[99, 102], CoMoNx

[27, 99, 

103-104] as well as carbides (Mo2C
[98], VCx

[105], WC[106-107]) were in focus as alternative catalyst 

systems. Today the most active systems are ruthenium based, especially metallic ruthenium 

cluster supported on carbon nanotubes (CNTs) show almost complete conversion at 

temperatures of ca. 450 °C.[55, 57, 68, 70] Depending on the material system and promotor doping, 

the activity of the catalysts vary in a wide range (see Figure 2.2.2).[53-55, 62] 

In addition, the catalytic activity and reaction kinetics are not only highly dependent on the 

catalyst itself but also on the support structure[59, 71], which influences important factors like 

dispersion of the active phase on the support[54-55, 58], particle size[60, 63] and interactions of the 

catalyst with the promotors[53-54, 56, 62, 66, 84]. In case of CNTs the degree of graphitization 

influences the catalyst properties in a way that a higher degree of graphitization increases the 

turn over frequency (TOF) of the catalyst.[59] It is proposed that the electron transfer of the 

conducting support material to the metallic ruthenium is enhanced[68, 70-71, 115] and therefore, 

the associative desorption of nitrogen is promoted as rate determining step for these 

materials[66]. Theoretical calculations on the basis of the dissociative adsorption enthalpy of 

molecular nitrogen support this theory, since it seems to have the optimal properties in 

comparison to later 3d-transition metals.[27] In spite of all mentioned benefits, ruthenium with 
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its high cost and limited availability is from an economic point of view less feasible for mass 

market applications. Rather easily available, non-noble transition metals like iron would be 

more beneficial. 

 
Figure 2.2.2: Left: NH3 conversion at different temperatures of Ru/support catalysts: ( ) 

Ru/CNTs; ( ) Ru/MgO; (▲) Ru/TiO2; (□) Ru/AC; (■) Ru/Al2O3; ( ) K-

Ru/CNTs; (●) Ru-K/CNTs. GHSVNH3 = 30,000 mL h-1 gcat
-1, Ru-loading = 

4.8 wt.-%. Reprinted by permission of Elsevier.[57] 

Right: NH3 conversion at different temperatures of metal/CNTs catalysts:  ( ) 

Ru; ( ) Rh; (■) Ni; ( ) Pd; (□) Fe; (▲) Pt. GHSVNH3 = 30,000 mL h-1 gcat
-1. 

Reprinted by permission of Elsevier.[55] 

In case of the industrially used molten iron catalyst for ammonia synthesis, this system is very 

well analyzed for the ammonia decomposition as well[116], even though most studies focus on 

the benefits for the ammonia synthesis due to its higher relevance.[19] In direct comparison to 

ruthenium, iron has a stronger bond enthalpy with nitrogen and tends to the formation of iron 

nitrides on the surface and possibly in the bulk material which inhibits the decomposition 

reaction.[116] Pelka et al.[87] found that γ‘-Fe4N compared to α-Fe has to overcome a two times 

higher energy barrier for the activation of ammonia. These nitrides can be decomposed at high 

temperatures, and nitrogen is reversibly desorbed countering the inhibitory effects. 

Nevertheless, higher temperatures also lead to a sintering of the metallic iron which in turn 

results in an irreversible deactivation of the catalyst.[87] By using support materials the thermal 

stability can be improved.[108-109, 113-114] In addition, recent studies on different oxides 

(SiO2
[109], MgO[78, 113-114], MgAl2O4

[27]), carbon materials[84-85, 93, 108] and zeolites[88] showed 

that a pronounced pore structure is beneficial for the stabilization of the active iron. 

Support material-based systems are another field of catalysts besides the ammonia synthesis 

catalyst. Usually they are synthesized by wet impregnation of the support (e.g. Al2O3, SiO2, 

MgO, CNTs, activated carbon) with an active element of choice. In theory this technique is 
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easily accomplished and offers a quick access to a wide range of different catalysts, but there 

are huge difficulties with the reproducibility. Typically, the morphology and nanoparticle size 

of the impregnated metal varies from batch to batch and a reproducible and uniform 

microstructure is difficult to achieve. This often results in materials with inconsistent catalytic 

properties. Another important factor, when using this synthesis method, is the existence of a 

strong interaction between the active species and the support to prevent negative effects like 

sintering during reduction/activation of the catalyst and ammonia decomposition reaction 

conditions.[78] Especially metal nanoparticles are prone to agglomeration, which reduces the 

otherwise high surface energy, potentially destroying all active centers in the process. To 

overcome some of the disadvantages very few studies have been conducted using the 

synthesis route of a controlled precipitation reaction for catalysts used in ammonia synthesis 

and/or decomposition, e.g. Nix/MgyAlzOn
[79-80], M-Al (M = Fe, Co, Ni)[81] and Fe-MOx 

(M = Al, Si, Sr, Zr)[92]. The synthesis is based on the principle that solved ionic components 

precipitate a solid when exceeding the saturation point (see Figure 2.2.3). One advantage is 

that a homogeneous elemental distribution can be achieved on atomic level, if the solid is 

phase pure. Different process parameters like pH or temperature during precipitation have a 

huge impact on the catalysts properties and therefore must be controlled carefully. 

 

Figure 2.2.3: Precipitation reaction of lead iodide (yellow). Reprinted by permission of 

Pearson Education, Inc., New York, New York.[117] 



 

 

15 

 

In addition it is possible to modify iron by the formation of alloys, gaining access to multi-

metallic systems like Fe-Co[93], Fe-Ni[94-95] and Fe-Ga[113-114]. Bimetallic systems can be used 

to change the bond enthalpy of the alloy to nitrogen by using metals with a higher and lower 

affinity to nitrogen than ruthenium, and therefore imitating the optimal binding properties of 

nitrogen on ruthenium.[27] Furthermore it is beneficial to stabilize alloy nanoparticles with 

non-reducible oxides, rather than reducible support materials since they tend to increase 

sintering.[95] Due to the mentioned aspects, this thesis focuses on the synthesis and 

characterization of catalyst materials synthesized via a co-precipitation reaction of so called 

layered double hydroxides (LDH) as precursor materials for the structured investigation of 

catalysts for the ammonia decomposition and synthesis. 



 

 

16 

 

2.3. Layered Double Hydroxides as Precursor Materials 

Layered double hydroxides are a large family of two-dimensional anionic clay materials. 

These hydrotalcite-like materials can be represented by the following general formula:[118]  

 [M1-x
2+ Mx

3+ (OH)2]
x+ [Ax/n]

n- ∙ mH2O M = metal   (2.3.1) 

They are composed of brucite-like Mg(OH)2 layers (see Figure 2.3.1) which are of the CdI2 

type.[119] The divalent cations (e.g. Mg2+[113-114, 120], Fe2+[113-114, 120], Co2+[120-121], Zn2+[120-121]) 

are octahedrally coordinated by hydroxyl groups forming layers that can stack up on top of 

each other to form a three-dimensional structure. Some of these divalent cations are 

isomorphously replaced with trivalent cations (e.g. Al3+[113, 120-121], Fe3+[113-114, 120], Ga3+[113-114], 

Mn3+[120]) leading to an overall positive charge. By insertion of exchangeable organic and 

inorganic anions, and usually water, the charge is compensated. [118-119] 

 
Figure 2.3.1: Ideal LDH structure with intercalated carbonate and water and different 

M2+/M3+ ratio. Reprinted by permission of the Royal Society of Chemistry.[118] 

LDHs are interesting materials as catalyst precursors since they can be synthesized via a 

comparatively simple co-precipitation reaction at mild conditions, making them accessible for 

scale up on industrial level and have a broad compositional flexibility. Both the anion and 

cation choice and the molar ratio (M2+/M3+) can be changed within certain limits. In this way 

numerous transition metals can be used to synthesize and design highly structured precursor 

materials that serve as a starting point for the generation of efficient catalysts.[118] Many 

different ternary[113, 120] and also quaternary[121] LDHs are known in literature. Besserguenev 

et al.[122] even reported LDH-like materials containing monovalent lithium ions 
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([LiAl2(OH)6]
+[An–]1/n · yH2O) demonstrating the huge variability of these materials that the 

general formula might not suggest.[119] Several empirical studies tried to define the boundaries 

in which different anions are able to form LDHs by analyzing e.g. the absolute values of ionic 

radii, the difference in ionic radii of M2+/M3+ or the solubility products of M2+(OH)2 and 

M2+CO3.
[119] It is generally accepted, that to form phase pure LDH structures, x values in the 

range of 0.2-0.33 are needed, where x represents the molar ratio of M3+ with respect to the 

overall metal content.[118-120]  

Due to the attractiveness of this compositional variety and the potential to transform LDH 

precursors in different types of catalysts they are used in many different applications (see 

Figure 2.3.2).[118] For example, LDHs can be used as host structure for so called intercalation 

catalysts. Due to their swelling properties and ability to exchange the anions of the interlayers, 

proteins[123-124], amino acids[124-126] or enzymes[127] can be intercalated in LDHs and still 

function as catalysts after release. Another application is their use as (electro)catalysts e.g. 

ZnCo-LDHs can be used for the oxidation of water and alcohol, respectively.[128] Only few 

studies exist for the application as ammonia decomposition or synthesis catalysts. 

 
Figure 2.3.2: Synthetic pathways for the preparation of LDH derived catalysts. Reprinted by 

permission of the Royal Society of Chemistry.[118] 
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Since surface structure and composition is crucial for ammonia catalysts, LDH precursors are 

extremely interesting as they ensure a homogeneous material on an atomic level when 

introducing different metal cations. This homogeneity can mostly be preserved throughout the 

thermal decomposition using a suitable treatment procedure. Calcination of LDH materials 

leads to the formation of mixed metal oxides (c.f. Figure 2.3.2).[113-114, 118]  

 [M1-x
2+ Mx

3+ (OH)2]
x+ [Ax/n]

n- ∙ mH2O → → M2+M2
3+O4 + M2+O (2.3.2) 

Phase pure magnesium-iron-based spinel precursor materials can be formed during 

calcination in air by using the redox activity of Fe2+, which can be transformed into Fe3+, and 

the exact molar ratio. In LDH structures one common M2+/M3+ ratio is 2:1 and in spinel 

structures this ratio is inversed to 1:2. Therefore, if half of the M2+ metal is oxidized during 

calcination phase pure spinel structures can be generated. These oxides have to be reduced to 

be active in the catalytic decomposition of ammonia. Due to the distribution of the reducible 

and irreducible metal atoms in the lattice, dispersed metal particles are generated in the course 

of the reduction process. The dispersion is highly beneficial in terms of reducing the degree of 

sintering and maximizing the surface-to-volume ratio of the resulting nanoparticles.[113-114] 

Which in turn is very beneficial for catalyst activity (see chapter 6). 

For the investigation of promotional factors LDHs are suited as well. In this regard elements 

like potassium or gallium can be applied via incipient wetness impregnation onto the 

precursor or catalyst surface structures or be directly implemented during co-precipitation. 
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2.4. Promotors for Ammonia Synthesis and Decomposition 

Catalysts 

For the ammonia synthesis reaction, many elements are known to promote the activity of 

iron-based catalysts. These are usually metals or semiconductors, which are added as 

carbonates, nitrates and oxides in few wt.% ratios to the raw iron material. Known promoters 

are the alkali and alkaline earth metals Li, Na, K, Rb, Cs, Be, Mg, Ca and Ba. Also, transition 

metals like Sc, V, Cr, Mn, Co, Y, Zr, W and Pt as well as lanthanoids and actinoids like Ce, 

Sm, Eu, Dy, Ho, Er, Yb and U were identified as materials with promotional effects. During 

the melting and reduction process the transition metal, lanthanoids and actinoids are 

transformed into their respective metals, while the alkali and alkaline metals as well as Al and 

Si are hardly reducible under the applied reaction conditions and remain as oxides. Most of 

these elements play only a minor role in the ammonia synthesis or were just mentioned in one 

single patent.[28-29, 129] The by far most important and well-studied promoters are aluminum 

and potassium,[28] followed by magnesium, calcium and silicon.[29] 

Promoters are usually divided into two categories: structural or textural promoters and 

electronic promoters. Structural promoters like aluminum, silicon, magnesium and calcium 

serve as stabilizers for the catalyst structure and enhance the surface area. Usually they are 

used as inert spacer material to prevent the iron-platelets of the ammonia catalyst from 

sintering and to enlarge the amount of active surface sites.[29, 37, 130] During the 

reduction/activation process the oxide spacer inhibits the growth of iron crystallites by 

forming physical restrictions around each crystal.[34] One special feature of aluminum is that it 

prevents the conversion of active planes like the Fe(111) into less active surfaces during 

ammonia synthesis.[37, 130] This only applies to samples who underwent a restructuring by 

implementing aluminum in the iron surface[37], simple deposition of aluminum oxide results 

in a decreasing turnover frequency, directly proportional to the amount of aluminum 

deposited on the surface[131]. Restructuring even promotes usually less active surface 

structures like Fe(110) or Fe(100) as can be seen in Figure 2.4.1. This example demonstrates 

how crucial activation processes affects not only the catalyst material itself but also the 

promotors. 
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Figure 2.4.1: Ammonia synthesis rates of clean iron single crystals and water-induced 

restructured AlxOy/Fe surfaces (Conditions of restructuring are given in the 

figure). Reprinted by permission of Elsevier.[37] 

The other category of promoters are electronic promoters like the alkali metals, especially 

potassium. These promoters strongly enhance the specific activity of a catalyst surface. This 

is due to electrostatic interactions that, in the example of alkali metals, affect the dissociation 

barrier of di-nitrogen not only for iron based-, but also for the ruthenium based systems.[28, 34] 

By increasing the local electron density on the surface the formation of chemisorbed di-

nitrogen is enhanced and the strength of the N-N triple bond is weakened. Since all alkali 

metals show this kind of effect, generally potassium is used because of its stability.[129] In 

contrast to structural promoters, these promoters are highly dispersed and uniformly 

distributed over the surface.[34] These cations are mobile on the surface, especially under 

reaction conditions, and small ones like lithium and sodium may diffuse through the oxide 

support and the metals, which in the latter case leads to catalyst deactivation. With an 

increasing ionic radius (e.g. Cs) the bond to the surface is weakened and the cations may get 

lost in the highly reactive surrounding. Therefore potassium is known to be the most reliable 

and stable alkali promoter, which is used in every industrial iron-based ammonia synthesis 

catalyst.[129] 
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Most studies about promotor effects for ammonia decomposition are limited, inconsistent and 

focus on ruthenium-based catalysts.[54, 115, 132-133] Almost all assumptions and hypotheses 

concerning promotional effects for ammonia decomposition are based on the numerous 

studies on ammonia synthesis catalysts. Since the microscopic reversibility of this reaction 

cannot be applied completely, the information must be handled carefully with an appropriate 

amount of skepticism regarding the applicability.  

For ruthenium-based ammonia decomposition catalysts, the catalytic activity increases in 

presence of promotors which function as electron donors (e.g. Cs[132], Ba[115], K[133]). 

Depending on the used catalyst and promoting agent the results in catalytic activity differ 

greatly. Another factor influencing the effectiveness of a promotor seems to be the basic 

character, which affects the interaction of the promoter to the active sites and the support.[132, 

134] The role of promoters in ammonia decomposition is still debated in literature and has to be 

analyzed deeper in the future, therefore more studies regarding this topic are needed. 
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2.5. Preliminary Study 

In a preliminary study from 2016[113], the concept, that out of a Mg2+Fe2+X3+-LDH (with X = 

Fe, Ga, Al) in a specific 1:1:1 ratio, phase pure spinel structures can be generated as precursor 

materials for ammonia synthesis and decomposition, was successfully proofed. This 

application for these kinds of materials was up to then completely new. The idea was to 

generate hexagonal plate-like LDH structures, which can be transformed into crystallographic 

phase-pure spinels, while still preserving the platelet structure, to get a more simplified and 

defined primary material than an industrial fusion catalyst offers. Concerning the strong 

surface sensitivity of the reaction, another question arose, if a chemical memory does exist 

even after the activation with hydrogen at high temperatures. The state of the precursor 

materials may influence the catalytic activity and therefore starting with platelets could be 

beneficial. 

To address these questions the aforementioned LDHs were synthesized via co-precipitation, 

characterized with N2 physisorption, PXRD, HR-TEM, H2-TPR, and NH3-TPD in order to 

obtain information about the textural, (micro-)structural, and adsorption properties of the 

samples as well as the solid-state kinetics in reducing atmosphere. In these early stages only 

the Al- and Ga-system were phase pure, which was found later to play an important role for 

catalytic activity (see chapter 4). Nevertheless, it was found, that all materials showed a 

considerable activity in ammonia decomposition. The Ga sample showed the highest activity, 

being 2-fold more active than the pure Fe sample and even five times more active than the 

sample with aluminum. This unprecedented promotional effect was then further investigated 

by using in situ XRD during ammonia decomposition. There significant differences in 

comparison to the other two samples were found. A fraction of the ternary gallium can be 

reduced during H2-pretreatment (7% H2 in He, 80 mL min-1, 600 °C) and forms in presence of 

ammonia a (Fe, Ga)Fe3N phase, which is associated with the increased ammonia 

decomposition activity. This is remarkable, since Ga usually does not get reduced under these 

mild conditions, therefore it is an effect of its incorporation into the LDH and spinel phase 

respectively. 

In addition, these materials were also tested in ammonia synthesis under industrial relevant 

conditions (90 bar, 375-500 °C). There it was found that the trend in catalytic activity in 

ammonia decomposition is not the same for ammonia synthesis, underlining the problem of 

the pressure gap and demonstrating, that catalysts for these two reactions have to be 
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optimized separately. Here, the Fe system was the most active by reaching around 30% of 

activity of a fully promoted industrial catalyst, followed by aluminum and gallium, which 

showed almost no activity. 

30% activity in comparison to a fully promoted industrially used catalyst, with no other 

promotor than Mg, was a huge success and promised a vast potential of these materials, not 

only for a better understanding of the complex ammonia synthesis but also for the 

investigation to find an efficient ammonia decomposition catalyst. 
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Preface 

After discovering the promotional effect of gallium for the ammonia decomposition the 

amount of gallium used in the catalytic system ought to be reduced, especially in scope of 

commercial purposes. Therefore, catalysts with a compositional variation of the gallium 

content were synthesized[135]. In the course of this study, it was found that in presence of Fe2+ 

and Fe3+ different amounts of hematite by-phases were formed, with MgFe1.75Ga0.25O4 

exhibiting the highest amount of by-phase formation. Since the detrimental effects of by-

phase formation from the precursor material are known in ammonia synthesis[41], this chapter 

focuses on how the synthesis conditions affect phase purity and catalyst activity in the case of 

the MgFe1.75Ga0.25O4 precursor for ammonia decomposition. 

3.1. Abstract 

Magnesioferrite (MgFe2O4)-derived mesoporous spinels of the type MgFeM3+O4 with M3+ = 

Fe, Al, and Ga obtained upon calcination of hydrotalcite-like compounds were investigated in 

the ammonia decomposition reaction at 1 bar and the synthesis of ammonia at 90 bar. The 

corresponding precursors were synthesized by co-precipitation at 50 °C and constant pH of 

10.5. N2 physisorption, PXRD, HR-TEM, H2-TPR, and NH3-TPD were applied in order to 

obtain information about the textural, (micro-)structural, solid-state kinetics in reducing 

atmosphere, and adsorption properties of the samples. While phase-pure layered double 

hydroxides (LDHs) were obtained for Al and Ga, magnesioferrite as the desired oxide phase 

and a low fraction of magnetite were formed besides the targeted precursor phase during co-

precipitation in the presence of Fe2+ and Fe3+ species. Reduction of the binary and ternary 

magnesioferrites occurs via two consecutive reactions. Only the second stage is shifted 

towards higher temperatures after incorporation of Al and Ga. The latter element boosts the 

catalytic decomposition of ammonia, yielding a 2-fold and 5-fold higher conversion at 500 °C 

compared to the samples containing Fe3+ and Al3+ species, respectively. In situ XRD 

measurements showed that this unprecedented promotional effect is related to the generation 

of (Fe, Ga)Fe3N. This phase, however, is detrimental for the synthesis of ammonia at elevated 

pressures in which the binary system outperforms the ternary spinels, yielding 30% of the 

activity obtained with a highly promoted Fe-based industrial catalyst. 
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3.2. Introduction 

Hydrogen is considered as an attractive and promising non-fossil renewable energy carrier[136] 

for mobile and stationary industrial sectors. Hazards[137] and problems related to 

transportation and storage[116] may be overcome by utilization of ammonia as a convenient 

chemical storage molecule that has drawn increasing attention for the on-site generation of 

carbon-free hydrogen. This is related to its high H2 storage capacity (17.7 wt.-%) and energy 

density (3000 Wh/kg) compared to alternative energy carriers like methanol, metal amines, 

and chemical hydrides[115, 138]. In addition, production, liquefaction and transportation of 

ammonia are highly developed within a well-established supply chain network that is 

available on an industrial scale[19]. Within this context, the ammonia decomposition reaction 

plays a central role, since it allows the on-purpose release of hydrogen with nitrogen as a by-

product over catalytically active metals. From a thermodynamic point of view, the 

decomposition reaction of ammonia is a mild endothermic process (ΔH = +46 kJ mol-1) that 

can be carried out at atmospheric pressure.  

Several studies have been devoted to the investigation of ammonia decomposition catalysts 

with transition metals like Fe[108-109, 139], Ni[74, 76, 140], Co[111, 141-142], Mo[98, 110, 143], V[105, 144], 

and Ru[54-55, 63, 145-146] in the form of either metals, alloys, carbides or nitrides. Among these, 

ruthenium-based systems developed over various types of supports have been studied in great 

detail[54-55]. Superior ammonia decomposition activities catalyzed by Ru nanoparticles 

tethered to carbon nanotubes have been explained in terms of an enhanced dispersion and 

interaction of the metallic phase with the carbonaceous material[55]. In addition, it has been 

encountered that a high extent of basicity of the surface has beneficial effects on the catalytic 

activity, which is reflected in an outperforming TOF for Ru/MgO among a series of 

unmodified supports[55]. Further enhancement can be achieved by addition of alkali[54-55] and 

alkaline-earth[54] metals. In spite of these promising results, the scarce availability and the 

herewith associated high costs of noble metals undermine their potential application as 

ammonia decomposition catalysts on a commercial level. In contrast, the utilization of earth-

abundant and cost-effective transition metals as constituent elements of the catalytic active 

phase are highly attractive. As we have been recently shown, highly active Fe/MgO catalysts 

can be obtained by reduction of the magnesioferrite spinel phase, MgFe2O4, which is accessed 

through calcination of a co-precipitated layered double hydroxide or hydrotalcite-like (HT) 

precursor containing Fe2+:Mg2+:Fe3+ in 1:1:1 ratio[113]. This synthetic approach is based on the 

simultaneous incorporation of Fe2+ and Fe3+ species into the HT precursor allowing the 
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formation of the pure corresponding HT phase with one third of the metal cations being 

trivalent. Upon during calcination in air, Fe2+ is oxidized into Fe3+ adjusting the amount of 

trivalent cations to two thirds, thus allowing for the formation of pure spinel MgFe2O4.  

Further enhancement of the catalytic properties was achieved by complete substitution of Fe3+ 

with Ga3+ in the precursor stage. The resulting promotional effect of gallium has been 

associated with its partial reduction into an Fe-Ga alloy and the subsequent formation of a 

(Fe,Ga)Ga3N perovskite-type nitride phase during catalysis[113]. In this study, Fe2+-Mg2+-Fe3+-

Ga3+-HT precursors are synthesized in a 4:4:3:1 ratio aiming at a more economic utilization of 

gallium. Furthermore, the precursors were co-precipitated at different pH values (8.5-10.5) in 

order to elucidate the pH effect on the MgFe1.75Ga0.25O4 formation during calcination, alloy 

formation during reduction and finally ammonia decomposition activity of the resulting Fe-

Ga catalysts. 

3.3. Experimental 

3.3.1. Materials 

For the synthesis of the investigated catalyst system the following commercially available 

chemicals were used without further purification: iron(II) sulfate heptahydrate (≥ 99.5% p.a., 

ACS, Carl Roth GmbH), iron(III) nitrate nonahydrate (≥ 98% p.a., ACS, Alfa Aesar GmbH), 

gallium(III) nitrate hydrate (≥ 99.9%, metals basis, Alfa Aesar GmbH) and magnesium nitrate 

hexahydrate (≥ 98%, ACS, Alfa Aesar GmbH). Sodium carbonate (p.a., AppliChem GmbH) 

and sodium hydroxide (≥ 99%, VWR International BVBA) were used as precipitation agents 

during synthesis. 

3.3.2. Synthesis and sample preparation 

All five precursors were synthesized with the same stock solution containing a total cationic 

concentration Mx+ of 0.4 mol L-1. The stock solution contained the following concentrations 

of Mg2+ of 0.133 mol L-1, Fe2+ of 0.133 mol L-1, Fe3+ of 0.100 mol L-1 and Ga3+ of 

0.033 mol L-1 resulting in a 1:1:0.75:0.25 ratio. 

Co-precipitation of hydroxycarbonates (hydrotaltice-like compounds or LDHs) was 

performed in an automated OptiMax synthesis workstation from Mettler Toledo. It consisted 

of a single-walled glass reactor fixed inside a solid state thermostat for accurate temperature 



 

 

28 

 

control. While synthesis and ageing a N2-flow was employed to avoid oxidation of Fe2+ by 

oxygen from the air. All reactions were carried out isothermally while maintaining a constant 

pH value through the computer-controlled simultaneous dosing of the acidic metal salt stock 

solution and the basic precipitating agent. The pH was varied between pH 10.5 and 8.5 (in 0.5 

steps). It was monitored and adjusted using an InLab Semi-Micro-L electrode calibrated prior 

to each experimental run. Temperature and concentration homogeneity were achieved with a 

pitched blade impeller rotating at a constant rate of 300 rpm. Two ProMinent gamma/L 

metering pumps were used for simultaneous dosing of the Mg2+ /Fe2+ /Fe3+ /Ga3+ nitrate and 

sulfate solutions (at a rate of 2.16 g min-1 over 60 minutes) and the aqueous 0.6 M NaOH and 

0.09 M Na2CO3 solution serving as a precipitation agent. A universal control box equipped 

with a precision balance allowed gravimetric dosing of the multimetallic solutions at a 

constant rate of 2 g min-1 over one hour. After ageing at 50 °C for 60 minutes the brown 

powders were isolated by centrifugation (4000 rpm, 5 min) and thoroughly washed with 

demineralised water until the conductivity did not change in three consecutive washing and 

centrifugation cycles (usually < 0.1 mS cm-1). Thereupon the samples were dried in static air 

at 80 °C for 48 h before being subjected to a final calcination step also in air. The latter was 

performed in a muffle furnace (B150, Nabertherm) at 600 °C for 3 h (β = 2 °C min-1). After 

calcination, the samples were pressed with a hydraulic press from Perkin-Elmer (4.5 t, 2 min), 

pestled and sieved with stainless steel sieves from ATECHNIK (ISO 3310-1). A sieve 

fraction of 250-355 µm was used for the analysis with a BELCAT-B catalysis analyzer. 

3.3.3. Catalyst characterization 

Magnesium, iron, and gallium contents in the hydrotalcite-like samples were determined by 

atomic absorption spectroscopy (Thermo Electron Corporation, M-Series), as well as the 

remaining magnesium concentration in the mother liquor after synthesis. 

Thermogravimetric measurements (TG) were performed in a NETZSCH STA 449F3 thermal 

analyzer. In a corundum crucible ca. 50 mg of the hydrotalcite-like samples were heated in 

synthetic air (21% O2 in Ar) from 30 °C to 1000 °C with a linear heating rate of 5 °C min-1. 

N2 adsorption/desorption experiments were conducted with a NOVA3000e setup 

(Quantachrome Instruments) at -196 °C after degassing the samples at 80 °C for 2 h in 

vacuum. BET (Brunauer Emmet Teller) surface areas were calculated from p/p0 data between 

0.05 and 0.3. Total pore volumes were determined at p/p0 = 0.99. 
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Powder XRD patterns were recorded on a Bruker D8 Advance diffractometer in Bragg-

Brentano geometry using a position sensitive LYNXEYE detector (Ni-filtered CuKα radiation). 

A 2θ range from 5° to 90°, a counting time of 2.96 s and a step width of 0.01° were applied. 

The samples were dispersed with ethanol on a glass disc inserted in a round PMMA holder, 

which was subjected to a gentle rotation during scanning. 

Temperature programmed reduction (TPR) experiments were performed in a BELCAT-B 

(BEL Japan, Inc.) catalyst analyzer at a linear heating rate of β = 6 °C min-1 between room 

temperature and 1000 °C. This temperature was held for 15 min before cooling down. All 

samples were dried at 100 °C for 60 min in Ar (80 mLn min-1) prior to the experiments. To 

remove the H2O from the gas stream an in-line molecular sieve was used before reaching a 

built-in thermal conductivity detector. A flow rate of 80 mLn min-1 and 7% H2 in Ar (H2 ≥ 

99.999%, Ar ≥ 99.999%, Air Liquide) was applied for the reduction process. For all 

experiments with this catalyst analyzer, 20 mg of sample with a sieve fraction of 250-355 µm 

was prepared. A quantitative analysis of the H2 consumption was achieved by integrating the 

TCD signal obtained by the reduction of three different amounts of commercial CuO. It was 

used since CuO undergoes a complete reduction to Cu0. 

In situ XRD patterns were performed on a Bragg-Brentano diffractometer (PANalytical, 

X’Pert, CuKα: λ = 1.54056 Å, secondary monochromator) using an Anton Paar XRK900 

reaction chamber. In this setup, a 2θ range from 25° to 80°, a counting time of 100 s per step 

and a step width of 0.017° were applied. In a MACOR sample holder (10 mm ∅, 1 mm depth) 

the calcined samples (100 mg) were prepared. To simulate the conditions during TPR, the 

spinels were reduced in 10% H2 in N2 (60 mLn min-1) at a stepwise incremented temperature 

(6 °C min-1) starting at room temperature up to 800 °C. Every 50 °C and at the temperature 

corresponding to every TPR peak maximum two diffractions patterns were recorded. 

NH3 temperature programmed desorption (TPD) experiments were conducted in a BELCAT-

B (BEL Japan, Inc.) catalyst analyzer after catalysis. At first an isothermal reduction of the 

catalyst bed with a gas mixture composed of 7% H2 in Ar at 80 mLn min-1 (H2 ≥ 99.999%, Ar 

≥ 99.999%, Air Liquide) was applied for 4 h at 600 °C. A linear heating rate of 6 °C min-1 

was used to heat up from room temperature. After reduction and cooling to room temperature, 

a mixture of 3% NH3 in He (40 mLn min-1, Air Liquide, NH3 ≥ 99.999%, He ≥ 99.9996%) 

was directed through the reactor. A heating rate of 5 °C min-1 was applied and the samples 

were heated to 513 °C (th = 30 min) for a temperature programmed catalysis cycle. After 

catalysis, the samples were cooled down to 50 °C in He (50 mLn min-1, Air Liquide, He ≥ 
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99.9999%). Subsequently the TPD measurements were conducted. At 50 °C a mixture of 10% 

NH3 in He (25 mLn min-1, Air Liquide, NH3 ≥ 99.999%, He ≥ 99.9996%) was directed 

through the reactor for 40 min. Then the reactor was purged with He (50 mLn min-1, Air 

Liquide, He ≥ 99.9999%) for 30 min in order to remove weakly adsorbed ammonia molecules. 

In a final step the sample was heated to 700 °C (β= 10 °C min-1, th = 30 min) before cooling 

down to room temperature again. A mass spectrometer (QMG 220, Pfeiffer Vacuum GmbH) 

was calibrated for NH3, N2 and H2 taking helium as internal standard to perform a quantitative 

analysis of the gas evolved during TPD.  

Mössbauer spectra were recorded at zero field on a conventional spectrometer with alternating 

constant acceleration of the γ - source. The minimum experimental line width was 0.24 mm   

s-1 (full width at half-height). The sample temperature was either kept at ambient conditions 

or was maintained constant in an Oxford Instruments Variox cryostat. The -source (57Co/Rh, 

1.8 GBq) was at room temperature. The spectrometer was calibrated by recording the 

Mössbauer spectrum of α-iron foil at room temperature with the center of the six-line 

pattern being taken as zero velocity. Hence, isomer shifts are quoted relative to iron metal at 

ca. 300K. The Mössbauer Spectra were least-squares fitted by using the program mf.SL with 

a combination of quadrupole doublets and magnetically split sextets of Lorentzian peaks. 

3.3.4. Catalytic ammonia decomposition at ambient pressure 

Prior to the catalytic steady state measurements, 20 mg of the spinel samples (250 – 355 µm) 

were isothermally reduced for 5 h at 600 °C (7% H2/Ar, 80 mLn min-1, β = 6 °C min-1, Air 

Liquide, H2 ≥ 99.999%, Ar ≥ 99.999%). Hereafter, the freshly reduced samples were cooled 

down to 500 °C and nitridated for 5 h in a mixture of 3% NH3 in He (40 mLn min-1, Air 

Liquide, NH3 ≥ 99.999%, He ≥ 99.9996%). Then, steady-state catalytic ammonia 

decomposition measurements were conducted between 375-500 °C in the same feed. Reaction 

temperatures were firstly varied downwards in 25 °C steps and held for one hour each at a gas 

flow of 100 mLn min-1 (3% NH3 in He) which was directed through the catalyst bed. After 

measuring at 375 °C the samples were heated up to 500 °C again and held there for another 

60 min. A mass spectrometer (QMG 220, Pfeiffer Vacuum GmbH) was calibrated for NH3, 

N2 and H2 taking helium as internal standard to perform a quantitative analysis during 

catalysis. The systematic error of the ammonia decomposition rate measurements in this setup 

has been determined to be less than 1%[147]. 
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3.4. Results and Discussion 

3.4.1. Textural Properties 

As can be seen in the synthesis protocols (Figure 3.7.1, supporting information (SI)), all 

parameters during co-precipitation of the precursor materials were precisely controlled. In 

particular, the experimental pH value exhibits only negligible deviations from the 

corresponding setpoint. Therefore, the resulting hydrotalcite-like samples are considered to be 

representative for a given co-precipitation pH. These materials are referred to as HT-X where 

X represents the pH value used during synthesis. After calcination at 600 °C, the samples are 

referred to as C-X. 

N2 adsorption-desorption isotherms obtained for the co-precipitated samples synthesized at 

different precipitation pH values (pH 8.5-10.5) are depicted in Figure 3.7.2 (SI). Variations of 

the precipitation pH have only a minor impact on the textural properties of the hydrotalcite-

like materials. According to IUPAC classification the course of the sorption isotherms is 

characteristic for type IV isotherms with a H3 hysteresis loop[148]. This indicates mesoporous 

structures with aggregates of plate-like particles. The only deviation of this pattern is the H1 

hysteresis of HT-10.5, indicating porous materials consisting of agglomerates or compacts of 

approximately uniform spheres. This is further supported by the much narrower pore size 

distribution in comparison to the other samples, which is shown in Figure 3.7.3 (SI). 

Nonetheless similar BET surface areas of around 50 to 70 m² g-1 were obtained for all samples 

(Table 3.4.1). Also, there are no significant changes in the sorption behavior before and after 

calcination. A slight increase of the BET surface area is expected for the calcined samples, 

due to the decarboxylation and dehydroxylation of the HT phase to form the MgFe1.75Ga0.25O4 

spinel. During this process, the mesostructure is mostly preserved. 

The precipitation pH affects the extent of Mg2+ incorporation. With an increased pH, the 

residual Mg2+ in the mother liquor after co-precipitation is lowered and therefore the amount 

of incorporated cations increases (Table 3.4.1). At pH 10 and pH 10.5, the residual 

magnesium content is negligible and it can be assumed that the co-precipitation is complete 

only at these elevated pH values. With decreasing pH, the ratio of incorporated Mg2+ 

decreases and the residual concentration in the mother liquor increases (Table 3.4.1), 

indicating an incomplete precipitation reaction. This is also supported by the elemental 
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analysis of the HT samples. At pH 8.5, for example, the magnesium content in the HT sample 

is lower than the nominal value (Table 3.4.1). 

Table 3.4.1: Elemental composition, BET-surface, total pore volume and residual magnesium 

cations in mother liquor of the synthesis solution. 

pH 
Metal content [wt.-%](1) SBET [m2 g-1] 

Total pore volume 

[cm3 g-1] 
Residual Mg2+ 

in mother 

liquor [wt.-%] Fe (36) Mg (9) Ga (6.4) HT Calcined HT Calcined 

8.5 37±2 7±1 7±1 53 51 0.379 0.368 18±2 

9.0 38±2 8±1 6±1 61 67 0.337 0.488 4±1 

9.5 33±2 9±1 6±1 50 62 0.447 0.612 2±1 

10.0 31±2 9±1 6±1 52 65 0.489 0.642 <1 

10.5 42±3 9±1 6±1 67 51 0.405 0.463 n.d. 

(1) Numbers given in parentheses represent the nominal values; metal contents were determined 

for the co-precipitated hydrotalcite-like precursors by AAS. 

 

3.4.2. Structural analysis of hydrotalcite-like compounds 

Powder XRD patterns of the co-precipitated compounds are shown in Figure 3.4.1. All 

samples exhibit the characteristic (003), (006) and (012) reflections of hydrotalcite, which is 

represented by the chemical formula Mg6Al2(OH)16CO3 ∙ 4 H2O (ICSD# 86655), as the 

prototype of a layered double hydroxide. 

The generated HT precursors are not phase pure and exhibit reflections of a by-phase. These 

reflections can be assigned to magnesioferrite, and/or magnetite, both crystallizing in the 

targeted spinel structure being nearly indistinguishable. The formation of magnetite during 

co-precipitation is further supported by the (104) and (110) reflections of hematite in C-10.5, 

C-9.5 and C-8.5 after calcination of the corresponding precursors in air (Figure 3.4.1 right), 

since the Fe2+ cations in magnetite are oxidized to Fe3+ yielding hematite during this process.  

Fe2+/Fe3+ ions in solution possess a complex co-precipitation chemistry and are strongly 

dependent on the acid-base-environment. High pH values in the synthesis solution favor a 

condensation reaction, forming magnetite[149]. Nonetheless, strong alkaline conditions are 

needed for the formation of hydrotalcite-like compounds, due to the leaching of Mg2+ ions in 

aqueous solution[113]. Thus, the high amount of magnetite at pH 8.5 may be explained with the 

lower propensity of the system to from hydrotalcite-like compounds due to a lack of Mg2+ 

upon incomplete precipitation. 
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Figure 3.4.1: PXRD patterns of (left) Mg-Fe-Ga based layered double hydroxides obtained 

by co-precipitation at different pH values and (right) mixed metal oxides 

generated upon calcination of the corresponding hydrotalcite-like precursor at 

600 °C. Reference patterns for hydrotalcite (ICSD# 86655), magnesioferrite 

(ICSD# 152467), magnetite (ICSD# 26410) and hematite (ICSD# 40142) 

were obtained from the Inorganic Crystal Structure Database. 

Phase pure spinel materials can be generated at pH 10 after calcination (C-10). The absence of 

hematite, but the presence of a spinel in HT-10 indicates that this spinel phase cannot be 

magnetite, but likely is magnesioferrite. C-9 also shows no hematite reflections, but the 

gallium containing magnesioferrite phase is not pure, which can be seen in the H2-TPR and 

the analysis of in situ XRD experiments (see below). Also, the crystallization of spinel by-

phases in the HT state is strongly reduced at these two pH values. The phase purity was found 

to be very important for the catalytic activity especially in the low temperature range 

(< 450 °C), which will be further discussed later. 

Thermogravimetric measurements were applied to identify suitable calcination temperatures 

and to draw conclusions about the transformation processes taking place during calcination of 

the HT precursors (Figure 3.7.4 (SI)). Above 600 °C the transformation into a stable oxide 

state is complete, since the samples show no significant mass changes at higher temperatures. 
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This temperature avoids an excessive thermal strain and a large sintering of the sample. The 

thermal decomposition of the HT precursor occurs in multiple steps involving dehydration, 

dehydroxylation and decarboxylation[150]. As expected, those HT precursors with low amount 

of the spinel by-phases exhibit lower residual masses after calcination due to a much higher 

weight fraction of decomposable anions and crystal water. 

3.4.3. Mössbauer spectroscopy 

The room temperature Mössbauer spectra obtained from the calcined samples show 

superposition of one to three, more or less resolved magnetic six-line spectra and a 

quadrupole doublet without magnetic splitting; two typical examples are shown in Figure 

3.4.2 (top). The sextets eventually exhibit line broadening resulting from heterogeneity or 

dynamic effects. The appearance of the sextets and doublets is typical of superparamagnetic 

relaxation often found in magnetic particles with broad size distribution[151]. Small particles, 

or small magnetic domains with low magnetic anisotropy show quasi non-magnetic doublets 

with sharp lines due to fast flipping of their magnetization with rates higher than the inverse 

nuclear life time and Larmor precession frequency of ca. 107 s (fast relaxation) which 

collapses magnetic splitting. In contrast, large particles with large anisotropy exhibit wide 

split magnetic subspectra with sharp lines due to slow relaxation, which means quasi static 

internal fields at the 57Fe nuclei. Particles of intermediate size can exhibit a whole range of 

coalescence for the magnetic splitting in conjunction with line broadening, caused the 

dynamic effects of intermediate relaxation rates. Since magnetic relaxation in general is 

temperature dependent, the Mössbauer spectra change upon cooling of the samples to -193 °C. 

The resulting pattern is characterized by stronger sextet contributions (Figure 3.4.2, bottom). 

Apparently, more particles of intermediate size had turned into the regime of slow magnetic 

relaxation. 

At room temperature between 24% to 46% of the particles are small enough to show fast 

relaxation and resolved quadrupole doublets (Table S 3.7.2). The low isomer shift of δ = 0.31 

mm s-1 and small quadrupole splitting ΔEQ = 0.59 to 0.61 mm s-1 of this contribution are 

typical of Fe(III) with hard oxygen ligands, and resemble very well the values reported for 

(small particle of) pure magnesioferrite, MgFe2O4 measured at 20 °C (0.30 mm s-1, 0.60 mm 

s-1)[151]. We conclude that, if Ga(III) has substituted some of the Fe(III) sites in these small 

particles, their effect is not sensed in the non-magnetic doublet Mössbauer spectra of the 

remaining Fe(III) sites. Interestingly, the fraction of smaller particles or magnetic domains 
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increases with the precipitation pH except for C-9 and C-10, which is most likely related to 

the formation of a larger number of crystallization nuclei during co-precipitation. Both 

hematite-free samples show even higher ratios of small magnetic domains than C-10.5 

(Table S 3.7.1). This may indicate that pure gallium-containing magnesioferrite crystallizes in 

smaller particles than the samples containing hematite as a secondary phase. 

 
Figure 3.4.2: Mössbauer spectra of C-8.5 (a) and C-10 (b) at 20 °C (top) and -193 °C 

(bottom). Black dots represent the experimental data, red line the sum of all 

fits, blue line the magnetic sextet, green line the nonmagnetic doublet, orange 

the Fe2O3 and violet the magnetic subspectrum from different iron sites of the 

magnesioferrite. 

The isomer shift of the doublet is systematically larger than that of the magnetic sextet 

(Figure 3.4.2 blue line), which can be caused by a lower content of gallium or magnesium in 

the small magnetic domains. In C-10.5, C-9.5 and C-8.5 sharp sextets of a magnetic 

component were detected, which due to its unique isomer shift δ = 0.38 mm s-1, small 

negative quadrupole shift in the sextet, ΔEQ = -0.2 mm s-1, and the large internal magnetic 

field of 52 T at room temperature can be assigned to hematite[152], α-Fe2O3 (Figure 3.4.2 

orange line). C-8.5 formed with 18% the highest ratio, while higher pH values reduce the 

hematite formation (C-9.5 = 8%, C-10.5 = 6%). This is as expected and in alignment with the 

XRD results. In particular, the Mössbauer spectra of C-9 and C-10 are both hematite-free. 
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At lower temperatures the doublet/sextet ratio changes in favor of the sextet, due to 

decreasing dynamics. Also, magnetic sub-spectra can be recorded resulting from different iron 

sites of the gallium-containing magnesioferrite. The incorporation of Ga3+ cations into the 

spinel structure seems to have no impact on the Fe3+ coordination environment and do not 

change the spectra. 

3.4.4. Reducibility of gallium substituted magnesioferrites 

The composition of the gallium containing magnesioferrites influences the reduction behavior 

of the calcined materials. Hardly and non-reducible cations under the given reaction 

conditions, like Ga3+ and Mg2+ in the oxide phase may hamper the reducibility of iron. In the 

targeted solid solution MgFe1.75Ga0.25O4 (gallium containing magnesioferrite), magnesium 

species separate the iron species which have to diffuse through the solid to form metallic α-Fe 

nanoparticles supported on the surface of the remaining non-reducible oxide. It has also been 

shown, that Ga hampers this process even more. The implementation of Ga3+ into the HT 

precursor shifts the temperature required for a complete reduction to higher values, since 

gallium is partly reduced as well[113]. Therefore, H2-TPR measurements were conducted at a 

linear heating rate to analyze the effect of the pH variation on the reducibility of the iron and 

gallium ions. The results are shown in Figure 3.4.3. 

 
Figure 3.4.3: TPR profiles of MgFe1.75Ga0.25O4 synthesized at different pH values obtained 

at a linear heating rate of 6 °C min-1. 
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According to X. Ge et al.[153] the reduction process of gallium-free MgFe2O4 proceeds via two 

steps. The authors analyzed i.a. MgFe2O4 with a combination of H2-TPR and in situ 

Mössbauer spectroscopy to find that at first iron is reduced to its di-valent form to form a 

solid solution with magnesium oxide (magensiowuestite). In a second step, this solid solution 

reacts to α-Fe, supported on magnesium oxide. Indeed, H2-TPR experiments performed with 

pure HT-derived MgFe2O4 under similar conditions reveal that the spinel-phase is reduced to 

magnesiowuestite around 400 °C[113]. C-10.5 shows a similar fingerprint in the TPR profile 

with two maxima. This indicates, that also at least two reduction steps are taking place even 

for the pure materials. However, with decreasing precipitation pH, a more complex TPR 

profile evolves and additional peaks become more pronounced between 300 and 500 °C. 

The hydrogen consumption during the TPR experiments was calculated and is depicted in 

Figure 3.4.4. All samples show a reduction progress, which exceeds the theoretical value of a 

complete reduction of iron indicating a complete Fe3+ and a partial Ga3+ reduction. This 

suggests the formation of FexGay alloys and/or intermetallic compounds. The reduction 

progress slightly increases with decreasing pH value for the non-phase pure samples, but C-10 

and C-9 show a much higher reduction progress than the other samples. 

 
Figure 3.4.4: Hydrogen consumption [mmol g-1] during H2-TPR experiments for 

MgFe1.75Ga0.25O4 synthesized at different precipitation pH values. 
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3.4.5. In situ XRD during reduction 

Despite the structural similarities encountered among the Ga-substituted magnesioferrites, H2-

TPR experiments reveal clear differences in their reduction behavior (Figure 3.4.3) depending 

on the co-precipitation pH employed during precursor synthesis. In order to gain a deeper 

understanding of the underlying reduction processes, the structural changes of the initial oxide 

phases were further characterized with the aid of in situ XRD measurements in hydrogen 

atmosphere. For this purpose, diffraction patterns of the calcined samples were recorded in 

50 °C steps while heating in 10% H2/N2 at 6 °C min-1 up to 800 °C. The resulting 2D maps for 

C-8.5 and C-10 are depicted in Figure 3.4.5. 

As previously discussed in the ex situ XRD analysis, C-8.5 consists of a spinel main phase 

and a hematite by-phase. In agreement with the intensity loss of the characteristic reflections 

at 33.1° and 49.5° shown in Figure 3.4.5a, the latter oxide phase disappears at around 340 °C, 

which coincides with the temperature maximum of the 1st reduction peak in the corresponding 

TPR profile (Figure 3.4.3). In contrast, the diffraction peaks belonging to hematite are absent 

in C-10, while those at 30.1°, 35.5°, and 43.1°, which are typical of a spinel-type oxide, 

confirm the phase-purity of this material (Figure 3.4.5b). Similar conclusions can be drawn 

for the structurally identical C-9 spinel (Figure 3.7.9a (SI)). These findings are in line with the 

results of the Mössbauer measurements, which indicate that C-8.5 is composed to around 18% 

of α-Fe2O3, whereas the corresponding spectra of C-9 and C-10 can be explained exclusively 

in terms of a magnetic sextet and a nonmagnetic doublet with values for the isomer shift δ and 

the quadrupole splitting ΔEQ similar to those of pure MgFe2O4
[151]. Thus, it seems that the 

incorporation of Ga3+ cations into the spinel structure has no impact on the Fe3+ coordination 

environment. In spite of these observations, the TPR profiles of C-8.5 and C-9 share a 

distinctive feature at 400 °C (Figure 3.4.3) that is not present in the corresponding curve of C-

10. H2-TPR experiments performed with pure MgFe2O4 under similar conditions reveal that 

the spinel-phase is reduced to magnesiowuestite at this temperature[113]. In contrast, the in situ 

XRD measurements over C-10 indicate a delayed formation of magnesiowuestite in the 

temperature range between 400 and 500 °C. In agreement with the hydrogen consumption 

peak observed at 436 °C in the H2-TPR profile of C-10, the corresponding XRD pattern 

reveals an intensity loss of the reflections at 30.1°, 35.5°, and 43.1°, indicating a vanishing of 

the spinel phase. These findings allow to conclude that the formation of both magnetite and 

unsubstituted magnesioferrite during precursor synthesis, which is strongly favored at lower 
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alkaline pH values, caused the distinct low-temperature peaks in the TPR profiles in C-8.5 

and C-9. 

 
Figure 3.4.5: 2D in situ XRD intensity maps obtained during stepwise H2-TPR of (a) C-8.5 

and (b) C-10 up to 800 °C at 6°C min-1. Red full lines represent the thermally 

induced 2θ shift of the α-Fe (110) crystal plane positions derived from the 

experimental results reported by Basinski et al.[154] 

The magnetite-derived hematite, the dominant by-phase in C-8.5 that represents only a minor 

fraction of C-9.5 and C-10.5, is known to undergo partial re-reduction to magnetite before a 

further transformation into α-Fe takes place[155]. Consequently, the reflections at 30.1°, 35.5°, 

and 43.1° in the 2D map of C-8.5 are not only ascribable to the initial ferrite phase but also to 

the in situ generated Fe3O4. An attempt to distinguish between the pure iron oxide spinel and 

the initially present magnesioferrites was made based on a temperature-dependent difference 

plot (Figure 3.7.10a (SI)). The corresponding curves were derived by subtracting the 

diffraction patterns of the phase pure C-10 from those of C-8.5. A reflection arising between 

400 and 450 °C at 35.2° suggests the presence of magnetite, whose reduction overlaps at the 

upper temperature limit with the evolution of a feature at 44.4°, which is ascribable to the 

diffraction of the α-Fe (110) crystal planes[154]. In correspondence to the XRD analysis, a TPR 

difference plot was constructed based on the same pair of calcined samples (Figure 3.7.10b 

(SI)). As has been previously discussed, the 1st peak is ascribed to the reduction of α-Fe2O3. In 

agreement with the XRD difference plot, the reduction of magnetite takes place in the range 

between 400 and 500 °C. Therefore, the 3rd peak in Figure 3.7.10b (SI) is assigned to this 

process. Based on this approach, the characteristic peak at 450 °C that is only present in the 

TPR profile of C-8.5, can be attributed to the reduction of magnetite to α-Fe. 

Based on the quantitative analysis of the TPR experiments, the extent of H2 consumption 

surpasses the amount of available Fe3+ cations, which serves as an indication for a partial 



 

 

40 

 

reduction of Ga3+ species present in the Ga-substituted spinel ferrites. Even though no 

structural changes were observed upon their incorporation into the magnesioferrite phase, a 

common reduction feature is observed between 330 and 350 °C in the TPR profiles of C-9 to 

C-10.5, which differs from the one assigned to α-Fe2O3 in the curve obtained for C-8.5. Such 

a distinction can be performed, since this step-like peak is also observed in the respective TPR 

profiles of C-9 and C-10, which are hematite-free according to XRD and Mössbauer 

spectroscopy. Studies dealing with the reducibility of γ-Ga2O3 exhibiting a cubic defect 

spinel-type structure show a distinctive H2 consumption peak in the same temperature 

range[156]. In contrast, the rhombohedral (α-Ga2O3) and monoclinic (β-Ga2O3) crystalline 

polymorphs of gallia are only reducible at temperatures beyond 600 °C. An exception hereof 

has been observed, for instance, after physically mixing β-Ga2O3 with a defective faujasite 

catalyst[157]. Upon reduction of this hybrid material at 400 °C, a simultaneous loss of long-

range ordering of gallia and filling of the zeolite tetrahedral sites with gallium cations is 

observed. As in the present study, the enhanced reducibility of Ga3+ cations is most likely 

associated with their local coordination environment within the disordered host structure. 

According to the reflections at 2θ values around 36°, 42°, and 62° in the 2D maps, which are 

respectively assigned to the (111), (200), and (220) crystal planes of magnesiowuestite, the 

oxide solid solution is stable up to approximately 600 °C. As evidenced by the weaker 

intensities in Figure 3.4.5a, lower concentrations of this intermediate phase are obtained 

during reduction of C-8.5. This is associated with the comparatively high hematite-to-spinel 

ratio in this material. In addition, some temperature-dependent scattering of the diffraction 

peaks around the expected 2θ values is observed. At first, the reflections shift towards lower 

2θ values with increasing temperature as a consequence of the thermally induced lattice 

expansion. At higher temperatures, however, the formation of α-Fe lowers the concentration 

of Fe2+ cations in the MgO-FeO solid solution, which leads to a contraction of the unit cell[158]. 

Although the intermediate phase formed during reduction exhibits the same diffraction pattern 

for all calcined samples, it is evident that the onset temperature for the metallic phase 

formation strongly depends on the availability of secondary phases. As reflected by the 

characteristic (110) and (200) reflections at 2θ values = 44.4° and 65°, the evolution of α-Fe 

already starts at 400 °C in the presence of significant amounts of α-Fe2O3 (Figure 3.4.5a). In 

contrast, these diffraction peaks are shifted to temperatures above 500 °C in the corresponding 

diffraction patterns of the phase-pure spinels C-9 (Figure 3.7.9a (SI)) and C-10 

(Figure 3.4.5b). An additional aspect that needs to be addressed within this context is the 
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nature of the metallic phase. This becomes evident when analyzing the position of the α-Fe 

(110) crystal planes at elevated temperatures. Even though the effect of thermal lattice 

expansion - represented by the dotted lines in the 2D color maps - gives rise to a shift of the 

diffraction angle towards lower values, a more pronounced deviation from the expected 

behavior has been observed. According to studies performed on the iron-gallium system[159], 

the lattice spacing of iron crystallizing in the bcc structure is expanded by solution of gallium. 

In order to account for this phenomenon, the lattice parameter of α-Fe was derived from the 

position of the (110) reflections and plotted as a function of temperature for the investigated 

oxides (Figure 3.4.6a), which were compared to the experimental lattice parameters of α-Fe 

determined by Basinski et al.[154] in the temperature range between 450 and 750 °C. As 

expected, pure α-Fe is observed during the reduction of C-8.5 up to 500 °C, which thereafter 

undergoes alloy formation with Ga as evidenced by the stronger deviation of the lattice 

parameter in comparison to the expected thermal expansion. A similar behavior can be 

observed for all samples, except for C-10. In this case, it seems that the alloy is formed from 

the beginning without the need of α-Fe as an intermediate phase. Interestingly, even though 

C-9 and C-10 are structurally identical, α-Fe is generated at 550 °C only during the reduction 

of the former. Since hematite is completely absent in C-9, the only plausible source for 

metallic iron is pure MgFe2O4. This is in agreement with the assignment of the hydrogen 

consumption peak at 400 °C in the corresponding TPR profile. 

 
Figure 3.4.6: (a) Evolution of the lattice parameter a for the metallic iron phase formed 

during H2-TPR experiments of the Ga-substituted magnesioferrites as a 

function of temperature. Black dotted line represents the thermally induced 

lattice expansion of α-Fe derived from the experimental results reported by 

Basinski et al.[154] (b) XRD patterns of the reduced Ga-substituted 

magnesioferrites measured under in situ conditions at room temperature after 

reduction at 800 °C. Dotted and full lines represent the main reflections of 

Fe3Ga (ICSD# 631739) and α-Fe (ICSD# 53451), respectively. 



 

 

42 

 

In contrast to the proposed transition of Ga3+ to Ga+ occurring at the surface of γ-Ga2O3 

during reduction in hydrogen atmosphere[156], the formation of a binary Fe-Ga alloy as 

indicated by the previously discussed lattice expansion is only possible under the assumption 

that Ga3+ is completely reduced to the metallic state. This is further supported by the 2θ shift 

of the (110) crystal plain positions observed after reduction at 800 °C in the absence of 

thermal expansion effects (Figure 3.4.6b). According to the Fe-Ga phase diagram, up to 

20 at.-% Ga can undergo alloy formation α-Fe at this temperature[159]. A v-shaped dependence 

of the Ga concentration on the co-precipitation pH employed during precursor synthesis was 

encountered. However, it should be noted that a quantitative analysis of the Ga concentration 

based on the 2θ shift with respect to the α-Fe (110) crystal plane position was not performed 

due to the absence of an internal standard, which would allow to correct deviations arising 

from secondary effects like sample displacement or sintering. In addition to the Fe-Ga alloy, a 

small fraction of Fe3Ga is formed as evidenced by the presence of a weak reflection at 2θ = 

42.3° that can be ascribed to the (111) crystal planes. In spite of these consistent findings, it is 

worth mentioning that the actual Ga content may differ at the reduction temperature employed 

prior to the steady-state ammonia decomposition measurements (600 °C). This consideration 

is crucial since the chemical composition of the Fe-Ga alloy at 800 °C is most likely not 

representative for the catalytic active phase formed under milder reduction conditions. 

3.4.6. Surface analysis by NH3-TPD 

Prior to the ammonia TPD experiments a temperature programmed catalytic decomposition 

cycle of ammonia was applied. After reduction of the calcined samples, the activated catalysts 

were heated up to 513 °C (β = 5 °C min-1, 30 min hold) in 3% NH3 in He (40 mLn min-1). In 

course of the heating process during catalysis a nitridation of the catalyst is taking place, 

indicated by the rise and fall of the H2-signal between 300 °C and 400 °C (Figure 3.7.8 (SI)). 

In this temperature range, no N2-signal has been detected leading to the assumption that the 

nitrogen of the decomposed ammonia was implemented into the structure of the catalyst, a 

behavior that is well-known for iron based catalysts in ammonia decomposition. 

After catalysis NH3-TPD experiments were applied to analyze the surface interactions 

between ammonia and the three reduced most active samples. In Figure 3.4.7 the normalized 

gas concentration is plotted against the temperature. All three samples show similar ammonia 

desorption profiles. Even though moderate adsorption temperatures (50 °C) were applied, the 
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offset of about 200 °C between the H2 and N2 signals imply a decomposition of the adsorbed 

ammonia and a nitridation of the catalyst[113], which might be incomplete after one 

temperature programmed decomposition cycle. Therefore, the samples were nitridated for 5 h 

for all steady state catalysis measurements to ensure a complete nitridation. 

On the catalyst surface, chemisorbed hydrogen atoms recombine to molecular H2, while 

adsorbed nitrogen species undergo nitride formation in the presence of metallic iron. 

Typically, temperatures above 400 °C are needed for a decomposition of thermally stable 

nitrides. Since iron forms various types of nitrides[160], that need to be considered to form 

under ammonia decomposition conditions. However, the similarities between the di-nitrogen 

profiles indicate that all samples form comparable types of nitrides, although not identical 

ones. In in situ XRD experiments[113] it was found that during ammonia decomposition, 

MgFeGaO4 forms a (Fe,Ga)Fe3N-perovskite-like nitride phase. These phases are most likely 

formed here as well. The different amounts of dinitrogen indicate, that C-10 promotes the 

formation of nitrides more than C-10.5 and C-9.5. 

 
Figure 3.4.7: NH3, H2, and N2 profiles obtained for the spinels in the reduced state during 

NH3-TPD experiments after a temperature programmed decomposition cycle. 

3.4.7. Steady state catalysis 

Ammonia decomposition experiments over Ga-substituted magnesioferrites were performed 

at atmospheric pressure in the temperature range between 375 and 500 °C. Prior to catalytic 

testing, the calcined samples were isothermally reduced at 600 °C for 5 h, followed by a 

nitridation step in diluted ammonia (3% NH3 in He) at 500 °C for the same period of time. 

Figure 3.4.8a summarizes the specific NH3 decomposition rates as a function of reaction 
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temperature. An increase of the pH value from 8.5 to 10.5 during precursor synthesis leads to 

at least a twofold enhancement of the catalytic activity between 450 and 500 °C in the 

presence of the corresponding prereduced Ga-substituted magnesioferrites, which is most 

likely related to an improvement of the structural homogeneity at higher pH values. However, 

this trend is disrupted below 450 °C. In this regime, the phase pure spinel oxides C-10 and C-

9 become the most active catalysts. Among these two, the one obtained at higher pH value, 

which has been identified as the only phase pure Ga-substituted magnesioferrite sample, 

exhibits the highest measured NH3 decomposition rates. 

 
Figure 3.4.8: (a) NH3 decomposition rates and (b) apparent activation energies EA obtained 

over prereduced Ga-substituted magnesioferrites as function of the co-

precipitation pH used during LDH synthesis. Conditions: mCat = 20 mg, dP = 

250-355 µm, GHSVTotal = 300000 mL g-1 h-1, cNH3 = 3%, balance He. 

For practical reasons, the preparation of ammonia decomposition catalysts using cost-

effective non-noble metals is highly desired. Despite the higher unit price of gallium 

compared to iron and magnesium, the catalytic activity is notably enhanced upon addition of a 

small fraction of this main group metal. Furthermore, as can be observed in Figure 3.7.11 (SI), 

all catalysts show a stable performance irrespective of the pH value employed during 

synthesis of the corresponding hydrotalcite-like precursor. Thus, the promoting effect of 

gallium leads to an improvement of the catalytic activity without affecting the stability. 

Differences in catalytic performance may be partly related to integral variations in the Ga-

content of the Fe-Ga alloys obtained prior to nitridation at the selected reduction temperature. 

This is reflected in the corresponding values of the lattice parameters derived at 600 °C from 

the in situ XRD results (Figure 3.4.6a). Accordingly, lower amounts of Ga are incorporated 

into the α-Fe phase in the absence of hematite. In addition, phase purity may also have an 

impact on the local compositional homogeneity of the in situ generated Fe-Ga alloys. A 

higher degree of uniformity can be achieved for phase pure materials in comparison to those 
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containing undesired secondary phases. While direct alloy formation is only observed during 

reduction of the phase-pure Ga-substituted magnesioferrite powder, a two-step process 

involving the evolution of α-Fe at lower temperatures from the secondary phases occurs for 

the remaining samples. Under these premises it is plausible to consider that the composition 

of the catalytically active perovskite-like (Fe,Ga)Fe3N phase[113] generated in flowing 

ammonia at 500 °C is determined by the varying degree of reduction that strongly depends on 

the availability of secondary oxide phases, hematite or MgFe2O4, which both show a higher 

ease of iron reduction compared to MgFe1.75Ga0.25O4. 

Apparent activation energies for the NH3 decomposition reaction over prereduced Ga-

substituted magnesioferrites as a function of the co-precipitation pH are shown in 

Figure 3.4.8b. Influence of internal mass transport limitations during catalytic measurements 

has been ruled out based on the fulfilment of the Weisz-Prater criterion (Supporting 

Information). As expected, the phase pure catalyst derived from the LDH precursor 

synthesized at pH = 10 possesses the lowest EA value (70 kJ/mol). In spite of the structural 

similarities between C-10 and C-9, a larger apparent activation energy that amounts to 

84 kJ/mol was determined for the latter catalyst precursor. This can be attributed to negative 

effects arising from the presence of a small fraction of pure MgFe2O4. In either case, however, 

the activation energies were lower than those obtained for the hematite-containing oxides, 

which exhibit values in the range between 95 and 125 kJ/mol. Although similar activation 

energies have been reported for pure and La-promoted Ni/Al2O3 catalysts  (95-120 kJ/mol) 

derived from co-precipitated precursors[74], the lower activation energies determined for C-9 

and especially C-10 underline the strong symbiotic effect between iron and gallium supported 

over an irreducible Mg-containing oxide matrix. As evidenced by these results, a precise 

control of the pH value during LDH synthesis is necessary in order to achieve the right 

elemental composition of the desired Ga-containing spinel phase and to suppress the 

precipitation of magnetite - the hematite precursor. 



 

 

46 

 

3.5. Conclusion 

Hydrotalcite-like materials containing Fe2+:Mg2+:Fe3+:Ga3+ in a 4:4:3:1 ratio were prepared by 

co-precipitation at five different constant pH values between 8.5 and 10.5. Incomplete Mg2+ 

precipitation in less alkaline media along with the high sensitivity of Fe2+/Fe3+ cations 

towards the acid-base environment leads to the formation of undesired secondary phases 

during the wet chemical synthesis. However, a precise preparation protocol with accurate pH 

control allows to suppress the formation of by-phases at pH = 10, leading to a phase pure 

MgFe1.75Ga0.25O4 spinel upon calcination in air. This approach takes advantage of inverting 

the M2+:M3+ ratio of 2:1 typically found in hydrotalcite-like compounds into 1:2 as required in 

spinel-type oxides through oxidation of Fe2+ during thermal treatment. 

Despite structural similarities among the Ga-substituted magnesioferrites, analysis of the 

reduction properties revealed that partially reduced Ga3+ cations undergo alloy formation with 

metallic iron in the range between 500 and 600 °C. In the presence of pure magnesioferrite 

and hematite, α-Fe evolves prior to the alloying process, which affects the structural and 

compositional homogeneity of the metallic phase upon reduction. In addition, the formation 

of the catalytically active nitride is enhanced in the absence of undesired Fe-containing oxide 

phases as evidenced by NH3-TPD measurements. 

Steady-state catalytic measurements revealed differences in performance that are most likely 

related to variations in the Ga-content of the Fe-Ga alloys formed after reduction. This is 

supported by the corresponding values of the lattice parameters derived from in situ XRD 

measurements in hydrogen atmosphere. In addition, the higher degree of uniformity in the 

phase pure material seems to be beneficial for the catalytic ammonia decomposition reaction. 

These results indicate that a precise control of the process parameters during precursor 

synthesis is essential to improve the catalytic performance of Ga-substituted magnesioferrites. 
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3.7.    Supporting information 

 

Figure 3.7.1: Synthesis protocols of HT-9.5 (a), HT-9 (b), HT-8.5 (c) of the Optimax 

synthesis workstation. 

 

Figure 3.7.2: N2 adsorption-desorption isotherms obtained for co-precipitated LDHs and 

calcined powders of MgFeGa samples precipitated at different pH values. 
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Figure 3.7.3: Pore size distribution obtained for co-precipitated LDHs and calcined powders 

of MgFeGa samples precipitated at different pH values. 

 

Figure 3.7.4: TG analysis data obtained for co-precipitated HT precursors precipitated at 

different pH values (a) and their respective DTG curves (b). 
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Table 3.7.1: Relative composition ratios of the samples resulting from Mössbauer 

spectroscopy at 293 and 80 K of a magnetic sextet, a nonmagnetic quadrupole-

doublet, hematite Fe2O3 and a magnetic sub-spectrum. The sub-spectrum was 

measured only at 80 K showing different iron sites of the magnesioferrite. 

Sample Temperature [K] Sextet [rel.%] 
Doublet 

[rel.%] 

Subspectra 

[rel.%] 
Fe2O3 [rel.%] 

C-10.5 293 67 28 - 6 

 80 48 10 38 4 

C-10 293 66 34 - 0 

 80 48 12 40 0 

C-9.5 293 68 24 - 8 

 80 45 11 40 4 

C-9 293 54 46 - 0 

 80 65 6 28 0 

C-8.5 293 58 24 - 18 

 80 45 4 31 20 

Table 3.7.2: Isomer shift (δ), quadrupol split (ΔEQ) and internal field of the Mössbauer 

measurements. 

Sample Compound T [K] δ [mm s-1] ΔEQ [mm s-1] Internal field [T] 

C-8.5 

MgFe1.75Ga0.25O4 

298 
0.31 (dub.) 

0.28 (sex.) 

0.61 

-0.01 

0 

41.387 

80 
0.41 (dub.) 

0.42 (sex.) 

0.53 

0.01 

0 

50.884 

α-Fe2O3 

298 0.38 -0.21 52.338 

80 0.49 0.42 53.916 

C-9 MgFe1.75Ga0.25O4 

298 
0.31 (dub.) 

0.29 (sex.) 

0.59 

-0.01 

0 

41.172 

80 
0.42 (dub.) 

0.42 (sex.) 

0.61 

-0.01 

0 

50.207 

C-9.5 

MgFe1.75Ga0.25O4 

298 
0.31 (dub.) 

0.29 (sex.) 

0.61 

-0.01 

0 

41.543 

80 
0.43 (dub.) 

0.44 (sex.) 

0.68 

0.04 

0 

51.470 

α-Fe2O3 
298 0.39 -0.25 51.724 

80 0.51 0.38 53.913 

C-10 MgFe1.75Ga0.25O4 

298 
0.31 (dub.) 

0.29 (sex.) 

0.58 

-0.02 

0 

41.978 

80 
0.42 (dub.) 

0.44 (sex.) 

0.67 

0.01 

0 

51.220 

C10.5 

MgFe1.75Ga0.25O4 

298 
0.31 (dub.) 

0.29 (sex.) 

0.61 

-0.01 

0 

41.613 

80 
0.42 (dub.) 

0.43 (sex.) 

0.65 

0.02 

0 

51.174 

α-Fe2O3 
298 0.43 -0.33 51.758 

80 0.51 0.38 53.915 
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Figure 3.7.5: Mössbauer spectra of C-9 at 20 °C (top) and -193 °C (bottom). Black dots 

represent the experimental data, red line the sum of all fits, blue line the 

magnetic sextet, green line the nonmagnetic doublet and violet the magnetic 

subspectrum from different iron sites of the magnesioferrite. 

 

Figure 3.7.6: Mössbauer spectra of C-9.5 at 20 °C (top) and -193 °C (bottom). Black dots 

represent the experimental data, red line the sum of all fits, blue line the 

magnetic sextet, green line the nonmagnetic doublet, orange the Fe2O3 and 

violet the magnetic subspectrum from different iron sites of the magnesioferrite. 
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Figure 3.7.7: Mössbauer spectra of C-10.5 at 20 °C (top) and -193 °C (bottom). Black dots 

represent the experimental data, red line the sum of all fits, blue line the 

magnetic sextet, green line the nonmagnetic doublet, orange the Fe2O3 and 

violet the magnetic subspectrum from different iron sites of the magnesioferrite. 

 

Figure 3.7.8: Mössbauer spectra of C-10.5 at 20 °C (top) and -193 °C (bottom). Black dots 

represent the experimental data, red line the sum of all fits, blue line the 

magnetic sextet, green line the nonmagnetic doublet, orange the Fe2O3 and 

violet the magnetic subspectrum from different iron sites of the magnesioferrite. 
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Figure 3.7.9: 2D in situ XRD intensity maps obtained during stepwise H2-TPR of (a) C-9, (b) 

C-9.5 and (c) C-10.5 up to 800 °C at 6°C/min. Red full lines represent the 

thermally induced 2θ shift of the α-Fe (110) crystal plane positions derived from 

the experimental results reported by Basinski et al.[154]. 

 

Figure 3.7.10: Temperature-dependent XRD difference patterns (a) and TPR difference plot 

(b) obtained by subtraction of the corresponding curves of C-10 from those of 

C-8.5. Main reflections of α-Fe2O3, Fe3O4, and α-Fe are highlighted in (a) with 

dashed, dotted, and full line squares, respectively. 
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Figure 3.7.11: Reaction rates as a function of time on stream during the catalytic 

decomposition of ammonia at 1 atm prereduced Ga-substituted 

magnesioferrites in the range 375-500 °C. Conditions: mCat = 20 mg, dP = 250 

– 355 µm, GHSVTotal = 240000 mL g-1 h-1, cNH3 = 3%, balance He. 

Temperature steps were maintained constant for 60 min. 

 

Figure 3.7.12: Arrhenius plots for the catalytic NH3 decomposition reaction over prereduced 

Ga-substituted magnesioferrites in the range 375-500 °C. Conditions: mCat = 

20 mg, dP = 250 – 355 µm, GHSVTotal = 240000 mL gCat
-1 h-1, cNH3 = 3%, 

balance He. 
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Mass transport limitation 

In order to ensure that the activation energies derived from the Arrhenius plots 

(Figure S 3.7.12) are representative for the regime controlled by intrinsic kinetics, it is 

essential to minimize internal mass transport limitations during the catalytic measurements. 

This was verified based on the Weisz-Prater number, which represents the ratio of the 

intrinsic reaction rate to the intra-particle diffusion rate[161]: 

NWP = 
robs∙ρCat

∙R
P

2

cS∙Deff

 

where robs is the observed NH3 decomposition rate (in mol kg-1 s-1), ρCat is the catalyst pellet 

density (4650 kg m-3, assumed to be equal to that of bulk MgFe2O4), RP is the catalyst particle 

radius (1.5×10-4 m), cS is the ammonia concentration at the catalyst surface (0.473 mol m-3, 

estimated to be the same as in the gas phase), and Deff is the effective diffusivity of NH3 in the 

catalyst pellet (m2 s-1). The effective diffusivity is calculated from the equation Deff = 

DNH3,0∙(T 273⁄ )1.75∙φ
P

 [162] with T = 500 °C, where DNH3,0 is the diffusion coefficient of 

ammonia in a H2/N2 mixture, φP is the pellet porosity, σP is the constriction factor, and τP is 

the tortuosity. Typical values for a catalyst particle are φP = 0.4, σP = 0.8, and τP = 3 [162]. In 

order to estimate DNH3,0 at XNH3 = 30%, the relation proposed by Fairbanks and Wilke[163] was 

applied using the normal diffusivities DNH3-H2,0 = 0.257 m2 h-1 and DNH3-N2,0 = 0.0788 m2 h-1 

[164]. The highest empirical NH3 decomposition rate obtained at 500 °C amounts to 1.9 mmol 

gCat
-1 min-1, which leads to a Weisz-Prater number of 0.042. According to the criterion, 

numbers much smaller than 1 correspond to effectiveness factors beyond 0.95, which 

demonstrates the negligible influence of internal mass transport limitations during the kinetic 

measurements. 
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Preface 

As we have seen in the former chapter, phase purity seems to play an important role for the 

catalytic performance. One possible route would have been to try to synthesize so called 

“green rust”, an LDH with only iron as cation source. This would simplify the analyzed 

system even more (since Mg is also a promotor for ammonia synthesis), especially if a 

transformation to the spinel and reduction could be done without phase impurities. But the 

synthesis of even the LDH is extremely difficult, since green rust is very sensitive to even the 

smallest amounts of oxygen and will oxidize immediately if given the chance. Therefore, my 

goal was to synthesize a Mg-Fe-based sample which is completely phase-pure, at least in the 

spinel phase. This sample would then be a very important reference catalyst for any further 

investigations of the LDH-derived catalytic systems. So this chapter focuses on the synthesis 

conditions and what effect small changes can cause. 

4.1. Abstract 

The detrimental effect on the catalytic activity of hematite by-phases in LDH derived 

MgFe2O4 spinel precursor materials for the ammonia synthesis (at 90 bar) and decomposition 

(at 1 bar) reaction was studied. Therefore, five different LDH samples with the same Mg:Fe 

ratio were synthesized at varying precipitation pH values (10 & 10.5), aging times (1 h & 24 h) 

and using different counter anions (NO3
- and SO4

2- or Cl-). These LDH samples were calcined 

in air at 600 °C into spinel structures before being subject to a reduction and nitridation 

procedure to be activated for catalytic testing. Crystallographic phase-pure samples can be 

generated either with NO3
- and SO4

2- at pH 10.5 and 24 h aging or with Cl- at pH 10 and 24 h 

aging. Although the Cl--based sample shows the highest catalytic performance in ammonia 

decomposition, the activity is not stable and decreases over time, in contrast to all other tested 

materials which were completely stable. Phase purity of the spinel precursor is essential for 

highly active catalysts regardless of which reaction and increased the catalytic performance 

up to 50% in comparison to samples containing small percentages of hematite (2-4%) in the 

spinel precursor. 
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4.2. Introduction 

Among thousands of studies done on potential ammonia synthesis catalysts, due to the global 

importance of this process, some address the interesting influence of precursor materials on 

the catalytic activity. The most common catalysts used in industry today are iron-based fused 

catalysts, which can be generated from different iron oxide precursors, namely magnetite, 

hematite, wuestite and mixtures thereof.[35, 41, 165] For a long time magnetite derived systems 

were believed to result in the most active iron-based catalysts for this reaction, until Liu et 

al.[41] showed that wuestite-based catalysts can be even more active. Another important 

conclusion was that phase impurities, like e.g. mixtures of magnetite and hematite as 

precursor materials are detrimental for the catalytic performance. 

One recent development in the field of precursor research is, instead of testing further fused 

metal catalysts, the use of so called layered double hydroxides (LDHs).[166] These materials 

can be produced via a simple co-precipitation reaction and offer not only a wide 

compositional variety ([M1-x
2+ Mx

3+ (OH)2]
x+ [Ax/n]

n- ∙ mH2O)[118] but can be transformed into 

various different catalyst materials to be used e.g. as electro-/photo-catalysts[128, 167], 

intercalation catalysts[168-169] or supported metal catalysts[170-171]. Due to the uniform elemental 

distribution on atomic scale, these materials are elegant model catalysts. In the last three years 

promising results have been recorded for the use of these precursors in the ammonia synthesis 

and decomposition reaction.[114, 166] With regard to the shift from nuclear and fossil fuels to 

renewable energies not only ammonia synthesis but also the decomposition reaction can 

become an important pathway to release chemically stored hydrogen when using NH3 as 

energy carrier. Therefore, the interest in the decomposition reaction is expected to increase in 

the future. 

Ortega et al.[166] demonstrated that Mg-FeII-X-based LDHs (X= FeIII, Al, Ga) can be 

transformed to phase-pure spinels through calcination in air at 600 °C. After a consecutive 

reduction step, α-Fe can be segregated out of the spinel phase, leaving a wuestite-like support 

material with iron particles on top. Unfortunately, the binary MgFe2O4 spinel was not phase 

pure and this might cause a considerable decrease in the potential catalyst activity if these 

catalysts behave like the industrially used ammonia synthesis catalysts. This suspicion was 

further supported by a follow up study[114], where a Mg-FeII-Ga LDH precursor was 

synthesized at different precipitation pH values, resulting in samples with either absence or 
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various amounts of hematite by-phase in addition to the spinel. The phase-pure spinel sample 

was found to be the most active one for ammonia decomposition. 

In literature it was shown that the composition of these materials strongly depend on the 

Fe(II):Fe(III) ratio, concentration of total iron, ionic strength, identity of the present anions 

and precipitation pH.[172-173] For this reason, the herein presented study focuses on the 

synthesis of an LDH derived, phase-pure MgFe2O4 spinel pre-catalyst by changing synthesis 

parameters like precipitation pH, aging time and metal salt. The generated samples are then 

tested in ammonia synthesis at 90 bar and ammonia decomposition at 1 bar to clearly show 

how hematite by-phases affect the catalytic performance for both reactions. 

4.3. Experimental 

4.3.1. Materials 

For the synthesis of the catalyst precursors the following commercially available chemicals 

were used without further purification: iron (II) chloride tetrahydrate (> 99%, Acros 

Organics), iron (III) chloride hexahydrate ( ≥  99% p.a., Carl Roth GmbH & Co. KG), 

magnesium chloride hexahydrate (≥ 99.5% p.a., ACS, Carl Roth GmbH & Co. KG), iron (II) 

sulfate heptahydrate (≥  99% p.a., ACS, Carl Roth GmbH & Co. KG), iron (III) nitrate 

nonahydrate (≥ 98% p.a., ACS, Alfa Aesar GmbH) and magnesium nitrate hexahydrate (≥ 

98%, ACS, Alfa Aesar GmbH). As precipitation agents, sodium carbonate (p.a., AppliChem 

GmbH) and sodium hydroxide ( ≥  99%, VWR International BVBA), were used during 

synthesis. 

4.3.2. Synthesis and sample preparation 

The synthesis of five catalyst samples included the preparation of five different stock 

solutions containing a total cationic concentration Mx+ of 0.8 mol L-1. The stock solutions 

were partitioned into three equal concentrations of Mg2+/Fe3+/Fe2+ of 0.266 mol L-1 resulting 

in a 1:1:1 ratio. Three parameters, namely the co-precipitation pH (pH 10 or 10.5), aging time 

(1 h or 24 h) and metal salt (Cl- based or NO3
- & SO4

2- based) were changed resulting in these 

five samples.  Figure 4.3.1 depicts the different parameters used for each sample. 
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Figure 4.3.1: Family tree of the five synthesized samples resulting from changes in 

precipitation pH, used metal salt and aging time. The overall cation 

concentration and ratio was the same for each sample. 

Co-precipitation of hydroxycarbonates (hydrotaltice-like compounds or LDHs) was 

performed in an automated OptiMax synthesis workstation from Mettler Toledo. It consisted 

of a single-walled glass reactor fixed inside a solid-state thermostat for accurate temperature 

control. While synthesis and aging a N2-flow was employed to avoid oxidation of Fe2+ by 

oxygen from the air. All reactions were carried out isothermally while maintaining a constant 

pH through the computer-controlled simultaneous dosing of the acidic metal salt stock 

solution and the basic precipitating agent. The pH value was monitored and adjusted using an 

InLab Semi-Micro-L electrode calibrated prior to each experimental run. Temperature and 

concentration homogeneity were achieved with a pitched blade impeller rotating at a constant 

rate of 300 rpm. Two ProMinent gamma L-1 metering pumps were used for simultaneous 

dosing of the Mg2+/Fe2+/Fe3+ nitrate and sulfate (further referred to as nitrate-based samples) 

or chloride solution (at a rate of 2.16 g min−1 over 60 min) and the aqueous 0.6 M NaOH and 

0.09 M Na2CO3 solution serving as a precipitation agent. A universal control box equipped 

with a precision balance allowed gravimetric dosing of the multimetallic solutions at a 

constant rate of 2 g min−1 over one hour. After ageing at 50 °C the brown or green powders 

were isolated by centrifugation (4000 rpm, 5 min) and thoroughly washed with demineralized 

water until the conductivity did not change in three consecutive washing and centrifugation 

cycles. The product of the chloride-based LDH sample (aged for 24 h) was partitioned in two 
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fractions. The first fraction was washed as described before, but the other fraction was washed 

until no Cl- could be detected with a silver nitrate solution in the washing water. This required 

ca. 5 additional washing steps. Nevertheless, no significant differences in the physical or 

catalytic properties of the two fractions could be detected, therefore all data shown in the 

following will be from the first fraction which was washed like all the other samples. After 

washing the samples were dried in static air at 80 °C for 48 h before being subjected to a final 

calcination step also in air. The latter was performed in a muffle furnace (B150, Nabertherm) 

at 600 °C for 3 h (β = 2 °C min−1). After calcination, the samples were pressed with a 

hydraulic press from Perkin-Elmer (4.5 t, 2 min), pestled and sieved with stainless steel sieves 

from ATECHNIK (ISO 3310-1). A sieve fraction of 250–355 μm was used for the analysis 

with a BELCAT-B catalysis analyzer. 

4.3.3. Catalyst characterization 

Iron and magnesium contents in the hydrotalcite-like and spinel samples were determined by 

atomic absorption spectroscopy (Thermo Electron Corporation, M-Series). Chloride contents 

in the spinel sample was determined by X-ray fluorescence spectroscopy (Pioneer S4, Bruker). 

Thermogravimetric measurements (TG) were performed in a NETZSCH STA 449F3 thermal 

analyzer. In a corundum crucible ca. 50 mg of the hydrotalcite-like samples were heated in 

synthetic air (21 % O2 in Ar) from 30 °C to 1000 °C with a linear heating rate of 5 °C min−1. 

N2 adsorption-desorption experiments were conducted with a NOVA3000e setup 

(Quantachrome Instruments) at −196 °C after degassing the samples at 100 °C for 2 h in 

vacuum. BET (Brunauer Emmet Teller) surface areas were calculated from p/p0 data between 

0.05 and 0.3. Total pore volumes were determined at p/p0 = 0.99. 

Powder XRD patterns of the LDH and spinel phases were recorded on a Bruker D8 Advance 

diffractometer in Bragg-Brentano geometry using a position sensitive LYNXEYE detector 

(Ni-filtered CuKα radiation). A 2θ range from 5° to 90°, a counting time of 2.96 s and a step 

width of 0.01° were applied. The samples were dispersed with ethanol on a glass disc inserted 

in a round PMMA holder, which was subjected to a gentle rotation during scanning. 

In-situ XRD data during reduction of one catalyst was collected on a STOE theta/theta X-ray 

diffractometer (CuKα1+2 radiation, secondary graphite monochromator, scintillation counter) 

equipped with an Anton Paar XRK 900 in-situ reactor chamber. The gas feed was mixed by 

means of Bronkhorst mass flow controllers, using 7% H2 in helium at a total flow rate of 
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100 mLn min-1. The effluent gas composition was monitored with a Pfeiffer OmniStar 

quadrupole mass spectrometer. Due to the low time resolution (ca. 10 h per scan), all XRD 

measurements were performed at 25 °C to avoid continuous reduction of the sample during 

the data collection (“quasi in situ”). The samples were reduced in the in-situ chamber with a 

ramp rate of 6 K min-1 until the respective target temperature was reached, followed by fast 

cooling (20 K min-1) and XRD measurement at 25 °C. Subsequently, the sample was heated 

again at 20 K min-1 up to the previous target temperature, where the ramp rate was changed to 

6 K min-1 again until the next target temperature was reached, followed again by rapid cooling 

and XRD measurement. This was done for all relevant temperatures identified prior by H2-

TPR. 

Temperature programmed reduction (TPR) experiments were performed in a BELCAT-B 

(BEL Japan, Inc.) catalyst analyzer at a linear heating rate of β = 6 °C min−1 between room 

temperature and 1000 °C. This temperature was held for 15 min before cooling down. All 

samples were dried at 100 °C for 60 min in Ar (80 mLn min−1) prior to the experiments. To 

remove the H2O from the gas stream an in-line molecular sieve was used before reaching a 

built-in thermal conductivity detector. A flow rate of 80 mLn min−1 and 7% H2 in Ar (H2 

≥99.999%, Ar ≥99.999%, Air Liquide) was applied for the reduction process. For all 

experiments with this catalyst analyzer, 20 mg of sample with a sieve fraction of 250–355 μm 

was prepared. A quantitative analysis of the H2 consumption was achieved by integrating the 

TCD signal obtained by the reduction of three different amounts of commercial CuO for 

calibration. It was used since CuO undergoes a complete reduction to Cu0. 

4.3.4. Catalytic ammonia decomposition at ambient pressure 

and ammonia synthesis at 90 bar 

Prior to the catalytic steady state measurements, 20 mg of the spinel precursors (250-355 µm) 

were isothermally reduced for 5 h at 600 °C (7% H2/Ar, 80 mLn min-1, β = 6 °C min-1, Air 

Liquide, H2 ≥  99.999%, Ar ≥  99.999%). Afterwards, the freshly reduced samples were 

cooled down to 500 °C and nitridated for 5 h in a mixture of 3% NH3 in He (40 mLn min-1, 

Air Liquide, NH3 ≥  99.999%, He ≥  99.9996%). Then steady state catalytic ammonia 

decomposition measurements were conducted between 400 and 600 °C. Firstly, the samples 

were cooled down to 400 °C at a gas flow of 80 mLn min-1 (3% NH3/He) which was directed 

through the catalyst bed. After measuring at 400 °C the samples were heated up stepwise to 

425, 450, 475, 500, 550, 600 °C and held at each temperature for 3 h. A mass spectrometer 



 

 

63 

 

(QMG 220, Pfeiffer Vacuum GmbH) was calibrated for NH3, N2 and H2 taking helium as 

internal standard to perform a quantitative analysis during catalysis. The systematic error of 

the ammonia decomposition rate measurements in this setup has been determined to be less 

than 1%.[114] 

Ammonia synthesis measurements were carried out in an all stainless-steel flow set-up 

equipped with a guard reactor housing a reduced Fe-based industrial catalyst at 40 °C, a 

synthesis reactor, and an IR-detector for NH3 and H2O (Emerson X-stream) for quantitative 

product gas analysis. By means of a compressor station (Maximator DLE) measurements are 

performed up to 90 bar. 1 g of calcined sample in grain fraction of 250-425 µm diluted in ~1 g 

SiC (average grain size 154 µm) are placed in the synthesis reactor. The catalyst bed was 

placed between pure SiC and held in position by a glass wool plug at the entrance and exhaust 

of the reactor. After intensive purging of the reactor until water content was stable at almost 

zero, samples were heated in a gas flow of 440 mLn min-1 (75% H2 (purity 99.999%), 25% N2 

(purity 99.999%)) at a heating rate of 1 K min-1 up to 500 °C. Afterwards, the conditions were 

kept constant for at least 16 h. Pressure was not elevated. However, due to pressure drop in 

the system, the resulting pressure in the reactor was in the range of 3-4 bar. For catalytic 

testing, the pressure was increased up to 90 bar while maintaining the temperature at 500 °C. 

During this step, the total flow was also raised to accelerate the procedure. After reaching 

90 bar, the total flow was adjusted to 200 mLn min-1 (75% H2, 25% N2), keeping the 

temperature constant for 24 h. Reaction temperatures were varied between 325 and 475 °C in 

25 °C steps. Heating rates between adjacent steps were set to 1 °C min-1. A downward 

temperature program was followed by an upward temperature variation. All values were kept 

constant for 155 min. 
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4.4. Results and Discussion 

4.4.1. Textural properties and elemental composition 

All parameters during co-precipitation of the precursor materials were precisely monitored 

and controlled as can be seen in the synthesis protocols (Figure 4.7.1, supporting information 

(SI)).  

Atomic absorption spectroscopy was employed in order to determine the magnesium and iron 

content in the LDH precursor materials. The results are summarized in Table 4.7.1 (SI) and 

show that the amount of Fe and Mg are in good agreement with the nominal stoichiometry of 

the expected structure. Therefore, these results indicate a successful and quantitative co-

precipitation for each applied synthesis condition. 

N2 adsorption-desorption isotherms obtained for the co-precipitated and the calcined samples 

are depicted in Figure 4.4.1. Variations of the synthesis parameter only have a minor impact 

on the general classification of the sorption isotherms. According to IUPAC classification all 

samples show characteristic features for type IV isotherms with H3 hysteresis loop[174] 

indicating mesoporous structures with aggregates of plate-like particles.   

 
Figure 4.4.1: N2 adsorption-desorption isotherms of LDH (left) and calcined precursor 

materials (right). 
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Figure 4.4.2: BET surface areas (SA) of LDH and spinel precursor materials. 

Similar BET surface areas (BET SA) of around 51-63 m² g-1 were obtained for the LDH 

precursors (see Figure 4.4.2). Both 1 h aged samples lose BET SA after calcination, which is 

associated with a densification of the mesoporous network during this process. By prolonging 

the aging time to 24 h this effect can be prevented, stabilizing and preserving the network. 

The sample generated at pH 10.5 even shows an increase in BET SA to 76 m² g-1 thereby 

indicating the development of a more pronounced mesoporous network after the 

dehydroxylation and decarboxylation of the LDH phase. 

4.4.2. Structural and thermogravimetric analysis 

Powder XRD patterns of the freshly synthesized LDH precursors are shown in Figure 4.4.3 

(top). Based on the characteristic reflections 003, 006 and 012 of hydrotalcite, which is 

represented by the formula Mg6Al2(OH)16CO3 ∙ 4 H2O (ICSD# 86655), all solid powders can 

be classified as layered double hydroxides. None of these LDH precursors is phase pure but 

contain a by-phase of magnetite Fe3O4 or magnesioferrite MgFe2O4 
[114]. Since both materials 

exhibit the same reflections (220, 311 and 400), due to their common spinel structure, they 

cannot be distinguished via XRD before calcination. Nevertheless, all samples show 

distinctive differences concerning the intensity of the reflections of the by-phase. From 

literature it is known that the precipitation pH[175] greatly impacts the nature of the precipitate 

and the diffractograms reflect this clearly. In this specific case, the formation of the LDH 
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competes against the formation of magnetite, iron hydroxide and magnesioferrite. With a 

precipitation pH of 10.5 the by-phase formation is increased in comparison to pH 10 and in 

the case of the 24 h aged sample it even becomes the main phase. The samples precipitated at 

pH 10 show the opposite trend. Here the 24 h aged sample shows the lowest by-phase 

formation in LDH stage. 

 

 
Figure 4.4.3:  PXRD patterns of (top) Mg-Fe based layered double hydroxides obtained by 

co-precipitation with different precipitation pH and aging time and (bottom) 

mixed metal oxides generated upon calcination of the corresponding LDH 

precursor at 600 °C. 
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After calcination a distinction between magnesioferrite and magnetite as by-phase of the LDH 

is possible. During calcination in air magnetite is oxidized to hematite Fe2O3 with its 

characteristic main reflections 104 and 110 (see Figure 4.4.4 (bottom)). The most important 

observation is that only the sample synthesized at pH 10.5 and aged for 24 h is a 

crystallographic phase pure spinel, while the other three samples show a hematite by-phase. 

Therefore, the by-phase in LDH state is only magnesioferrite for the pH 10.5, 24 h sample 

and a mixture of magnesioferrite and magnetite for the other samples. Since hematite can be 

detected in the only 1 h aged sample, precipitated at pH 10.5 the initially formed magnetite 

during co-precipitation is transformed into magnesioferrite during the 24 h aging period. This 

is not the case for the 24 h aged Mg-Fe-sample precipitated at pH 10. Therefore, an exact pH 

control (pH 10.5) and prolonged aging time is essential to form by-phase free MgFe2O4 spinel 

precursor materials. This clearly shows that not only the precipitation pH but also the aging 

time has a major impact on the precipitate. 

In a Rietveld refinement of the XRD data of sample pH10, 24h aged, a hematite by-phase of 

about 4% was calculated. For the other two by-phase containing samples the hematite ratio 

was estimated by using the intensity ratio of the reflections (104):(220), assuming a linear 

dependency between by-phase content and intensity ratio. By this method the amount of by-

phase in the samples pH10, 1h and pH 10.5, 1h are 2% and 4%, respectively.  

Thermogravimetric measurements were applied to draw conclusions about the transformation 

processes taking place during calcination of the LDH precursors (see Figure 4.7.2, SI). 

Multiple steps are involved during thermal decomposition, namely: dehydration, 

dehydroxylation and decarboxylation[150]. Showing no significant mass changes at ≥ 600 °C, 

the transformation into a stable oxide is completed at this temperature. To avoid an excessive 

heating and a strong sintering of the samples this temperature was used for catalyst 

preparation. Furthermore, TG analysis is much more sensitive to impurities of the LDH 

structures than XRD. Since magnesioferrite and magnetite structures do not lose much weight 

during calcination in air, phase-pure LDH samples show the biggest mass change. Given that 

the pH 10.5, 24 h sample already in XRD showed the most magnesioferrite by-phase 

formation, this sample lost the least weight, while the other three samples lose about the same 

weight during TG analysis. Therefore, this method can function as an indicator for LDH 

phase-purity of the freshly synthesized samples. Nevertheless, one has to keep in mind, that 

crystal water or leftover moisture can influence this result, therefore a quantification would be 

extremely difficult to achieve on this data alone. 
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4.4.3. Reducibility of magnesioferrites 

As described by Ge et al.[153] for magnesioferrite, all samples show a two-step reduction 

process. The first reduction step of phase pure MgFe2O4, is associated with the reduction of 

Fe3+ to Fe2+ transforming the spinel into a solid solution of MgxFeyOz. In a second reduction 

step this solid solution is then further reduced to α-Fe on a MgO support. Hematite also 

reduces in a two-step reduction process. At first, hematite is reduced to magnetite before it 

gets further reduced to α-Fe.  

In case of the analyzed samples, the first reduction step is mostly unaffected by the synthesis 

parameter variation, even though samples formed at pH 10.5 show their peak maximum at 

slightly higher temperatures than the samples produced at pH 10 (402 °C instead of 395 °C, 

see Figure 4.4.4). This trend is even more pronounced for the second reduction step, reaching 

a difference in temperature of up to 65 °C. In addition, the second reduction peak is shifted to 

higher temperatures for the 24 h aged samples in comparison to the 1 h aged samples. The 

highest reduction temperatures are needed for the phase pure spinel system (pH 10.5, 24 h). 

This is expected, since the segregation of α-Fe out of phase pure samples is more difficult 

than that out of a mixed phase of hematite/magnetite and magnesioferrite. Also, the general 

shift of the second reduction peak of the 24 h aged samples to higher temperatures is expected 

and can be explained by a bigger particle size which is formed during the prolonged aging. 

 
Figure 4.4.4: TPR profiles of MgFe2O4 precursors synthesized at different precipitation pH 

and aging time obtained at a linear heating rate of 6 °C min-1 (7% H2 in Ar, 

80 mL min-1). 
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The reduction progress during the H2-TPR measurements was calculated (see Figure 4.7.3, 

SI) and no sample was completely reduced. All show a comparable reduction progress of 

about 72-78% of a complete reduction of Fe, indicating that the metal support is not pure 

MgO, which is unreducible under this conditions, but rather a Mg-rich Mg(Fe,Co)-wuestite 

like phase, as shown in a prior study[166]. 

For further analysis of the reduction process the pH10, 24h sample was investigated via in situ 

XRD during a temperature programmed reduction. The sample was heated in the gas feed 

(β = 6 °C min-1) until the respective target temperatures were reached, then the sample was 

cooled (β = 20 °C min-1) to room temperature to prevent further reduction during the XRD 

measurement. Subsequently the sample was rapidly heated to former target temperature and 

then heated further with β = 6 °C min-1 until the next target temperature was reached. The 

resulting patterns (see Figure 4.4.5 (left)) were analyzed with Rietveld refinement to identify 

and quantify the present phases during reduction. 

  

Figure 4.4.5: in situ XRD patterns (left) of the reduction process of the hematite containing 

magnesioferrite (pH 10, 24 h), measured at room temperature after reaching 

specific reduction temperatures. With  : MgFe2O4,  : (Mg,Fe)O,  : α-Fe, 

 : Fe2O3. Phase composition resulting from Rietveld refinement of in situ XRD 

diffractograms (right).  

As result of the refinement it was found that this sample contains around 4% hematite as by-

phase in the spinel precursor, which is reduced during the first reduction step at 395 °C, since 

thereafter only a spinel phase and Mg0.39Fe0.61O4 can be detected (see Figure 4.4.5 (right)). In 

comparison to a phase pure magnesioferrite, which was analyzed under the same conditions in 

another study[176] (see chapter 6), the reduction to α-Fe progresses much faster, as expected 

from the TPR measurements where the second reduction peak is shifted to lower temperatures. 
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Also, a high amount of ca. 38% of elemental iron was already formed after reaching 600 °C, 

which is significantly higher than in the hematite-free sample (12%)[176]. Hematite as by-

phase reduces the required reduction temperatures and increases the amount of α-Fe in the 

resulting catalyst (62% after 5 h at 600 °C) in comparison to 53% in the hematite-free sample. 

Furthermore the wuestite support phase shows a very similar composition (Mg0.75Fe0.25O) to 

that of the phase pure sample (Mg0.73Fe0.27O). 

4.4.4. Steady state ammonia decomposition at atmospheric 

pressure 

Ammonia decomposition experiments were performed at atmospheric pressure in a 

temperature range between 400 and 600 °C for 3 h per temperature step. Prior to catalytic 

testing, the calcined samples were isothermally reduced at 600 °C for 5 h, followed by a 

nitridation step in diluted ammonia (3% NH3 in He) at 500 °C for the same period of time. 

Figure 4.4.6 (left) summarizes the specific NH3 conversion as a function of reaction 

temperature and on the right side the conversion rate as a function of time and reaction 

temperature is displayed. In addition, an industrially used ammonia synthesis catalyst was 

tested under the same reaction conditions for comparison, due to the lack of an industrially 

used ammonia decomposition catalyst.  

 
Figure 4.4.6: NH3 conversion vs. reaction temperature (left) and steady state NH3 

conversion rate vs. time (right) of calcined and isothermally reduced Mg-Fe 

based spinels with different precipitation pH and aging times during 

ammonia decomposition (80 mL min-1, 3% NH3 in He, 1 atm). 

All samples have shown a very stable performance in every measured temperature regime 

(see Figure 4.4.6, right). A prolonged aging time at pH 10 seems to have no beneficial effect 
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on the catalytic activity, at higher temperatures (>500 °C) the performance is even worse than 

that of the one-hour aged sample. All hematite containing samples show a very similar 

catalytic behavior and activity regardless of the synthesis parameters and hematite by-phase 

amount. The fact, that hematite is reduced first, results probably in an increased formation of 

more cubic Fe-particles which are known to be less active in ammonia catalysis. Therefore all 

samples with hematite by-phase perform similarly, regardless of the actual amount of 

hematite in the spinel precursor. The sample synthesized at pH 10.5 and 1 h aging time shows 

a slightly higher catalytic activity at 550 °C than both samples formed at pH 10, but this is 

just a minor difference. Only the crystallographic phase pure sample formed at pH 10.5, 24 h 

is distinctly more active. At 500 °C the conversion rate is three times higher than that of the 

hematite containing samples. It even outperforms the multipromoted industrial ammonia 

synthesis catalyst. Therefore, phase purity in the spinel precursor is very important for 

catalytic activity. 

4.4.5. Steady state ammonia synthesis at 90 bar 

Ammonia synthesis experiments were performed only for the two samples synthesized at 

pH 10.5 at 90 bar in a temperature range between 325 and 500 °C for 155 min per 

temperature step. Prior to catalytic testing, the calcined samples were isothermally reduced at 

500 °C for 16 h in syngas (75% H2, 25% N2) without elevated pressures. After that, the 

pressure and total gas flow was adjusted and kept constant for 24 h before starting steady state 

catalytic testing. Figure 4.4.7 depicts the results of the catalytic measurements. The absence 

of a hematite by-phase greatly improves the catalytic activity in ammonia synthesis as well as 

in the decomposition reaction. Even though the industrial, multipromoted catalyst is much 

more active than the unpromoted MgFe2O4 derived catalysts, the phase pure ex-spinel reaches 

around 38% of its activity at 450 °C. The vastly different curve progressions in comparison to 

the ammonia decomposition shows that the principle of microscopic reversibility does not 

apply completely to the ammonia synthesis and decomposition reaction where the reaction 

conditions are too different from one another.[27] This was also shown by Friedel Ortega et 

al.[166] with another catalytic LDH-derived system. Therefore, when characterizing the 

suitability of a material for the one or the other reaction, the catalysts have to be tested in each 

individual reaction under relevant conditions. 
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Figure 4.4.7: Steady state NH3 synthesis (200 mLn gcat

-1 min-1, H2:N2 3:1) of calcined and 

isothermally reduced Mg-Fe based spinels with different aging times 

(pH 10.5) at 90 bar. 

Like in ammonia decomposition, all measured catalysts showed very stable conversion rates 

throughout the whole range of testing conditions.  

4.4.6. Usage of metal chlorides instead of nitrates and 

sulphate 

One alternative to using metal nitrates and sulphates, when synthesizing LDH materials, is the 

use of metal chlorides. Nitrates add a redox potential to the already sensitive system; therefore 

it may be more difficult to generate phase pure samples. As proof of principle one metal 

chloride-based sample was synthesized under the reaction conditions of the least active 

sample (pH 10, 24 h aging time). During synthesis and elemental analysis of the LDH 

precursor, no significant differences to the nitrate samples could be observed (cf. Figure 4.7.1 

and Table 4.7.1, SI). Since chlorine is a known catalyst poison for ammonia synthesis 

catalysts[177], potential residual Cl-, which may be left on the surface after the thorough 

washing process after LDH synthesis, was analyzed via XRF spectroscopy. No Cl could be 

found in the sample. 

The sorption isotherms according to IUPAC classification show characteristic features for a 

type VI isotherm with H3 hysteresis loop, indicative of a more stepwise multilayer adsorption 

in comparison to the nitrate-based samples (see Figure 4.7.4, SI). In contrast to these samples, 

the LDH precursor exhibits an exceptional low BET SA of only 34 m² g-1. After calcination a 
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huge increase in BET SA to 80 m² g-1 is found, following the same trend as the hematite-free 

24 h aged sample precipitated at pH 10.5. 

In comparison to the nitrate-based samples, the resulting LDH shows much sharper reflexes in 

XRD (see Figure 4.4.8), indicating a more crystalline structure. In addition, the by-phase 

formation is significantly reduced. This is in accordance with the TG analysis of the LDH, 

where the greatest mass loss is found for this sample during the thermal decomposition. After 

calcination the chloride-based sample was transformed to crystallographic phase-pure 

magnesioferrite, suggesting that the oxidizing effect of nitrates on the Fe(II) component 

contributed to the formation of the hematite by-phase. This effect seems to outweigh the 

effect of changes in the precipitation pH. 

 
Figure 4.4.8: PXRD patterns of (left) Mg-Fe based layered double hydroxide obtained by 

co-precipitation at pH 10 (24 h aging time) using metal chlorides and (right) 

the mixed metal oxide generated upon calcination of the former LDH 

precursor at 600 °C. 

In contrast to the nitrate-based samples, TPR analysis showed a shift of the first reduction 

peak to considerably higher temperatures (437 °C, see Figure 4.7.5, SI), as well as a shoulder 

emerging in the second reduction peak. Since both samples are crystallographicly the same 

material, these significant differences between the crystallographic phase-pure nitrate-based 

sample and the one derived from metal chlorides may be due to residual but undetected Cl or 

microstructural effects. In literature it is known that chlorine can react with elemental iron to 

FeCl, blocking active sites on the surface and promoting growth of iron crystallites under 

ammonia synthesis reaction conditions.[177] The formation of FeCl may be indicated by this 

changed TPR profile. 
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Figure 4.4.9: NH3 conversion vs. reaction temperature (left) and steady state NH3 

conversion rate vs. time (right) of calcined and isothermally reduced Mg-Fe 

based spinel synthesized with metal chlorides (pH 10, 24 h) during ammonia 

decomposition (80 mL min-1, 3% NH3 in He, 1 atm). 

In the catalytic decomposition of ammonia this chloride-based catalyst excels the activity of 

all nitrate-based catalysts and the industrial ammonia synthesis catalyst in every measured 

temperature region (see Figure 4.4.9), especially between 450-500 °C. Unfortunately, this 

system is not as stable as the other catalysts. During the 3 hours holding time at one 

temperature, to reach steady state conditions, this catalyst deactivates over time. E.g. at the 

beginning of the measurement at 450 °C the conversion rate was 1.71 mmol g-1 min-1, after 

3 h it was 1.68 mmol g-1 min-1. Since this behavior is unique to the chloride-based system, 

marginal amounts of chloride have to be left in the sample and result in the deactivation of the 

catalyst. Due to the occurrence of this effect the sample was not measured in ammonia 

synthesis. Nevertheless, this experiment shows the importance of phase purity and that it 

greatly improves the catalytic activity. 
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4.5. Conclusions 

Hematite by-phase formation in the spinel precursor materials is detrimental for catalytic 

activity in ammonia synthesis and decomposition already at a low amount (2-4%). The 

activity decrease is probably linked to the easier reduction of hematite in comparison to 

magnesioferrite in the spinel precursor, leading to more inactive cubic Fe-particles. This 

effect was known for fused iron industrial catalysts but can also be found in this LDH derived 

iron-based system. These simple and easy to prepare materials show interesting potential for 

alternative catalyst materials for both reactions, even though an exact pH control is crucial 

during synthesis. One further approach would be the implementation of important promotors 

in these materials like potassium or cobalt to analyze their effect and improve the catalytic 

activity even more (see chapter 5 and 6). 

Another important finding is that the potential of a given catalyst in ammonia synthesis and 

decomposition catalysts can only be compared if tested under the actual working conditions 

of the two reactions. Confirming a result reported previously[27, 113], a good synthesis catalyst 

is not automatically a good decomposition catalyst; thus the principle of microscopic 

reversibility cannot be applied under these drastically different reaction conditions.  
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4.7. Supporting information 

 

Figure 4.7.1: Synthesis protocols of the five synthesized Mg-Fe-LDHs of the Optimax 

synthesis workstation. The first two rows depict the samples synthesized with 

nitrates and sulfate and the bottom row depicts the sample synthesized with 

chlorides. The green line marks the pH set during the precipitation period. 

 

Table 4.7.1: Chemical analysis of Mg-Fe-based hydrotalcite-like compounds. 

Synthesis conditions 
Elemental composition [wt.-%][a] 

Mg (9.1) Fe (41.7) 

NO3
-, pH 10, 1 h 8.7 41.1 

NO3
-, pH 10, 24 h 8.7 44.6 

NO3
-, pH 10.5, 1 h 9.0 47.7 

NO3
-, pH 10.5, 24 h 8.9 42.9 

Cl, pH 10, 24 h 9.1 41.5 

[a]: Fe and Mg were determined by AAS. Nominal values are 

given in parentheses. 

pH 10  

1 h 

pH 10.5  

1 h 

pH 10.5  

24 h 

pH 10  

24 h 

pH 10  

24 h 
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Figure 4.7.2: Thermogravimetric analysis of five layered double hydroxides obtained by co-

precipitation with different precipitation pH, aging time and metal salts. 

 

 
Figure 4.7.3: Reduction progress of TPR measurements of MgFe2O4 precursors synthesized 

with different precipitation pH, metal anion and applied aging times. 
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Figure 4.7.4: N2 adsorption-desorption isotherms of LDH (left) and calcined chloride-based 

spinel precursor material (right). 

 

 

Figure 4.7.5: TPR profiles of a MgFe2O4 precursor synthesized with metal chlorides at pH 10 

(24 h aged), obtained at a linear heating rate of 6 °C min-1 (7% H2 in Ar, 

80 mL min-1). 
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Preface 

Potassium is one of the most important promotors for ammonia synthesis catalysts. Therefore, 

we have analyzed the promoting effect of potassium on the LDH derived catalysts. One first 

study was performed by a master student, Christian Lüttmann. In his thesis, he explored the 

best impregnation method to introduce reliably potassium into the Mg-Fe-system. It was 

found for ammonia synthesis that a promotion of the LDH material is more beneficial, than of 

the spinel phase with an additional calcination step. Additionally, he synthesized one MgFe-

LDH, which he impregnated with different amounts of KNO3 to analyze the impact of the 

loading of K for ammonia synthesis and decomposition. Since this study was done before we 

knew about the importance and influence of phase purity, his samples were aged for only 1 h 

and therefore contained a small amount of hematite by-phase. Moreover, it was found that the 

impregnation method was hardly reproducible so that the potassium loading and the catalytic 

activity in ammonia synthesis, even with the formally identical potassium content, fluctuated 

quite strongly. One reason was most probably that KNO3 melts at 334 °C before it is 

decomposed at ca. 400 °C during the calcination step.[178] This melting may lead to droplet 

formation and a highly inhomogeneous potassium distribution. 

In a more recent approach, we changed the potassium source from KNO3 to KHCO3. With 

potassium bicarbonate it was possible to produce and reproduce the catalysts in a much more 

reliable manner. In addition, we used the optimized synthesis route for the unpromoted LDH 

precursor and the resulting catalysts performed extremely good in ammonia synthesis, leading 

to a catalyst that reached around 70% of a completely optimized and fully promoted industrial 

catalyst with just magnesium and potassium as promotors.[179]  

The following study will focus on the preparation of these KHCO3 promoted samples and 

their performance in ammonia decomposition. This was done to have a complementary study 

to the results gained in ammonia synthesis by Jan M. Folke[179]. 
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5.1. Abstract 

The effect of potassium promotion on layered double hydroxide derived MgFe-based 

catalysts was studied for the ammonia decomposition reaction (at 1 atm). For this purpose, six 

MgFe-LDH samples were impregnated with different amounts of KHCO3 by incipient 

wetness impregnation before being subject to a calcination step in air at 600 °C, resulting in 

spinel phase precursors with 0, 0.5, 1, 1.5, 2, 5 and 10 wt.% K. After a reduction and 

nitridation procedure these activated catalysts were tested in ammonia decomposition. Small 

potassium loadings (0.5 wt.% K) increase the catalytic activity in comparison to an 

unpromoted sample like in ammonia synthesis. Higher loadings decrease the activity and the 

catalysts become less active than the unpromoted sample. Regarding this result, high ratios of 

Fe4N, which was found after reaction only in K-promoted samples, act most likely as catalyst 

poison. At the same time, higher loadings of potassium increase the apparent activation 

energies from ca. 160 kJ mol-1 to 190 kJ mol-1. 

5.2. Introduction 

Most studies about the influence of promotors were done for the ammonia synthesis reaction. 

There the most commonly used promotors are Al2O3, SiO2 and K2O which are included in 

small wt.% to an iron catalyst.[180] As an ‘electronic promoter’ potassium is able to increase 

the specific activity of the iron surface.[181] In detail, potassium increases the local electron 

density, leading to an increased adsorption energy of N2 on the iron surface and consequently 

enhances the rate of formation of atomic nitrogen species.[182-183] Since all alkali metals have 

this property, usually potassium is preferred, due to its reliable stability.[129] Usually one may 

think of these properties as unsuitable for an ammonia decomposition catalyst, since a higher 

tendency to bind atomic nitrogen on the surface will decrease the performance.  

In literature only a few studies focus on promoting agents for ammonia decomposition 

catalysts and most of them were done for ruthenium-based systems[54, 115, 132-133] or cobalt 

catalysts[184]. In case of ruthenium it was found that electron donors (e.g. Cs[132], Ba[115], K[133]) 

can increase the activity, but studies about promotor effects are scarce and still debated. 

Therefore, in this study the effect of potassium promotion will be investigated on iron-

magnesium-based layered double hydroxide (LDHs) derived catalysts for ammonia 

decomposition. In previous works it was found, that these highly versatile and modifiable 
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precursor materials have a promising potential in ammonia synthesis and decomposition 

reaction.[113] By variation of the used metal salts and synthesis parameters, like precipitation 

pH, aging time or temperature, multiple different LDH precursors can be generated and 

transformed after a calcination step into crystallographic phase-pure spinel structures, who 

show in a reduced state very stable and high activities in ammonia synthesis and 

decomposition.[113-114] Based on a refined synthesis route, to generate crystallographic phase 

pure, hexagonal platelets of MgFeO4 (described in chapter 4[185]), these samples were 

impregnated with different amounts of KHCO3 in LDH state. After calcination in air, 

MgFe2O4 spinels with increasing amounts of K (0, 0.5, 1, 1.5, 2, 5 and 10 wt.% K) were 

synthesized. In a first study[179] these materials were tested in ammonia synthesis (90 bar, 375-

500 °C) and showed stable activities of around 70% in comparison to a fully promoted, 

industrial catalyst. Now the influence in ammonia decomposition shall be investigated. 

5.3. Experimental 

5.3.1. Materials 

For the synthesis of the catalyst precursors the following commercially available chemicals 

were used without further purification: iron (II) sulfate heptahydrate (≥ 99.5% p.a., ACS, Carl 

Roth GmbH & Co. KG), iron (III) nitrate nonahydrate (≥ 98% p.a., ACS, Alfa Aesar GmbH) 

and magnesium nitrate hexahydrate (≥ 98%, ACS, Alfa Aesar GmbH). As precipitation 

agents, sodium carbonate (p.a., AppliChem GmbH) and sodium hydroxide (≥ 99%, VWR 

International BVBA), were used during synthesis. For wet-impregnation potassium 

bicarbonate (puriss., Riedel-de Haën) was used without further purification. 

5.3.2. Synthesis and sample preparation 

The synthesis of seven catalytic systems included the preparation of seven stock solutions 

containing a total ionic concentration Mx+ of 0.8 mol L-1. The stock solutions were partitioned 

into three equal concentrations of Mg2+/Fe3+/Fe2+ of 0.266 mol L-1 resulting in a 1:1:1 ratio.  

Co-precipitation of hydroxycarbonates (hydrotaltice-like compounds or LDHs) was 

performed in an automated OptiMax synthesis workstation from Mettler Toledo. It consisted 

of a single-walled glass reactor fixed inside a solid-state thermostat for accurate temperature 

control. While synthesis and ageing a N2-flow was employed to avoid oxidation of Fe2+ by 
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oxygen from the air. All reactions were carried out isothermally while maintaining a constant 

pH through the computer-controlled simultaneous dosing of the acidic metal salt stock 

solution and the basic precipitating agent. Which was monitored and adjusted using an InLab 

Semi-Micro-L electrode calibrated prior to each experimental run. Temperature and 

concentration homogeneity were achieved with a pitched blade impeller rotating at a constant 

rate of 300 rpm. Two ProMinent gamma L-1 metering pumps were used for simultaneous 

dosing of the Mg2+/Fe2+/Fe3+ nitrate and sulfate solution (at a rate of 2.16 g min−1 over 60  

min) and the aqueous 0.6 M NaOH and 0.09 M Na2CO3 solution serving as a precipitation 

agent. A universal control box equipped with a precision balance allowed gravimetric dosing 

of the multimetallic solutions at a constant rate of 2 g min−1 over one hour. After ageing for 

24 h, and two batches for 1 h, at 50 °C the brown powders were isolated by centrifugation 

(4000 rpm, 5 min) and thoroughly washed with demineralized water until the conductivity did 

not change in three consecutive washing and centrifugation cycles. Thereupon the samples 

were dried in static air at 80 °C for 48 h before being subjected to an incipient wetness 

impregnation step.  

Each batch was impregnated with potassium bicarbonate, leading to loadings of 0, 0.5, 1, 1.5, 

2, 5 and 10 wt.% K in the final catalyst spinel precursor. After impregnation all samples were 

subject to a final calcination step in air. This was performed in a muffle furnace (B150, 

Nabertherm) at 600 °C for 3 h (β = 2 °C min−1). After calcination, the samples were pressed 

with a hydraulic press from Perkin-Elmer (4.5 t, 2 min), pestled and sieved with stainless steel 

sieves from ATECHNIK (ISO 3310-1). A sieve fraction of 250 – 355 μm was used for the 

analysis with a BELCAT-B catalysis analyzer. 

5.3.3. Catalyst characterization 

Iron, magnesium and potassium contents in the hydrotalcite-like and spinel samples were 

determined by atomic absorption spectroscopy (Thermo Electron Corporation, M-Series).  

N2 adsorption-desorption experiments were conducted with a NOVA3000e setup 

(Quantachrome Instruments) at −196 °C after degassing the samples at 100 °C for 2 h in 

vacuum. BET (Brunauer Emmet Teller) surface areas were calculated from p/p0 data between 

0.05 and 0.3. Total pore volumes were determined at p/p0 = 0.99. 

Powder XRD patterns of the LDH and spinel phases were recorded on a Bruker D8 Advance 

diffractometer in Bragg-Brentano geometry using a position sensitive LYNXEYE detector 
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(Ni-filtered CuKα radiation). A 2θ range from 5° to 90°, a counting time of 2.96 s and a step 

width of 0.01° were applied. The samples were dispersed with ethanol on a glass disc inserted 

in a round PMMA holder, which was subjected to a gentle rotation during scanning. 

Powder XRD patterns of the spend catalysts after ammonia decomposition were recorded on a 

STOE transmission diffractometer STADI P in Debye-Scherrer geometry at room temperature 

using a curved image-plate position sensitive detector (R = 150 mm, crystal monochromator 

filtered MoKα radiation). A 2θ range of 2 × 70° and a step width of 0.001° were applied. The 

samples were transferred from the reactor into a glove box under argon, then pestled and 

filled into a capillary sample holder (0.2 mm Ø). After sealing the capillary with vacuum 

grease, the sample holder was discharged from the glove box and the sealed opening of the 

capillary was melted to prevent sample contamination with air. 

Temperature programmed reduction (TPR) experiments were performed in a BELCAT-B 

(BEL Japan, Inc.) catalyst analyzer at a linear heating rate of β = 6 °C min−1 between room 

temperature and 1000 °C. This temperature was held for 15 min before cooling down. All 

samples were dried at 100 °C for 60 min in Ar (80 mLn min−1) prior to the experiments. To 

remove the H2O from the gas stream an in-line molecular sieve was used before reaching a 

built-in thermal conductivity detector. A flow rate of 80 mLn min−1 and 7% H2 in Ar (H2 

≥99.999%, Ar ≥99.999%, Air Liquide) was applied for the reduction process. For all 

experiments with this catalyst analyzer, 20 mg of sample with a sieve fraction of 250-355 μm 

was prepared. A quantitative analysis of the H2 consumption was achieved by integrating the 

TCD signal obtained by the reduction of three different amounts of commercial CuO. It was 

used since CuO undergoes a complete reduction to Cu0. 

5.3.4. Catalytic ammonia decomposition at ambient pressure 

Prior to the catalytic steady state measurements 20 mg of the spinel precursors (250-355 µm) 

of the 24 h aged samples or with KHCO3 impregnated samples were isothermally reduced for 

5 h at 600 °C (7% H2/Ar, 80 mLn min-1, β = 6 °C min-1, Air Liquide, H2 ≥ 99.999%, Ar ≥ 

99.999%). Afterwards, the freshly reduced samples were cooled down to 500 °C and 

nitridated for 5 h in a mixture of 3% NH3 in He (40 mLn min-1, Air Liquide, NH3 ≥ 99.999%, 

He ≥ 99.9996%). Then steady state catalytic ammonia decomposition measurements were 

conducted between 375 and 500 °C. Firstly, the samples were cooled down to 375 °C at a gas 

flow of 100 mLn min-1 (3% NH3/He) which was directed through the catalyst bed. After 
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measuring at that temperature the samples were heated up stepwise to 400, 425, 450, 475, 

500 °C and held at each temperature for 1 h. A mass spectrometer (QMG 220, Pfeiffer 

Vacuum GmbH) was calibrated for NH3, N2 and H2 taking helium as internal standard to 

perform a quantitative analysis during catalysis. The systematic error of the ammonia 

decomposition rate measurements in this setup has been determined to be less than 1%.[114]  

5.4. Results and Discussion 

5.4.1. Textural properties 

N2 adsorption-desorption isotherms obtained for the co-precipitated samples synthesized at 

pH 10.5 and aged for 24 h are depicted in Figure 5.4.1. Especially the sample, which is in a 

second step impregnated with 0.5 wt.% K, shows an exceptionally low BET surface area (see 

Figure 5.4.2) with only 38 m2 g-1, even though all samples were prepared equal up to this 

point. This is a first indication for problems with the reproducibility of the unpromoted 

catalyst. Note that a new batch was synthesized for each K loading because of the large 

catalyst loading for the complementary ammonia synthesis study. All other samples exhibit 

similar BET surface areas of around 53-65 m2 g-1 before impregnation. According to IUPAC 

classification all isotherms show characteristic features for type IV isotherms with H3 

hysteresis loop[174] indicating mesoporous structures with aggregates of plate-like particles. 

After impregnation with different amounts of KHCO3 and subsequent calcination the sorption 

behavior of the samples does not change substantially. Only the unimpregnated and with 

0.5 wt.% K impregnated sample show an increase of BET surface area of about 20 m2 g-1. 

While the three medium high impregnated samples (1, 1.5 and 2 wt.% K) have a constant 

BET surface area, the 5 wt.% and 10 wt.% sample show a decrease in surface area of about 

10-20 m2 g-1. 
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Figure 5.4.1: N2 adsorption-desorption isotherms of LDH (left) and calcined precursor 

materials (right) of the 24 h aged and with KHCO3 impregnated samples. 

BET Isotherms of the LDH phase was recorded prior to impregnation. 

 
Figure 5.4.2: BET surface areas (SA) of LDH and spinel precursor materials of the 24 h 

aged and with KHCO3 impregnated samples after calcination. All LDH 

samples do not contain potassium, the position on the x-axis only accounts for 

the different batches in this case. 
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5.4.2. Structural analysis and elemental composition of 

KHCO3 impregnated precursors 

Elemental analysis showed that the impregnated MgFe2O4 spinel precursor material can be 

synthesized with every potassium loading. Deviations of the loading are minimal despite the 

hard to control incipient wetness impregnation method. Results of the elemental analysis of 

the spinel precursors are shown in Table 5.7.1 (supporting information (SI)) with comparison 

to the theoretical values. Unfortunately, all LDH samples exhibit different amounts of by-

phases, which is represented by the relative intensities in the XRD diffractograms (see Figure 

5.4.3 (top)). When looking at the elemental analysis results (see Table 5.7.2, SI) the Mg:Fe 

ratio was calculated and compared to a nominal phase pure LDH. All samples show a slightly 

higher amount of iron content in relation to magnesium. While 0-LDH and 0.5-LDH have 

almost an identical ratio (0.208 & 0.206), closest to the nominal value (0.217), the two 

samples 2-LDH and 10-LDH show the greatest deviation (0.173 & 0.166). Therefore, each 

batch has slight variations in its phase composition and the different batches of the 

unpromoted precursor were not fully reproducible.  

Powder XRD patterns of the freshly synthesized LDH structures are shown in Figure 5.4.3 

(top). Based on the characteristic reflections at 003, 006 and 012 of hydrotalcite, which is 

represented by the formula Mg6Al2(OH)16CO3 ∙ 4 H2O (ICSD# 86655), all five solid powders 

can be classified as layered double hydroxides. All samples show a by-phase formation of 

magnesioferrite (ICSD# 152467)[114] with their characteristic reflections 220, 311 and 400. 

Even though a computer controlled setup was used for the synthesis of these five batches of, 

in principle, identical materials, differences in reflection width and intensities of the main 

LDH phase and magnesioferrite by-phase were observed. In addition, the reflections of all 

samples are slightly shifted to lower 2-theta values in comparison to the 0-LDH sample. This 

is shown for the 003 reflection of the LDH structure in Figure 5.4.3 (bottom) and also can be 

observed for the spinel samples after impregnation and calcination as shown in Figure 5.4.4 

(bottom) (see also Figure 5.7.1, SI). The observation that the same nature of the shift is 

observed for the unpromoted precursors already suggests that this rather is not an effect of the 

potassium addition, but an effect due to reproducibility problems with regard to the phase 

composition. It is noted that the 0-LDH precursor with the abnormally high diffraction angle 

of its reflection seems to contain the largest amount of magnesioferrite by-phase whereas the 

phase composition seems much more similar for all the other samples. The lattice contraction 
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of the 0-LDH sample may thus be explained with a lower amount of larger Fe(II) in the LDH 

lattice. Premature oxidation to Fe(III) may lead to magnesioferrite formation and depletion of 

the LDH with Fe(II). 

 

  

 
Figure 5.4.3: PXRD patterns of (top) Mg-Fe layered double hydroxides obtained by co-

precipitation at pH 10.5 aged for 24 h and (bottom) enlargement of the 003 

reflection, depicting batch depending differences of the reflection position. 
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Figure 5.4.4: PXRD patterns of (top) MgFe2O4-spinels with different amounts of Potassium 

loading, generated upon impregnation with KHCO3 and calcination of the 

corresponding LDH precursor at 600 °C. An enlargement of the 311 reflection 

of MgFe2O4 depicting batch depending differences (bottom). 

XRD diffractograms of the impregnated and calcined samples show, that the former LDHs 

were transformed into crystallographic phase pure spinels. Only the sample with the highest 

potassium loading exhibits a by-phase formation. The evolving reflections couldn’t be 

identified as any kind of potassium hydroxide, carbonate, oxide or potassium iron magnesium 

oxide. Only after calcination a distinction via XRD between magnesioferrite and magnetite as 

by-phase of the LDH is possible, since both show the same diffraction pattern as they both 

crystallize in the spinel structure type. Magnetite (ICSD# 30860) is oxidized to hematite 

(ICSD# 15840) during calcination in air. Hematite by-phases have proven to be detrimental 
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for ammonia decomposition and synthesis and shall therefore be avoided (cf. chapter 4[185]). 

All samples seem to be hematite-free. 

5.4.3. Reducibility of potassium impregnated 

magnesioferrites 

In H2-TPR experiments the potassium loading affects the reducibility of the calcined samples 

significantly by evolving new reduction peaks/shoulders and/or shifting the required reduction 

temperatures (see Figure 5.4.5). Without potassium the first reduction step of a phase-pure 

MgFe2O4 is associated with the reduction of the spinel into a solid solution of MgxFe1-xOz.
[153] 

In contrast to this, the sample with the lowest potassium loading gains an additional shoulder 

on the first reduction peak at 435°C. With an increasing amount of potassium, the starting 

temperature of the reduction shifts from the initial 400°C of the unpromoted sample to 435°C, 

which is the temperature of the shoulder from the 0.5wt.% K sample. Therefore, the 

potassium loading inhibits the reduction process for the first reduction step. From previous in 

situ XRD studies it is known, that LDH derived MgFe-spinels cannot be completely reduced 

under the applied reaction conditions (cf. [113] and chapter 6[176]), so instead of a complete iron 

reduction from Fe2+ to Fe0, as described by Ge et. al.[153], the unimpregnated sample is partly 

reduced to alpha-Fe and a MgxFe1-xO-wuestite like phase. This is found also for the potassium 

loaded samples. By calculating the reduction progress from the TPR data, no sample is 

reduced completely but stops at around 60-80% (see Figure 5.7.2, SI). With increasing 

amount of potassium, the reducibility decreases and is lowest for the 10 wt.% K sample with 

60%. 

Unlike in the pure MgFe-system, increasing potassium loadings lead to a decrease in 

reduction temperatures for the second reduction step. Which is in accordance with literature, 

where iron-based ammonia synthesis catalysts, are more easily reduced with K2O 

promotion.[186] Between 1-2 wt.% K a shoulder evolves between the first and second 

reduction step, indicating, that potassium drastically intervenes with the reduction of Fe and 

therefore the segregation of the Fe out of the spinel structure. The shoulder vanishes for the 

samples with higher potassium loadings as can be seen in Figure 5.4.5, but the second 

reduction step is shifted to lower temperatures.  
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Figure 5.4.5: H2-TPR profiles of MgFe2O4 precursors with different potassium loadings 

(pH 10.5, 24 h aged) obtained at a linear heating rate of 6 °C min-1 (7% H2 in 

Ar, 80 mL min-1). 

The lowest needed reduction temperatures can be achieved with 2 and 5 wt.% K loadings, 

where the second reduction step takes place at 529 °C. Higher K loading seems to hinder the 

reduction and increase the needed reduction temperatures for the second reduction step to 

540 °C. Since the TPR profiles evolve more gradually with the K content, the differences are 

related to the promotion in this case, but it has to be kept in mind that also the reproducibility 

problems mentioned above may contribute to the differences. 

5.4.4. Steady state ammonia decomposition at ambient 

pressure 

Prior to the catalytic testing all samples were subject to 5 hours of isothermal reduction at 

600°C and 5 hours of isothermal nitridation at 500°C to achieve a high reduction degree and 

prevent the samples from changing during catalytic testing. These iron materials are known to 

be nitrided during ammonia decomposition conditions at ambient pressure and therefore 

change their surface properties during reaction.[113-114, 186]  

All samples show very stable catalytic activity at each temperature step (375-500°C) during 

catalytic testing (see Figure 5.4.6 (left)). Additionally, over time the catalytic activity even 

increased. Directly after pretreatment the catalytic activity was measured for 1 h at 500 °C 

and again after measuring all lower temperature steps. One exception to this behavior is 
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displayed by the 10 wt.% K sample. Here the catalyst seems to need a much longer time to 

reach steady state conditions after temperature change, so an activation during each 

temperature step is observed for this sample. 

  
Figure 5.4.6: Steady state NH3 conversion rate vs. time (left) and NH3 conversion vs. 

reaction temperature (right) of calcined and isothermally reduced spinels 

with different potassium loadings (pH 10.5, 24 h aged) during ammonia 

decomposition (80 mL min-1, 3% NH3 in He, 1 atm). 

For ammonia decomposition, a low potassium loading of 0.5 wt.% seems to improve the 

catalytic activity, leading to be the most active sample. In addition, the differences detected in 

the XRD patterns between the unpromoted catalyst and the others may contribute to the 

observed activity difference even without effect of potassium. Anyway, the 0.5 wt.% loaded 

catalyst was also the most active sample in ammonia synthesis at 90 bar, reaching around 

70% of activity in comparison to a multi promoted, industrially used catalyst.[179] When 

comparing ammonia decomposition activity with ammonia synthesis activity the pressure gap 

becomes obvious. In ammonia synthesis all potassium promoted samples were more active 

than the unpromoted sample and decrease in activity with increasing potassium loading. In 

ammonia decomposition this trend cannot be found and even shows a second maximum at 

2 wt.% K (see Figure 5.4.7 (left)). 
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Figure 5.4.7: Apparent activation energies (Ea) and ammonia decomposition conversion at 

500 °C (left), Arrhenius-plot for the determination of Ea (right). For the 

calculation of Ea only values up to 25% conversion were used. 

Based on the ammonia decomposition results, apparent activation energies (Ea) were 

calculated, using an Arrhenius-plot (see Figure 5.4.7 (right)). While at low potassium loadings 

(0-2 wt.% K) Ea ranges from 157 to 162 kJ mol-1, higher loadings increase Ea significantly to 

180 and 190 kJ mol-1 respectively. This is within the range, found for other iron-based 

catalysts in ammonia decomposition.[186] There apparent activation energies between 87-

240  kJ mol-1 were found in literature studies, in which a potassium promotion also increased 

the Ea.
[139, 186] 

In another study[147], a series of 1 h aged MgFe-LDH derived catalysts, impregnated with 

KNO3 were tested in ammonia decomposition. It was also found that very small potassium 

loadings (≤ 0.5 wt.% K) increase ammonia decomposition activity. Moreover, a similar trend 

could be observed, where high potassium loadings (≥ 2 wt.% K) lead to a dramatic decrease 

in catalytic activity and an increase in the calculated apparent activation energy. Similar 

apparent activation energies were found, ranging between 120-190 kJ mol-1. Unfortunately, 

these experiments were performed with hematite by-phase containing precursors, which is 

detrimental for catalytic activity (c.f. chapter 4[185]). Therefore, conversion rates and 

performance of these catalysts are most probably reduced. One additional problem with these 

materials was the irreproducibility of the catalytic performance.[179] KNO3 melts at 334 °C 

before it is decomposed at ca. 400 °C during the calcination step.[178] This melting can cause a 

droplet formation leading to highly inhomogeneous potassium distributions on the surface of 

the sample. This was not found for KHCO3 promoted samples in ammonia synthesis.[179] 

There, the samples showed a homogeneous potassium distribution even after ammonia 

synthesis conditions (90 bar, 500 °C) evidencing that KHCO3 as promoting agent helps to 

improve the reproducibility of promotion. 
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5.4.5. Structural analysis after ammonia decomposition 

After catalytic testing in ammonia decomposition the catalyst materials were cooled until 

400 °C in 3% NH3 in He, to eventually prevent the decomposition of the metastable iron 

nitrides and then were cooled to room temperature in He. After transferring the air sensitive 

samples into a glovebox, the samples were filled into quartz capillaries, sealed and measured 

in XRD without having contact to air.  

 
Figure 5.4.8: PXRD patterns of the spend catalysts after NH3 decomposition at 1 atm with 

Fe3N (ICSD# 79981), Fe4N (ICSD# 79980), Mg0.958Fe0.042O (ICSD# 158105), 

fcc-Fe (ICSD# 185726) and bcc-Fe (ICSD# 631724) as references. 

All potassium loaded samples show three main phases, namely Fe3N, Fe4N and a MgxFe1-xO-

wuestite like phase (see Figure 5.4.8). The Fe4N is completely absent in the unimpregnated 

sample and therefore seems to be a potassium induced effect. By subtraction of a baseline and 

fitting of a Gauss-plot for three reflections between 20-29° (Fe3N: (-122); Fe4N: (002); 

MgxFe1-xO: (022)) the full width at half maximum (FWHM) and integral area was calculated. 

No clear trend can be found in the FWHM data (see Figure 5.7.3, SI), but higher ratios of 

Fe4N tend to result in a decrease in catalytic activity (see Figure 5.4.9) and can explain the 

second activity maximum at 2 wt.%, always under the presumption that this is the state of the 

catalyst under catalytic conditions. Since most metastable nitrides decompose very easily 

these assumption and conclusions must be handled very carefully. 
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Figure 5.4.9: Integral area ratios of Fe3N:MgxFe1-xO (black), Fe4N:MgxFe1-xO (blue) and 

Fe3N: Fe4N (green) vs. potassium loading calculated from PXRD results of 

spend catalysts after ammonia decomposition. 

Another difference between the potassium loaded and the unpromoted sample is the 

appearance of two additional reflections at 23.5° and 40.9° in the 0 wt.% K sample, which 

could not be assigned to known phases.  



 

 

96 

 

5.5. Conclusions 

Potassium impregnation has a strong impact on the catalytic activity, apparent activation 

energies and formation on nitride phases during ammonia decomposition. With increasing 

loadings of potassium, the first reduction step is hindered and the needed reduction 

temperatures increase by up to 35 °C. At the same time the second reduction step temperature 

is slightly reduced in comparison to an unpromoted sample. In addition, the amount of 

reducible iron is reduced at higher potassium loadings. All apparent activation energies vary 

between 158-190 kJ mol-1 which is in the same range documented for other ammonia 

decomposition catalysts in literature. Higher potassium loadings (≥ 5 wt.% K) increase the 

apparent activation energies and lead to a massive decrease in catalytic activity.  

Unlike in the unpromoted sample, potassium impregnation leads to the formation of Fe4N-

byphases during ammonia decomposition at ambient pressure. This Fe4N-phases are not 

present in unpromoted LDH derived MgFe-catalysts and high amounts of it seem to be 

connected to a decreased catalytic activity. 

Surprisingly, low potassium loadings (0.5 wt.% K) seem to be beneficial not only for 

ammonia synthesis, but also for the decomposition reaction. Considering, that potassium is 

known to promote the desorption of ammonia a beneficial effect in the decomposition 

reaction is unexpected and should be further analyzed, in particular the effects needs to be 

reproduced due to the aforementioned reproducibility problems. 
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5.7. Supporting information 

Table 5.7.1: Elemental analysis results for KHCO3 impregnated samples aged for 24 h. 

Sample 

Elemental composition [wt.%] 

Mg Fe K 

Exp. Theor. Exp. Theor. Exp. Theor. 

0 wt.% K 11.4 12.2 53.4 55.9 - - 

0.5 wt.% K 11.1 12.1 52.1 55.6 0.34 0.5 

1 wt.% K 11.0 12.0 52.3 55.3 0.85 1 

1.5 wt.% K 11.3 11.9 54.1 55.0 1.22 1.5 

2 wt.% K 10.8 11.9 52.1 54.7 1.93 2 

5 wt.% K 8.0 11.5 49.7 53.1 5.76 5 

10 wt.% K 8.1 10.9 46.2 50.3 9.04 10 

 

Table 5.7.2:  Elemental analysis results for samples in LDH state before impregnation aged 

for 24 h. 

Sample 
Elemental composition [wt.%] Mg:Fe ratio 

(0.217)[a] Mg Fe C H 

0 wt.% K 8.92 42.9 1.09 2.00 0.208 

0.5 wt.% K 8.86 43.1 1.05 2.01 0.206 

1 wt.% K 7.86 42.8 1.08 1.99 0.184 

1.5 wt.% K 8.49 43.9 0.99 2.02 0.193 

2 wt.% K 7.54 43.7 1.18 1.85 0.173 

5 wt.% K 8.23 42.5 1.08 1.96 0.194 

10 wt.% K 6.91 41.7 1.09 1.81 0.166 

[a] Nominal value of a Mg:Fe ratio in a phase pure MgFe-LDH. 
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Figure 5.7.1: (top left) shift of the reflection position in relation to sample 0 LDH for all 

major MgFe2O4 reflections in the LDH samples; (top right) shift of the 

reflection position in relation to sample 0 LDH for all major LDH reflections in 

the LDH samples; (bottom) shift of the reflection position in relation to the 

sample with 0 wt.% K for all major MgFe2O4 reflections in the spinel samples. 

 

Figure 5.7.2: Reduction progress, calculated with the H2-TPR results for all synthesized 

samples. 
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Figure 5.7.3: FWHM calculated from PXRD results of spend catalysts after ammonia 

decomposition. 
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Preface 

With the large positive effect that phase purity has on LDH derived systems in the back of the 

mind, another project was to study the influence of a well-known and important promotor for 

both reactions. In ammonia synthesis Co is described as electronic promotor but also shows 

some catalytic activity without the presence of iron. Starting with the optimized synthesis 

route from chapter 3 (pH 10, 1 h aging) where Ga was introduced, the influence of cobalt onto 

ex-LDH catalysts shall be investigated.  

In the former chapter we found that a prolonged aging time is beneficial, therefore the two 

most active Co containing samples were also synthesized with 24 h of aging time. Thereby we 

can distinguish between a direct promotional effect of Co and the beneficial effect, a change 

in aging time may have on the phase purity. 

6.1. Abstract 

The promotional effect of Co on the catalytic activity of LDH derived MgFe2O4-based spinel 

precursor materials for the ammonia synthesis (at 90 and 1 bar) and decomposition (at 1 bar) 

reaction was studied. Therefore, different LDH samples with varying Co2+:Fe2+ ratios were 

synthesized at a constant precipitation pH (10 & 10.5). To further analyze the effect of aging 

time and differentiate between this factor and composition, selected samples were also 

synthesized with 24 h aging time instead of 1 h during LDH synthesis. All LDH samples were 

calcined in air at 600 °C into spinel structures before being subject to a reduction and, in case 

of ammonia decomposition, nitridation procedure to be activated for catalytic testing. It was 

found that Co is a promotor for both reactions. Hematite-free precursor materials are much 

more active than hematite containing samples and by implementation of Co the hematite 

formation is inhibited. In addition, the comparability of the two reactions and the respective 

promotional effects is discussed.  
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6.2. Introduction 

When using hydrogen as sustainable energy carrier the so-called hydrogen economy has to 

face the challenge of storing and distributing pure hydrogen in a safe and economical way for 

public use.[116] One potential, much easier to handle, chemical storage for hydrogen may be 

ammonia, since it has around 17.8 wt.-% hydrogen with 10.7-12.1 kgH2 100L-1 and can be 

easily compressed at room temperature into gas bottles or tanks.[187] Additionally, a large-

scale distribution network is already established because of its importance as one of the most 

produced base chemical compound for e.g. fertilizers.[19, 29] For more than a century ammonia 

is industrially synthesized via the Haber-Bosch-Process and from 2017 to 2018 the ammonia 

production has increased by 20 million tons to approximately 170 million tons of produced 

ammonia worldwide.[20, 188-189] When utilizing ammonia as hydrogen storage molecule not 

only ammonia synthesis catalysts but also reliable, efficient and cost-effective ammonia 

decomposition catalysts are of interest. In the Haber-Bosch-Process a fused, highly promoted 

iron catalyst is used which was studied very extensively in the last decades. One problem 

though is the complex structure-catalytic activity-relationship between the precursor materials 

and the finished and activated iron catalyst at industrial reaction conditions of high pressures 

and temperatures, making analysis and further rational catalyst optimization extremely 

difficult.  

Therefore, one alternative approach to get a better understanding is the use of so called 

layered double hydroxides (LDH) as precursor materials which are easily synthesized by co-

precipitation instead of the industrially applied fused catalyst. LDH materials are usually 

composed of magnesium hydroxide layers of divalent cations (e.g. Fe2+, Co2+) in octahedral 

coordination. Around a third of them are isomorphously replaced by trivalent cations (e.g. 

Fe3+, Ga3+, Al3+) leading to an overall positive charge of the layer which is compensated by 

exchangeable organic or inorganic anions in the inter-layers.[118] In previous studies we 

showed that these LDHs containing Mg2+:Fe2+:Fe3+ in a 1:1:1 ratio can be converted into a 

MgFe2O4 spinel structure via calcination in air and then be reduced to highly active 

Fe/(Mg,Fe)1-xO catalysts.[166] Though these spinel structures were not in all cases phase pure 

and contained hematite as a secondary phase. By-phase formation is known to be detrimental 

in ammonia synthesis[41], as well as in ammonia decomposition (see chapter 4)[185]. By 

adjusting the precipitation pH and aging time during LDH synthesis, the phase purity of the 
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LDH precursor  can be greatly improved and finally crystallographic phase pure spinel pre-

catalysts can be generated in the calcined state.[114]  

To circumvent the detrimental effects of by-phase formation and clearly analyze the 

promotional effect of a well-known electrical promotor like Co for the ammonia synthesis[28] 

and decomposition[116], this study will focus on the synthesis of crystallographic phase pure 

LDH derived spinel pre-catalysts. Therefore, a sample series is synthesized where the Fe2+ 

content is subsequently replaced with Co2+ under otherwise identical sample preparation. 

These materials will be tested in both reactions under industrial relevant conditions (90 bar 

and 1 atm respectively). 

6.3. Experimental 

6.3.1. Materials 

For the synthesis of the catalyst precursors the following commercially available chemicals 

were used without further purification: cobalt (II) nitrate hexahydrate (≥ 98% p.a., ACS, Carl 

Roth GmbH & Co. KG), iron (II) sulfate heptahydrate (≥ 99.5% p.a., ACS, Carl Roth GmbH 

& Co. KG), iron (III) nitrate nonahydrate ( ≥  98% p.a., ACS, Alfa Aesar GmbH) and 

magnesium nitrate hexahydrate (≥ 98%, ACS, Alfa Aesar GmbH). As precipitation agents, 

sodium carbonate (p.a., AppliChem GmbH) and sodium hydroxide ( ≥  99%, VWR 

International BVBA), were used during synthesis. 

6.3.2. Synthesis and sample preparation 

The synthesis of eight catalytic systems included the preparation of eight different stock 

solutions containing a total ionic concentration Mx+ of 0.8 mol L-1. The stock solutions were 

partitioned into three equal concentrations of Mg2+/Fe3+/M2+ (M2+ = Fe, Co) of 0.266 mol L-1 

resulting in a 1:1:1 ratio. Starting from a pure MgFe-system the Fe2+ content was 

subsequently reduced and replaced with Co2+ leading to a constant M2+ concentration of 0.266 

mol L-1 while varying the Fe2+:Co2+ ratio (1:0; 0.75:0.25; 0.5:0.5; 0.25:0.75; 0:1). Five 

samples were synthesized at a precipitation pH of 10 and aged for one hour. For comparison, 

two samples with a Fe2+:Co2+ ratio of 0.5:0.5 and 0:1 were also synthesized at pH 10, aged for 

24 h, since it was shown for binary LDH-derived MgFe catalysts that aging time may improve 

phase purity and catalytic activity.[185] In addition, one phase pure MgFe-sample was 
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synthesized with 24 h of aging time and pH 10.5 since other synthesis parameter usually lead 

to hematite by-phases (see chapter 4)[185].Co-precipitation of the LDH precursors was 

performed in an automated OptiMax synthesis workstation from Mettler Toledo. It consisted 

of a single-walled glass reactor fixed inside a solid-state thermostat for accurate temperature 

control. While synthesis and ageing a N2-flow was employed to avoid oxidation of Fe2+ by 

oxygen from the air. All reactions were carried out isothermally while maintaining a constant 

pH through the computer-controlled simultaneous dosing of the acidic metal salt stock 

solution and the basic precipitating agent. Which was monitored and adjusted using an InLab 

Semi-Micro-L electrode calibrated prior to each experimental run. Temperature and 

concentration homogeneity were achieved with a pitched blade impeller rotating at a constant 

rate of 300 rpm. Two ProMinent gamma L-1 metering pumps were used for simultaneous 

dosing of the Mg2+/Fe2+/Co2+/Fe3+ nitrate and sulfate solution (at a rate of 2.16 g min−1 over 

60 min) and the aqueous 0.6 M NaOH and 0.09 M Na2CO3 solution serving as a precipitation 

agent. A universal control box equipped with a precision balance allowed gravimetric dosing 

of the multimetallic solutions at a constant rate of 2 g min−1 over one hour. After ageing at 

50 °C the brown powders were isolated by centrifugation (4000 rpm, 5 min) and thoroughly 

washed with demineralized water until the conductivity did not change in three consecutive 

washing and centrifugation cycles. Thereupon the samples were dried in static air at 80 °C for 

48 h before being subjected to a final calcination step also in air. The latter was performed in 

a muffle furnace (B150, Nabertherm) at 600 °C for 3 h (β = 2 °C min−1). After calcination, the 

samples were pressed with a hydraulic press from Perkin-Elmer (4.5 t, 2 min), pestled and 

sieved with stainless steel sieves from ATECHNIK (ISO 3310-1). A sieve fraction of 250–

355 μm was used for the analysis with a BELCAT-B catalysis analyzer. 

6.3.3. Catalyst characterization 

Iron, cobalt and magnesium contents in the hydrotalcite-like and spinel samples were 

determined by atomic absorption spectroscopy (Thermo Electron Corporation, M-Series).  

Thermogravimetric measurements (TG) were performed in a NETZSCH STA 449F3 thermal 

analyzer. In a corundum crucible ca. 50 mg of the hydrotalcite-like samples were heated in 

synthetic air (21 % O2 in Ar) from 30 °C to 1000 °C with a linear heating rate of 5 °C min−1. 

N2 adsorption-desorption experiments of the LDH and spinel precursors were conducted with 

a NOVA3000e setup (Quantachrome Instruments) at −196 °C after degassing the samples at 
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100 °C for 2 h in vacuum. BET (Brunauer Emmet Teller) surface areas were calculated from 

p/p0 data between 0.05 and 0.3. 

Additionally, the spinel precursors and spend catalysts after ammonia synthesis were analyzed 

with a Quantachrome QUADRASORB evo MP set-up at −196 °C.  Prior to the measurements 

the air-stable precursor samples were degassed at 100 °C for 12 h in vacuum. The air sensitive 

catalysts were loaded into a measurement cell in a glovebox and transferred to the set-up 

without air contact. They were directly measured without any thermal pretreatment. Surface 

areas were calculated from data collected in a p/p0 range between 0.05 and 0.3. 

Powder XRD patterns of the LDH and spinel phases were recorded on a Bruker D8 Advance 

diffractometer in Bragg-Brentano geometry using a position sensitive LYNXEYE detector 

(Ni-filtered CuKα radiation). A 2θ range from 5° to 90°, a counting time of 2.96 s and a step 

width of 0.01° were applied. The samples were dispersed with ethanol on a glass disc inserted 

in a round PMMA holder, which was subjected to a gentle rotation during scanning. 

Powder XRD patterns of the reduced catalysts were recorded on a STOE transmission 

diffractometer STADI P in Debye-Scherrer geometry at room temperature using a curved 

image-plate position sensitive detector (R = 150 mm, crystal monochromator filtered MoKα 

radiation). A 2θ range of 2 × 70° and a step width of 0.001° were applied. The samples were 

transferred from the reactor into a glove box under argon, then pestled and filled into a 

capillary sample holder (0.2 mm Ø). After sealing the capillary with vacuum grease, the 

sample holder was discharged from the glove box and the plugged opening of the capillary 

was sealed by melting to prevent sample contamination with air. 

Powder XRD patterns of the catalysts after ammonia synthesis were performed on a Bruker 

AXS D8 Advance II theta/theta diffractometer in Bragg-Brentano geometry using a position 

sensitive energy dispersive LynxEye silicon strip detector (Ni-filtered CuKα radiation). Due to 

the air sensitivity of the samples an airtight version of a cup-shaped sample holder equipped 

with an X-ray transparent dome was used. The samples were loaded in a glove box under 

argon atmosphere by filling the sample powder into the recess of the sample holder, so that 

the powder bed surface was on the same level with the holder edge (front loading). The 

airtight XRD measurement was followed by another XRD measurement of a passivated 

sample. Passivation was achieved by deliberately leaking air into the sample holder overnight. 

In-situ XRD data during reduction of the catalyst were collected on a STOE theta/theta X-ray 

diffractometer (CuKα1+2 radiation, secondary graphite monochromator, scintillation counter) 
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equipped with an Anton Paar XRK 900 in-situ reactor chamber. The gas feed was mixed by 

means of Bronkhorst mass flow controllers, using 7% H2 in helium at a total flow rate of 

100 mLn min-1. The effluent gas composition was monitored with a Pfeiffer OmniStar 

quadrupole mass spectrometer. Due to the low time resolution (ca. 10 h per scan), all XRD 

measurements were performed at 25 °C to avoid continuous reduction of the sample during 

the data collection (“quasi in situ”). The samples were reduced in the in-situ chamber with a 

ramp rate of 6 K min-1 until the respective target temperature was reached, followed by fast 

cooling (20 K min-1) and XRD measurement at 25 °C. Subsequently, the sample was heated 

again at 20 K min-1 up to the previous target temperature, where the ramp rate was changed to 

6 K min-1 again until the next target temperature was reached, followed again by rapid cooling 

and XRD measurement. This was done for all relevant temperatures identified prior by H2-

TPR. 

Environmental scanning electron microscope studies of the LDH and spinel precursors were 

carried out with a Quanta ESEM 400 FEG microscope, equipped with a FEI detector. The 

spinel precursors were additionally measured using an Apreo S LoVac microscope (Thermo 

Fisher Scientific) which is equipped with two back scattering electron detectors. All samples 

were surface coated with Au:Pd (80:20, 6-7 nm) prior to the measurements. 

Transmission electron microscopy (TEM) and scanning electron microscopy (SEM) 

micrographs of the catalysts after ammonia synthesis were taken with a Hitachi HD-2700 

microscope (CS-corrected dedicated STEM, 200 kV, Cold FEG). For energy-dispersive x-ray 

(EDX) spectroscopy the microscope was equipped with an EDAX Octane T Ultra W 200 mm² 

Silicon Drift Detector (SDD; TEAM-Software). 

STEM-EDX micrographs of the spinel precursors and freshly reduced catalysts were 

generated, using a Thermo Scientific Talos F200X. The transmission electron microscope was 

equipped with a high brightness field emission gun (X-FEG) and 4 SDD EDX detectors, 

giving together a detection area of 0.9 sr. The electron beam energy was 200 keV and the 

beam current 50 pA. The point resolution of the microscope was 1.6Å. In order to reduce 

electron beam induced artefacts on the sample, the multiple frame approach was applied. This 

means that the electron beam was scanned across the region of interest several times, with 

short acquisition times ranging from 20 to 50 µs per pixel, and the signal was integrated later. 

To compensate sample drift during EDX acquisition, Velox drift correction was applied by 

cross correlation after each frame. 
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Temperature programmed reduction (TPR) experiments were performed in a BELCAT-B 

(BEL Japan, Inc.) catalyst analyzer at a linear heating rate of β = 6 °C min−1 between room 

temperature and 1000 °C. This temperature was held for 15 min before cooling down. All 

samples were dried at 100 °C for 60 min in Ar (80 mLn min−1) prior to the experiments. To 

remove the H2O from the gas stream an in-line molecular sieve was used before reaching a 

built-in thermal conductivity detector. A flow rate of 80 mLn min−1 and 7% H2 in Ar (H2 

≥99.999%, Ar ≥99.999%, Air Liquide) was applied for the reduction process. For all 

experiments with this catalyst analyzer, 20 mg of sample with a sieve fraction of 250–355 μm 

was prepared. A quantitative analysis of the H2 consumption was achieved by integrating the 

TCD signal obtained by the reduction of three different amounts of commercial CuO for 

calibration. It was used since CuO undergoes a complete reduction to Cu0. 

6.3.4. Catalytic ammonia decomposition at ambient pressure 

and ammonia synthesis at 1.3 and 90 bar 

Prior to the catalytic steady state measurements, 20 mg of the spinel precursors (250-355 µm) 

were isothermally reduced for 5 h at 600 °C (7% H2/Ar, 80 mLn min-1, β = 6 °C min-1, Air 

Liquide, H2 ≥  99.999%, Ar ≥  99.999%). Afterwards, the freshly reduced samples were 

cooled down to 500 °C and nitridated for 5 h in a mixture of 3% NH3 in He (40 mLn min-1, 

Air Liquide, NH3 ≥  99.999%, He ≥  99.9996%). Then steady state catalytic ammonia 

decomposition measurements were conducted between 400 and 600 °C. Firstly, the samples 

were cooled down to 400 °C at a gas flow of 80 mLn min-1 (3% NH3/He) which was directed 

through the catalyst bed. After measuring at 400 °C the samples were heated up stepwise to 

425, 450, 475, 500, 550, 600 °C and held at each temperature for 3 h. A mass spectrometer 

(QMG 220, Pfeiffer Vacuum GmbH) was calibrated for NH3, N2 and H2 taking helium as 

internal standard to perform a quantitative analysis during catalysis. The systematic error of 

the ammonia decomposition rate measurements in this setup has been determined to be less 

than 1%.[114] 

Ammonia synthesis measurements were carried out in an all stainless-steel flow set-up 

equipped with a guard reactor housing a reduced Fe-based industrial catalyst at 40 °C, a 

synthesis reactor, and an IR-detector for NH3 and H2O (Emerson X-stream) for quantitative 

product gas analysis. By means of a compressor station (Maximator DLE) measurements are 

performed up to 90 bar. 1 g of calcined sample in grain fraction of 250-425 µm diluted in ~1 g 

SiC (average grain size 154 µm) are placed in the synthesis reactor. The catalyst bed was 
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placed between pure SiC and held in position by a glass wool plug at the entrance and exhaust 

of the reactor. After intensive purging of the reactor until water content was stable at almost 

zero, samples were heated in a gas flow of 440 mLn min-1 (75% H2 (purity 99.999%), 25% N2 

(purity 99.999%)) at a heating rate of 1 K min-1 up to 500 °C. Afterwards, the conditions were 

kept constant for at least 16 h. Pressure was not elevated. However, due to pressure drop in 

the system, the resulting pressure in the reactor was in the range of 3-4 bar. For catalytic 

testing, the pressure was increased up to 90 bar while maintaining the temperature at 500 °C. 

During this step, the total flow was also raised to accelerate the procedure. After reaching 90 

bar, the total flow was adjusted to 200 mLn min-1 (75% H2, 25% N2), keeping the temperature 

constant for 24 h. Reaction temperatures were varied between 325 and 475 °C in 25 °C steps. 

Heating rates between adjacent steps were set to 1°C min-1. A downward temperature 

program was followed by an upward temperature variation. All values were kept constant for 

155 min. 
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6.4. Results and Discussion 

6.4.1. Textural properties 

All parameters during co-precipitation of the precursor materials were precisely monitored 

and controlled as can be seen in the synthesis protocols (Figure 6.7.1 and Figure 6.7.2, 

supporting information (SI)). The Co variation series precipitated at pH 10 and 1 h ageing 

time are referred to as HT-X in the following where X represents the Fe2+ : (Fe2+:Co2+) ratio 

in the hydrotalcite-like/LDH precursor. Note that the catalyst with X = 0 still exhibits an 

overall Co:Fe ratio of 1:1 as all catalysts contain a fixed equimolar amount of Fe3+. After 

calcination in air at 600 °C, the samples are referred to as C-X. If the pH (Y) or ageing time 

(Z) was changed, the abbreviation changes to HT-X-pHY-Zh or C-X-pHY-Zh, respectively. 

N2 adsorption-desorption isotherms obtained for the co-precipitated samples synthesized with 

different Fe2+ : (Fe2+:Co2+) ratios (ranging from 0 to 1), precipitated at pH 10 and aged for 1 h 

are depicted in Figure 6.4.1. Variations of the Fe2+ content during synthesis only have a minor 

impact on the course of the sorption isotherms. According to IUPAC classification they show 

characteristic features for type IV isotherms with H3 hysteresis loop[174] indicating 

mesoporous structures with aggregates of plate-like particles. Similar BET surface areas of 

around 76-88 m² g-1 were obtained for the Co substituted samples (HT-0, -0.25, -0.5, -0.75), 

showing a uniformly surface area increase in comparison to the unsubstituted HT-1 sample 

(55 m² g-1), see Figure 6.4.2. 

  
Figure 6.4.1: N2 adsorption-desorption isotherms of LDH (left) and calcined precursor 

materials (right) of the Co variation. 
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Figure 6.4.2: BET surface areas (SA) of LDH and spinel precursor materials. 

After calcination the sorption behavior of the samples does not change significantly. A slight 

decrease of BET surface area of about 11-30 m² g-1 was found for all samples aged for 1 h. 

Based on these results the mesostructure is mostly preserved during calcination, which is 

further supported by SEM analysis (see Figure 6.4.3). 

Due to phase impurities of the pure Mg-Fe-system HT/C-1, which will be discussed in detail 

in chapter 6.4.2, this system was synthesized magnetite/hematite-free with 24 h aging time 

and a precipitation pH of 10.5 (HT-1-pH10.5-24h). Since phase purity is a very important 

factor for iron-based ammonia synthesis catalysts.[41] This additional sample also allows to 

estimate the effect of phase-purity and to differentiate it from the promotional effect of Co on 

the catalyst activity, therefore the synthesis of a phase pure Mg-Fe-sample is necessary. For 

comparison, samples with 50% and complete substitution of Fe2+ with Co2+ were aged for 

24 h at a pH of 10 as well (HT-0.5-pH10-24h, HT-0-pH10-24h) to identify possible changes 

due to the altered preparation method. In general, the synthesis parameters do not influence 

the characteristic features of the sorption isotherms described before (see Figure 6.7.3, SI). 

By prolonging the aging time at pH 10 the synthesized samples seem to be much more stable 

since they hardly lose any BET SA after calcination in comparison to the LDH phase. And 

HT/C-1-pH10.5-24h even shows an increase of BET SA of ca. 20 m2 g-1 from 57 to 76 m2 g-1 

which is a unique feature in comparison to all other samples.   
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SEM analysis of the LDH and spinel precursors was performed for six samples (HT/C-0, 

HT/C-0.5 and HT/C-1). In LDH state all samples show plate-like structures which become 

more uniformly shaped with increasing Co content. The platelet size varies in HT-0.5 and 

HT-1 in a range between a few nm up to 500 nm. After calcination the plate-like structures 

are preserved, even though small holes are formed during calcination at 600 °C in air. These 

slight changes are expected, due to the decarboxylation and dehydroxylation of the HT phase 

to form the respective spinel. Nonetheless, these results demonstrate the high thermal stability 

of the catalyst precursor material. 

 
Figure 6.4.3: SEM images of HT-1, HT-0.5, HT-0 (left) and C-1, C-0.5, C-0 (right). 

6.4.2. Structural analysis and elemental composition of the 

precursor materials 

Elemental analysis showed that the co-precipitation was nearly quantitative for every 

Fe2+:Co2+ ratio. However, with increasing Co2+ content the implemented amount of Co was 
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up to 4% higher than expected leading to a respective decrease of Fe content. This may occur 

due to moisture or impurities in the used iron (III) nitrate during LDH synthesis. 

Powder XRD patterns of HT-0 to HT-1 for the freshly synthesized LDH structures are shown 

in Figure 6.4.4 (top). Based on the characteristic reflections at 003, 006 and 012 of 

hydrotalcite, which is represented by the formula Mg6Al2(OH)16CO3 ∙ 4 H2O (ICSD# 86655), 

all five powders can be classified as layered double hydroxides. Whereas in HT-1 a by-phase 

formation of magnetite and magnesioferrite[114] with their characteristic reflections 220, 311 

and 400 is apparent, this by-phase is reduced and completely vanishes with decreasing 

Fe2+:Fe3+ ratio. In literature it was reported that the nature of the precipitate is strongly 

dependent on the Fe2+:Fe3+ ratio, the total concentration of Fe and the precipitation pH.[175] In 

this specific case, the formation of the LDH competes against the formation of magnetite and 

iron hydroxide. With decreasing Fe2+ content these side reactions can be prevented, leading to 

crystallographic phase-pure LDH structures for HT-0.25 and HT-0. The increase in Co 

content in the hydrotalcite samples results in a slight expansion of the crystal lattice and 

therefore to a small shift of the reflections to smaller 2 θ values. Which is rather unusual since 

Fe2+ has a slightly bigger ionic radius than Co2+ and with increasing Co content the opposite 

trend should be visible. This lattice expansion may be explained with a premature oxidation 

of Fe(II) to Fe(III) leading to a depletion of larger Fe(II) in the LDH lattice for HT-1 and the 

samples with higher initial Fe(II) content. This premature oxidation may lead to the 

magnesioferrite formation as well.  

Only after calcination a distinction with XRD between magnesioferrite and magnetite as by-

phase of the LDH is possible, since both show almost the same reflection pattern as they both 

crystalize in the spinel structure type. During calcination in air magnetite is oxidized to 

hematite with its characteristic main reflections 104 and 110 (see Figure 6.4.4 (bottom)). As 

soon as the Fe2+:Fe3+ ratio is below 1, no hematite and therefore no magnetite by-phase is 

formed during synthesis, leading to hematite-free spinel structures after calcination for all 

samples but C-1. With decreasing Fe2+ ratio not only the phase purity improves, but also there 

is a broadening of the reflection width of the spinel phase. Reasons for this behavior might be 

the formation of smaller particles or crystal domains, or the presence of two different spinel 

structures which could not be distinguished via XRD. For further analysis the crystal domain 

size was calculated with the Scherrer equation. According to this equation the domain size in 

the LDH samples are around 20 nm and decrease for HT-0.25 and HT-0 to 16 nm. After 

calcination, in the spinel phase the domain size generally decreases by about 6 nm, even more 
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so for samples with lower Fe2+ content during synthesis. Here the domain size of HT/C-0 

shrinks from 17 nm in the LDH to 8 nm in the spinel phase (see Figure 6.7.4, SI). Also, the 

lattice parameter of magnesioferrite decrease with increasing Co content, leading to a shift of 

the reflections to higher 2 θ values, which can be explained with the quite small ionic radius 

of Co3+ in the expected octahedral low spin coordination in the spinel compared to Fe3+, 

which usually is high spin. 

 

 
Figure 6.4.4: PXRD patterns of (top) Mg-Fe-Co based layered double hydroxides obtained 

by co-precipitation with different Fe2+:Co2+ ratios at pH 10 aged for 1 h and 

(bottom) mixed metal oxides generated upon calcination of the corresponding 

LDH precursor at 600 °C. 

In comparison to HT/C-0 and HT/C-0.5 the 24 h aged samples precipitated at pH 10, are 

slightly more crystalline, which is indicated by the sharper reflections (see Figure 6.7.5, SI). 
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The minor background signal increase of HT-0.5-pH10-24h (between 15° and 40°) and C-0.5-

pH10-24h (20-32°) derives from the sample holder. In the case of the Fe-Mg-samples 

precipitated at a slightly higher pH of 10.5, the amount of by-phase is strongly increased. For 

HT-1-pH10.5-24h the magnetite/magnesioferrite phase even becomes the main phase. 

Nevertheless, after calcination a phase-pure spinel is formed, indicating that no magnetite was 

present after synthesis and aging. Thus, increase in pH and aging time was effective to obtain 

a phase-pure Co-free reference material corresponding to the composition C-1. The effect of 

these parameter on the phase composition in the precursor and calcined spinel has been 

addressed in Chapter 4[185], where it was shown that an exact pH control (pH 10.5) and 

prolonged aging time is essential to form by-phase free MgFe2O4 spinel precursor materials. 

In the Co variation series, it can be observed that also partial substitution of Fe(II) by Co(II) is 

effective for this purpose.  

Thermogravimetric measurements were applied to draw conclusions about the transformation 

processes taking place during calcination of the HT precursors (see Figures 6.7.6 and 6.7.7, 

SI). Multiple steps are involved during thermal decomposition, namely: dehydration, 

dehydroxylation and decarboxylation[150]. Showing no significant mass changes at ≥ 600 °C, 

the transformation into a stable oxide is completed at this temperature. To avoid an excessive 

heating and a strong sintering of the samples this temperature was used for catalyst 

preparation. Furthermore, TG analysis is much more sensitive to impurities of the LDH 

structures than XRD. Since magnesioferrite and magnetite structures do not lose much weight 

during calcination in air, phase-pure LDH samples show the biggest mass change, namely     

HT-0 and HT-0-pH10.5-24h. Therefore, TG analysis can function as an indicator for LDH 

phase-purity of the freshly synthesized samples. 

6.4.3. Reducibility of cobalt substituted magnesioferrites 

The composition of the cobalt containing magnesioferrites affects the reducibility of the 

calcined samples strongly, lowering the required reduction temperatures by up to 100 °C (see 

Figure 6.4.5). The first reduction step, as proposed by Ge et al.[153] for pure MgFe2O4, is 

associated with the reduction of the spinel into a solid solution of MgxFeyOz. This step is 

mostly unaffected by the Co substitution. But the temperature needed for the second reduction 

step, the formation of α-iron on MgO support out of the solid solution, is drastically reduced. 

The higher the cobalt content the more the second reduction step is promoted and occurs at 

lower temperatures. This can be seen in all TPR patterns except the sample where no Fe2+ was 
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used during synthesis (C-0). In the case of the fully substituted C-0 sample the reduction 

pattern changes and gains a third reduction peak at 428 °C. Since Co should be reduced in the 

same temperature regime[190], the high amount of Co may cause a segregation of Co3O4 (or a 

Co spinel with Fe content) which is reduced beside the expected Mg-Fe-Co-spinel in a 

complex reduction process. 

 
Figure 6.4.5: TPR profiles of MgFexCoyO4 precursors synthesized with different Fe:Co 

ratios (pH 10, 1 h aged) obtained at a linear heating rate of 6 °C min-1 (7% H2 

in Ar, 80 mL min-1). 

With increased aging time (c.f. Figure 6.7.8, SI), the last reduction peak is shifted to slightly 

higher temperatures, e.g. the third reduction peak of C-0-pH10-24h from 428 °C to 450 °C, 

while the other two remain in the same temperature regime. This indicates that the 

segregation of α-Fe or the Fe-Co alloy respectively out of the support is hampered, probably 

due to the slightly more crystalline structures which were indicated by XRD of the spinel 

phases, at least for the Co containing samples. In addition, phase purity also hampers the 

second reduction process. In the case of the phase pure C-1-pH10.5-24h the reduction 

temperature is shifted to 546 °C, which is ca. 50 °C higher, than that of the hematite 

containing C-1 sample.  

The reduction progress during the H2-TPR measurements was calculated (see Figure 6.7.9, SI) 

and no sample was completely reduced. All show a comparable reduction progress of about 

70-80% of a complete reduction of Fe and Co, indicating that the metal support is not MgO, 

which is unreducible under this conditions, but a Mg(Fe,Co)-wuestite like phase. Since the 

reduced state of this precursor is used for catalysis, XRD measurements of C-0-pH10-24h, C-
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0.5-pH10-24h and C-1-pH10.5-24h were conducted after a 5 h reduction program, which was 

used prior to catalytic measurements. 

  

    
Figure 6.4.6: PXRD patterns of (top) reduced ex-Mg-Fe-Co-spinels and (bottom) a zoom in 

of former pattern. Reference patterns for α-iron (ICSD# 52258), magnesium 

oxide (ICSD# 9863) and magnesium wuestite (ICSD# 181215) were obtained 

from the Inorganic Crystal Structure Database. 

In Figure 6.4.6 the PXRD patterns clearly show the reduced α-iron which segregated out of 

the former phase pure spinel structure of C-1-pH10.5-24h. With an increasing amount of Co, 

the α-iron reflexes are shifted to higher 2 θ values, indicating the formation of an Fe-Co alloy. 

Since the relationship of lattice spacings and Co content in Fe-Co alloys is non-linear[191], the 

shift in XRD is as well. For the identification of the unreduced support material reference 
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patterns of magnesium oxide and magnesium wuestite ((Mg0.8Fe0.2)O) were used. Since the 

measured reflections fall in between those references, a wuestite-like phase is still present 

after reduction. 

For a better understanding of the reduction process, in-situ XRD measurements were 

conducted for the three hematite-free samples aged for 24 h. All measured samples were 

heated in the gas feed (β = 6 °C min-1) until the respective target temperatures were reached, 

then the samples were cooled (β = 20 °C min-1) to room temperature to prevent further 

reduction during the XRD measurement. Subsequently the samples were rapidly heated to 

former target temperature and then heated further with β = 6 °C min-1 until the next target 

temperature was reached. All resulting patterns were analyzed with Rietveld refinement to 

identify and quantify the present phases during reduction.  

   
Figure 6.4.7: in situ XRD patterns of the reduction process of the hematite-free C-1-

pH10.5-24h (left) and C-0-pH10-24h (right), measured at room temperature 

after reaching specific reduction temperatures. With  : MgFe2O4,  : 

(Mg,Fe)O,  : α-Fe,  : MgCoFeO4,  : MgO,  : (Mg,Co,Fe)O and 

 : (Fe,Co)-bcc. 

In the simplest system, the phase pure MgFe2O4 (C-1-pH10.5-24h), the reduction process 

takes place as described by Ge et. al.[153]. After 450 °C most of the spinel structure is 

transformed into an iron-magnesium-wuestite phase (Mg0.48Fe0.52O; see Figure 6.4.7 left). By 

reaching 600 °C, after the second reduction peak, the spinel phase completely vanished and is 

replaced with a Mg0.44Fe0.56O and α-Fe phase. During the 5 h long reduction step at 600 °C 

the amount of segregated α-Fe increases from ca. 12% to 53% (see Figure 6.4.8). The iron 

content of the wuestite-like phase decreases respectively until reaching a composition of 

Mg0.73Fe0.27O, which was determined by the Rietveld refinement.  
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Figure 6.4.8: Phase composition transformations during reduction of spinel precursors 

calculated from Rietveld refinement. 

Implementation of Co reduces the needed reduction temperatures as well, so that after the first 

reduction step at ca. 427 °C already 87% of the MgCo0.5Fe1.5O4 spinel (C-0.5-pH10-24h) is 

transformed into a Mg-Fe-Co wuestite (see Figure 6.7.10). Due to the non-linearity between 

the lattice-spacings of Fe-Co-compounds and their Co content, the wuestite-like phase can 

only be described as Mg0.4(Fe,Co)0.6O. By reaching 600 °C no α-Fe but an Fe-Co alloy is 

formed in the second reduction step. During the following 5 h reduction period the amount of 

segregated Fe-Co alloy increases to 60%.  

Rietveld refinement of C-0-pH10-24h revealed that the sample is not completely phase pure 

in contrast to C-0.5-pH10-24h and C-1-pH10.5-24h. There is no hematite by-phase present, 

but around 31% of the sample seem to be MgO or (Mg,Fe)O with a very small iron content. 

This may explain, why the reduction process consists out of three rather than two reduction 

steps. After the first reduction step at 346 °C no distinct MgO phase is left, but a 

(Mg,Fe,Co)O phase was formed, signaled by the shift of the MgO reflections to higher 2 θ 

values. Either MgO exists beside the wuestite-like phase and cannot be distinguished or 

during reduction Fe and Co migrates from the spinel into the MgO, which seems rather 

unlikely given the low temperatures. Either way, this phase impurity seems to enhance the 
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reduction and translates into the first reduction peak at reduced temperatures. During the 

second reduction peak the amount of wuestite-like phase increases and the main formation of 

(Mg,Fe,Co)O out of the spinel structure takes place. By reaching 600 °C no spinel phase is 

left but (Mg,Fe,Co)O and a Fe-Co alloy was formed. The amount of alloy increases from ca. 

34% to 44% during the 5 h long reduction process. After this pretreatment the support 

material has the formal molecular formula of Mg0.69(Fe,Co)0.31O. 

6.4.4. STEM-EDX analysis of spinel precursors and reduced 

catalysts 

6.4.4.1. Spinel precursors 

Since the in situ XRD study revealed that C-0-pH10-24h is not completely phase pure STEM-

EDX measurements of the spinel precursors and reduced catalysts were conducted for a better 

analysis. In general, similar to the SEM imaging (chapter 6.4.1), all samples consist of 

platelet-like structures without sharp edges and of almost roundish shape (see Figure 6.7.11, 

SI) with an average diameter of 10-30 nm. In addition, larger platelets of spinels could be 

found as well. These platelets seem to have a rod-like morphology in TEM but could also be 

platelets who are lying in an angle close to 90° to the sample holder. For clarification, these 

spinel precursors were measured with a more modern SEM again with a better resolution, 

looking directly for rod structures (see Figure 6.4.9). It was found that all three samples 

consist only of densely packed platelets. While C-0-pH10-24h shows just larger platelets, C-

0.5-pH10-24h and C-1-pH10.5-24h exhibit a large amount of smaller round particle structures 

on top of the bigger platelets. This is most likely associated with the phase-purity in the LDH 

precursor. Here, only C-0-pH10-24h is a crystallographic phase pure LDH. The other two 

samples have magnesioferrite by-phases and therefore show a less uniform platelet structure. 

Nevertheless, all “rod-like” structures in the TEM images are platelets in a 90° angle to the 

sample holder and not a different structure type. 
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Figure 6.4.9: SEM pictures of C-0-pH10-24h (top), C-0.5-pH10-24h (middle) and C-1-

pH10.5-24h (bottom) recorded with a backscattering electron detector. 

Determination of the platelet size in case of C-1-pH10.5-24h and C-0.5-pH10-24h is 

especially difficult due to the smaller particles on top of the platelets. The platelet size is for 

each sample similar ca. 110 x 90 x 10 nm, but due to the platelet density larger platelets may 

exist deeper inside the sample and only the broken edges can be seen in the SEM images. 

When comparing these findings to the TEM images, the small round particles (10-30 nm) 

seem to be the particles on top of the platelets, since they are not present in C-0-pH10-24h. In 

TEM the platelets are in the same range in dimension (± 25 nm) as in SEM. 

In the case of the phase pure C-1-pH10.5-24h sample, EDX analysis confirms the elemental 

composition of the spinel structure very accurately (see Table 6.4.1) and demonstrates the 

uniform elemental distribution on an atomic scale. No differences in elemental composition 

can be found regardless of the particle shape (see Figure 6.7.12, SI). 
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Table 6.4.1: Atomic fraction calculated by EDX for two spinel precursors. 

Sample Z Element Atomic 

Fraction (%) 

Atomic Error 

(%) 

Nominal 

Ratio (%) 

C-1-pH10.5-24h 

 

12 Mg 14.1 6.9 14.3 

26 Fe 28.3 3.3 28.6 

8 O 57.6 5.1 57.1 

C-0.5-pH10-24h 

 

12 Mg 13.9 3.1 14.3 

26 Fe 22.6 3.8 21.5 

27 Co 8.3 1.4 7.2 

8 O 55.2 5.6 57.1 

With increasing amounts of Co, this homogeneity progressively decreased. While the atomic 

fractions of C-0.5-pH10-24h scanned over one whole particle cluster matches the nominal 

ratio of MgCo0.5Fe1.5O4 accurately, small areas were found where the Mg:Fe ratio 

significantly changed from the expected 1:1.5 to 1:6 (see Figure 6.7.13, SI). These areas were 

not the clearly visible platelets but rather the small and round particles. This indicates the 

formation of a more iron rich spinel in very low amounts, which could not be distinguished 

from the MgCo0.5Fe1.5O4 in XRD. Therefore, different spinel structures are generated during 

calcination and maybe even earlier formed during synthesis of the LDH. Manifesting in the 

magnesioferrite by-phase formation. Here an iron enriched magnesioferrite might be formed 

and is conserved as these round particles up to the spinel state. Furthermore, Mg enriched 

areas can be found in some of the surrounding structures. 

For the sample C-0-pH10-24h with the highest Co amount this inhomogeneity becomes more 

pronounced. Rietveld refinement already revealed that a MgO or (Mg,Fe)O (with very small 

amounts of Fe) by-phase is present and this was also found in STEM-EDX analysis. The 

analyzed structures consist of Co or Mg enriched areas. While Fe and O are distributed evenly 

over all structures, regions where Co is enriched, show lower amounts of Mg and vice versa 

(see Figure 6.4.10). This indicates rather a (Mg,Fe)O phase in the spinel than pure MgO. 

Unlike in C-0.5-pH10-24h, Fe enriched areas were not found. When assuming that the round 

magnesioferrite particles are products of the LDH synthesis, this would be plausible because 

without Fe2+ in the sample during synthesis the premature formation of magnesioferrite 

cannot take place and therefore would not lead to these structures. The average particle sizes 

of the Co containing sample (ca. 110 x 90 nm) do not match the calculated crystal domain 

sizes (ca. 8 nm) which were received by applying the Scherrer equation (see Figure 6.7.4, SI), 

but rather the size of the Co or Mg enriched areas (ca. 15 x 10 nm). Thus, stressing the 

inhomogeneity of the Co containing sample. 
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Co can potentially form Co3O4 during calcination which crystallizes in a spinel structure and 

would not be distinguishable from other spinel structures via XRD. Nevertheless, it is more 

likely that a mixed (Co,Fe)3O4 is formed due to the very evenly Fe distribution over all 

analyzed particles. The leftover Mg would in turn be incorporated in a MgFeO4 spinel or form 

(Mg,Fe)O which was detected in XRD. 

 

Figure 6.4.10: STEM-EDX imaging of C-0-pH10-24h as spinel precursor before reduction. 

a) brightfield image, b) EDX overlay of Co (blue) and Mg (yellow), c) EDX 

of Co, d) of Fe, e) of Mg, f) of O. 

6.4.4.2. Reduced catalysts 

After reduction the morphology of the three samples changes significantly. All samples 

exhibit two different kinds of structures, which are further referred to as big and medium 

particles and can be assigned to metal and oxide components. Big particles are surrounded by 

medium particles and amorphous material. With an increasing Co ratio, the amount of 

medium sized particles decreased, and more amorphous surrounding structures were formed 

a) 

b) 

c) d) 

e) f) 

Co 

Mg 

Fe 

O 
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(see Figure 6.4.11). In the case of the cobalt free sample, the big particle in Figure 6.4.11 a) is 

pure α-Fe with a dimension of ca. 154 x 114 nm.  

 
Figure 6.4.11: STEM brightfield images of the freshly reduced catalysts with big (α-Fe or 

Fe-Co-alloy) and medium sized particles ((Mg,Fe,Co)O) surrounded by 

amorphous structures. a) C-1-pH10.5-24h, b) C-0.5-pH10-24h, c) C-0-pH10-

24h. 

During reduction the iron of the former homogeneous spinel platelet migrates to form α-Fe 

particles. EDX analysis showed that the surrounding medium sized particles (ca. 24 x 23 nm) 
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and some residual platelet structures (ca. 120 x 14 nm) consist of the magnesiowuestite-like 

material and some unreduced spinel (see Figure 6.7.14 & 6.7.15). Therefore, the reduction 

process of this sample was not complete and differs from the in situ XRD results even though 

the same reduction conditions were applied. 

The two Co containing samples exhibit similar morphologies. The big particles are much 

smaller (ca. 69 x 51 nm for C-0.5-pH10-24h) than in the pure Mg-Fe-O sample and on 

average further decrease in size with increasing Co content (ca. 40 x 33 nm for C-0-pH10-

24h). Regarding to EDX, these big particles are Fe-Co-alloys surrounded only by a Mg-Fe-Co 

wuestite-like phase, without a hint of an unreduced spinel. The elemental composition of the 

alloy is as expected with an Fe:Co ratio of 3:1 in the case of C-0.5-pH10-24h (see 

Figure 6.7.16). C-0-pH10-24h (see Figure 6.7.17) has a ratio of 1:1.6 which differs from the 

expected nominal 1:1 ratio. Even taking into account that the Co content found in EA of the 

freshly synthesized LDH was around 4 wt.% higher, the found ratio in the alloy is even higher. 

Therefore, more Co is segregated out of the structures than in the hematite-free C-0.5-pH10-

24h sample, which may be one effect of the phase inhomogeneity.  

6.4.5. Steady state ammonia decomposition at atmospheric 

pressure 

Ammonia decomposition experiments were performed at atmospheric pressure in a 

temperature range between 400 and 600 °C for 3 h per temperature step. Prior to catalytic 

testing, the calcined samples were isothermally reduced at 600 °C for 5 h, followed by a 

nitridation step in diluted ammonia (3% NH3 in He) at 500 °C for the same period of time. 

Figure 6.4.12 (left) summarizes the specific NH3 conversion as a function of reaction 

temperature and on the right side is the conversion rate as a function of time and reaction 

temperature displayed. The substitution of Fe with Co leads to a huge improvement in 

catalytic activity in spite of a lower iron content. At a temperature of 500 °C C-0 exhibits 

nearly a six-fold higher NH3 conversion than the unpromoted C-1 system (see Figure 6.4.13). 

An almost complete conversion is reached at 600 °C by C-0 and C-0.5. With increasing Co 

content, the catalytic performance improves as well, except for C-0.25. This sample is even 

less active than C-0.75. It may be that this specific Fe:Co ratio is not suited to exhibit a large 

quantity of active sites on the surface. Since there is no sufficient method to count the active 

sites on iron-based catalysts for this application up today, we were not able to identify the 

reason for this anomaly. All samples in this series were measured twice in ammonia 
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decomposition and a similar trend can be seen in ammonia synthesis at 1.3 and 90 bar (see 

chapter 6.4.6), which was measured with a second batch of the same materials, pointing 

towards a robust synthesis and catalytic testing. 

  
Figure 6.4.12: NH3 conversion vs. reaction temperature (left) and steady state NH3 

conversion rate vs. time (right) of calcined and isothermally reduced Mg-

Fe-Co based spinels with different Fe2+:Co2+ ratios (pH 10, 1 h aged)  

during ammonia decomposition (80 mL min-1, 3% NH3 in He, 1 atm). 

 
Figure 6.4.13: NH3 conversion at 500 °C of calcined and isothermally reduced Mg-Fe-Co 

based spinels with different Fe2+:Co2+ ratios (pH 10, 1 h aged)  during 

ammonia decomposition (80 mL min-1, 3% NH3 in He, 1 atm). 

Nevertheless, all samples have shown a very stable performance in every measured 

temperature regime. For comparison a fully promoted industrial ammonia synthesis catalyst 

was tested under the same conditions in ammonia decomposition as well (see Figure 4.7.18, 

SI), since no industrially used decomposition catalyst exists. While it shows a decently high 

activity between 475 and 500 °C (around 2.25-2.93 mmol g-1 min-1) it is outperformed by C-0  

in every aspect and even by the phase pure but completely unpromoted C-1-pH10.5-24h (at 

T ≥ 550 °C). 
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A prolonged aging time of C-0-ph10-24h seems to have no significant effect on the catalytic 

activity in comparison to the one hour aged C-0 sample. The second most active sample (C-

0.5-pH10-24h) shows a slight improvement with an average of 0.35 mmol g-1 min-1 higher 

conversion rates, especially between 450-500 °C, than its 1 h aged counterpart. However, the 

general activity progression does not change as well as the fact, that the C-0/C-0-pH10.5-24h 

is still more active in ammonia decomposition. The hematite containing sample C-1 shows as 

expected, the lowest conversion since hematite by-phases are known to reduce the catalytic 

activity (c.f. chapter 4)[185]. Only the phase pure C-1-pH10.5-24h sample is distinctly more 

active and exhibits conversion rates very similar to that of C-0.75. At 500 °C the conversion 

rate of C-1-pH10.5-24h is three times higher than that of the hematite containing samples. 

This underlines the importance of phase purity in the spinel precursor for catalytic activity. 

Upon reduction cobalt is known to be incorporated in the crystal lattice of the reduced iron 

resulting in an alloy formation.[34] During reduction in in situ XRD and also in STEM/EDX 

analysis of the freshly reduced catalysts this alloy formation can be observed. In literature Co 

alloys adsorb N2 far less strongly than elemental iron which is considered to be one reason for 

an improved catalytic activity in an Co-Fe-alloy due to their more moderate N2 adsorption 

energies.[192] α-Fe is easily nitridated when it gets in contact with ammonia at elevated 

temperatures and forms metastable nitrides. After catalysis usually only Fe3N is found in 

XRD analysis at room temperature, but during catalytic reaction conditions the composition 

of the nitride is very variable, making it difficult to analyze active sites.[112] Therefore, a 

discussion about nitrides found at room temperature and not reaction conditions can be 

misleading. In the case of ex-LDH samples, Co reduces by-phase production in the precursor 

materials drastically and during activation, forms Fe-Co alloy nanoparticles that are smaller 

than in Co-free samples and, which do not get nitridated easily, resulting in highly increased 

conversion rates.  

6.4.6. Steady state ammonia synthesis at 1.3 and 90 bar 

Ammonia synthesis experiments were performed at 1.3 and 90 bar in a temperature range 

between 325 and 500 °C for 155 min per temperature step. Prior to catalytic testing, the 

calcined samples were isothermally reduced at 500 °C for 16 h in syngas (75% H2, 25% N2) 

without elevated pressures. After that, the pressure and total gas flow was adjusted and kept 

constant for 24 h before starting steady state catalytic testing. Figure 6.4.14 depicts the results 

of the catalytic measurements at 1.3 and 90 bar. In direct comparison of the results from 
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ammonia synthesis at different pressures and ammonia decomposition measurements it 

becomes very clear that no conclusions can be drawn between the catalytic activity of 

materials from ammonia decomposition to their activity in ammonia synthesis. The principle 

of microscopic reversibility does not apply completely to reactions where the reaction 

conditions are too different from one another, which was also shown by Friedel Ortega et 

al.[166] In the same manner the activity in ammonia synthesis at atmospheric pressure does not 

represent the activity or activity trends in ammonia synthesis at high pressures. Therefore, 

when characterizing the suitability of a material for ammonia synthesis at high pressures, the 

catalysts have to be measured under industrial relevant conditions. 

   
Figure 6.4.14: Steady state NH3 synthesis (200 mLn gcat

-1 min-1, H2:N2 3:1) of calcined and 

isothermally reduced Mg-Fe-Co based spinels with different Fe2+:Co2+ ratios 

(pH 10, 1 h aged) at 1.3 bar (left) and 90 bar (right). 

Like in ammonia decomposition, all measured catalysts showed very stable conversion rates 

throughout the whole range of testing conditions. In ammonia synthesis not the unpromoted 

C-1 sample but C-0.25 was the least active sample, reaching only around half the activity of 

C-1 in either pressure range. At atmospheric pressure the catalytic activity of the LDH 

derived catalysts progress similar to the activity in ammonia decomposition with C-0 > C-0.5 > 

C-0.75 > C-1. Only the industrial catalyst is more active.  

At 90 bar this trend changes completely and all cobalt containing samples, except C-0.25, 

become equally active (see Figure 6.4.14 (right)) with C-0 being slightly more active above 

450 °C.  

Since the phase pure C-1-pH10.5-24h showed a high improvement in catalytic activity in 

ammonia decomposition, due to the absence of a hematite by-phase in the spinel state, this 

sample was also tested in ammonia synthesis at 90 bar (see Figure 6.4.15). Comparing the 

slope with C-1, C-1-pH10.5-24h has the same slope progression but is much more active. 
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This unpromoted, hematite-free sample is in a temperature range of 325-475 °C even more 

active than the Co-promoted C-0. At 500 °C C-0 becomes more active. Assuming, that Co 

implementation improves phase purity and decreases nitride formation, the promotional effect 

can be seen in this high temperature regime, where it excels the unpromoted but phase pure 

sample. Before that, C-0 resembles more like a mixture between C-1 and C-1-pH10.5-24h 

with a slow activity increase between 325-375 °C but a steeper slope at increasing 

temperatures. 

 

Figure 6.4.15: NH3 synthesis (200 mLn gcat
-1 min-1, H2:N2 3:1) of calcined and isothermally 

reduced Mg-Fe-Co based spinels with different Fe2+:Co2+ ratios (pH 10, 1 h 

aged) at 90 bar.  

Apparent activation energies were calculated for the Co series aged for 1h at pH 10 and C-

pH10.5-24h (see Figure 6.7.19, SI). The two samples without cobalt have very similar 

apparent activation energies with 76 and 77 kJ mol-1. With cobalt implementation these 

energies increase slightly to 79-89 kJ mol-1. Only the poorly performing C-0.75 exhibits a 

higher apparent activation energy of 112 kJ mol-1.  

6.4.7. Structural and textural analysis after ammonia 

synthesis 

After catalytic testing in ammonia synthesis the catalyst materials were cooled in N2 to room 

temperature and analyzed via N2-physisorption, XRD, SEM and TEM/EDX without contact 

to air. Analysis of the BET isotherms revealed that almost all ex-spinel samples (C-1 to C-0.5 

and C-1-pH10.5-24h) lose around 3-5 m² g-1 of surface area. Only the two samples with the 

highest Co content (C-0 and C-0.25) have BET surface areas comparable to the state before 
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reduction and catalysis. In case of the industrial catalyst the BET area before synthesis was 

not measurable and increases after catalysis to 20 m2 g-1. A detailed table of the values can be 

found in Table 6.7.1 in the supporting information. 

In PXRD analysis of the samples after ammonia synthesis, magnesiowuestite-like phases as 

well as α-iron or a Fe-Co-alloy respectively were the only detectable phases (see 

Figure 6.4.16). Since there are no separate Co phases, the Co is completely dissolved in the Fe 

and wuestite like structures, showing the high distribution resulting from the precursor 

synthesis. The reflections of C-0.5 and C-0 show a shift to higher 2-theta values with 

increasing Co amount in comparison to the pure Fe-Mg-samples, depicting the same trend as 

in the in situ XRD results of the reduction process. A slight peak broadening indicates a lower 

size of the crystalline domains for the samples with Co in agreement with the trend observed 

for the metal particle sizes in TEM after reduction. The absence of nitride phases is as 

expected since the formation of bulk nitrides is debatable and these metastable structures 

decompose anyway at around 400 °C and higher temperatures, if they are not cooled in an 

ammonia gas stream.[166, 193-195] Below 400 °C certain iron nitride phases are stable at 

atmospheric pressures but they are not representative for the phases present at the catalytic 

conditions, therefore all conclusions have to be made very considerate in this regard.[195] 

 
Figure 6.4.16: PXRD patterns of the spend catalysts after NH3 synthesis at 90 bar with 

 : (Mg,Fe)O,  : α-Fe,  : (Mg,Co,Fe)O and  : (Fe,Co)-bcc. 

Rietveld refinement revealed that all samples were composed of ca. 48 wt.-% of α-iron/Fe-

Co-alloy and ca. 52 wt.-% of a magnesiowuestite-like phase. Displaying a high degree of 
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reduction but no complete separation into Fe/Co and MgO even after ammonia synthesis 

under high pressures. 

This is in good agreement with SEM analysis of the same samples (see Figure 6.4.17). After 

ammonia synthesis C-0, C-0.5 and C-1 exhibit even more uniformly shaped structures than 

after calcination, forming agglomerates of nanoparticles with particle sizes between 5-40 nm. 

 
Figure 6.4.17: SEM pictures of spend catalysts after NH3 synthesis at 90 bar (C-1 left, C-0.5 

middle, C-0 right). 

TEM and EDX analysis were performed for C-0, C-0.5, C-1 and C-1-pH10.5-24h after NH3 

synthesis at 90 bar. Like the freshly reduced samples a visible separation into two different 

structures is still present (see Figure 6.7.20-6.7.23, SI). Bigger Fe or Fe-Co-alloy particles 

respectively are surrounded by a framework of wuestite-like material. In addition, the particle 

size of the big particles in every sample decreased to ca. 30 x 25 nm. The significant 

differences in the shape and size of the big α-iron/Fe-Co-alloy particles are not present after 

ammonia synthesis, even though the particle morphology of the two samples without Co tend 

to be more faceted than in the Co containing samples. In the end the particle sizes after 

ammonia synthesis seem to adapt to each other, nevertheless, Co helps to produce hematite-

free samples. 

C-1 C-0.5 C-0 
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6.5. Conclusions 

As expected, the hematite-free LDH derived iron-based catalysts showed a higher catalytic 

activity in ammonia synthesis and decomposition than its hematite containing counterpart. 

Through implementation of Co2+ instead of Fe2+, phase purity improves even in the LDH 

precursor and hematite-free samples could be generated. The most active sample in ammonia 

decomposition and synthesis was found to be the sample where all Fe2+ was exchanged with 

Co2+, even though the spinel precursor was not phase-pure, as in the other Co samples, but 

contained a (Mg,Fe)O by-phase. Co inhibits the formation of unwanted hematite by-phases, 

reduces the metal particle sizes of the activated catalyst and promotes the catalytic activity. 

The prolonging of aging time is beneficial for the catalytic activity even though to a much 

smaller degree for the Co containing samples than for the Mg-Fe-system. 

Many studies of ammonia synthesis were done under industrially irrelevant conditions. 

Conclusions on good ammonia synthesis catalysts have been drawn from ammonia 

decomposition experiments or ammonia synthesis experiments at atmospheric pressure. In 

this study, we clearly showed, that this concept is not applicable or can only be applied with 

moderation and caution respectively. The catalytic behavior and the relative activity of 

differently promoted catalysts change significantly depending on the reaction conditions. 
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6.7. Supporting information 

 

Figure 6.7.1: Synthesis protocols of the Co variation series of the Optimax synthesis 

workstation. 

 

Figure 6.7.2: Synthesis protocols of pH and aging time variation series of the Optimax 

synthesis workstation. 
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Figure 6.7.3: N2 adsorption-desorption isotherms of LDH (left) and calcined precursor 

materials (right) aged for 24 h. 

 

 

Figure 6.7.4: Particle sizes determined by Scherrer equation using reflexes at 11.7° for LDH 

structures and reflexes at 35.47° and 62.61° for calcined samples. 
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Figure 6.7.5: PXRD patterns of (top) Mg-Fe-Co based layered double hydroxides obtained by 

co-precipitation with different Fe2+:Co2+ ratios at pH 10 and 10.5 aged for 24 h 

and (bottom) mixed metal oxides generated upon calcination of the 

corresponding LDH precursor at 600 °C. 
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Figure 6.7.6: Thermogravimetric analysis of Mg-Fe-Co based layered double hydroxides 

obtained by co-precipitation with different Fe2+:Co2+ ratios at pH 10 aged for 

1 h. 
 

 

Figure 6.7.7: Thermogravimetric analysis of Mg-Fe-Co based layered double hydroxides 

obtained by co-precipitation with different Fe2+:Co2+ ratios at pH 10 or 10.5 

aged for 24 h. 
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Figure 6.7.8: TPR profiles of MgFexCoyO4 precursors synthesized with different Fe:Co ratios 

(pH 10 or 10.5, 1 or 24 h aged) obtained at a linear heating rate of 6 °C min-1 

(7% H2 in Ar, 80 mL min-1). 

 

 
Figure 6.7.9: Reduction progress of TPR measurements of MgFexCoyO4 precursors 

synthesized with different Fe:Co ratios, precipitation pH and applied aging 

times. 
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Figure 6.7.10: in situ XRD patterns of the reduction process of the phase pure C-0.5-pH10-

24h (right), measured at room temperature after reaching specific reduction 

temperatures. With  : MgCoFeO4,  : (Mg,Co,Fe)O and  : (Fe,Co)-bcc. 

  

 

Figure 6.7.11: STEM images of spinel precursors a) C-1-pH10.5-24h (MgFe2O4), b) C-0.5-

pH10-24h (MgCo0.5Fe1.5O4), c) C-0-pH10-24h (MgCoFeO4). 
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Figure 6.7.12: STEM (top) and EDX images (bottom) of C-1-pH10.5-24h. Analyzed platelets 

with a higher magnification are marked with a red dotted line. Colour coding 

from left to right: iron (red), magnesium (yellow), oxygen (cyan), carbon 

(orange). 
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Figure 6.7.13: STEM-EDX analysis of the spinel precursor C-0.5-pH10-24h, showing a 

particle with a significantly changed Mg:Fe ratio of 1:6. 
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Figure 6.7.14: EDX analysis of C-1-pH10.5-24h. Depicting an α-Fe cube (blue) with 

surrounding (Mg,Fe)O structures (Mg: yellow, O: cyan). 

 

 

 

Figure 6.7.15: EDX analysis of C-1-pH10.5-24h. Depicting (Mg,Fe)O-platelet structures. 

With Fe: red, Mg: yellow, O: cyan. 

 

BF 
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Figure 6.7.16: EDX analysis of big and medium particles/sorrounding structures of sample C-

0.5-pH10-24h. 

 

    

 
Figure 6.7.17: EDX analysis of big and medium particles/sorrounding structures of sample C-

0-pH10-24h. 
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Figure 6.7.18: NH3 conversion vs. reaction temperature (left) and steady state NH3 conversion 

rate vs. time (right) of an industrial ammonia synthesis catalyst and calcined 

and isothermally reduced Mg-Fe-Co based spinels with different Fe2+:Co2+ 

ratios (pH 10 & 10.5, 1 & 24 h aged)  during ammonia decomposition 

(80 mL min-1, 3% NH3 in He, 1 atm). 

 

 

Figure 6.7.19: Arrhenius plot with apparent activation energies of calcined and isothermally 

reduced Mg-Fe-Co based spinels with different Fe2+:Co2+ ratios (pH 10/10.5, 

1/24 h aged) from ammonia synthesis at 90 bar. 
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Table 6.7.1: BET surface areas (SA) before and after NH3 synthesis. Deviations to the values 

in Figure 6.4.2 are due to different pretreatment conditions and the 

measurements were executed on different devices. 

Sample BET-SA before catalysis 

[m² g-1] 

BET-SA after catalysis 

[m² g-1] 

C-1 50 45 

C-0.75 54 51 

C-0.5 65 60 

C-0.25 56 55 

C-0 56 57 

C-1-pH10.5-24h 79 74 

Industrial catalyst 0 20 

 

 

Figure 6.7.20: TEM-EDX images of spend Fe-Mg-catalyst (C-1) after NH3 synthesis at 

90 bar. 
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Figure 6.7.21: TEM-EDX images of spend Fe-Mg-catalyst (C-1-pH10.5-24h) after NH3 

synthesis at 90 bar. In the bottom right corner is an overlay of EDX pictures of 

Mg and Fe. 

 

 

Figure 6.7.22: TEM-EDX images of spend Mg-Co-Fe-catalyst (C-0.5) after NH3 synthesis at 

90 bar. 
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Figure 6.7.23: TEM-EDX images of spend Mg-Co-Fe catalyst (C-0) after NH3 synthesis at 

90 bar. 
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7. General conclusions and Outlook 

Each chapter in this thesis investigated different aspects of LDH-based precursor materials for 

ammonia synthesis and decomposition catalysts. Starting with the idea to use these versatile 

materials to generate modifiable and reproducible model catalysts, for the investigation of 

these catalytic reactions and to get a better insight, how individual promoters affect the Fe-

based catalysts. 

After finding that LDH-derived materials are potent systems for this application in the 

preliminary study[113], the unprecedented promoting effect of gallium in ammonia 

decomposition was analyzed. It was shown that due to this specific structure of the precursor 

materials, a fraction of Ga was reduced under milder conditions than expected (chapter 3). 

This enabled the system to generate a (Fe, Ga)Fe3N phase under working conditions, which is 

associated with the drastically reduced apparent activation energy (ca. 70 kJ mol-1) and high 

catalytic activity. At this point also one major challenge emerged, the synthesis of 

crystallographic phase pure pre-catalysts in the calcined spinel state. 

Phase purity, or at least the absence of a hematite by-phase in the spinel precursor (see chapter 

4), is of upmost importance for highly active catalysts. If hematite is present in the precursor 

material the catalytic activity decreases, most likely because of the changed reduction 

behavior during activation, which leads to the formation of alpha-Fe particles in cube shape, 

which are less active than other shapes. Achieving phase-purity is very difficult in a Mg-Fe-

system in which Fe2+ and Fe3+ is used for the synthesis of the LDH materials at the same time. 

This very sensitive system needs prolonged aging times to stabilize the system. Nevertheless, 

slight differences in XRD diffractograms can be seen, so that each sample exhibits variations 

from one another (chapter 5). 

By exchanging some of the divalent iron with other metals like Co, this difficulty can be 

circumvent and phase-purity and reproducibility is easily achievable. In this sample series 

(chapter 6), we found a promoting effect for ammonia synthesis and decomposition, as well as 

a good example for the so-called pressure gap. The activity and activity trends we found in 

every presented study in this thesis, was always different for ammonia synthesis or 

decomposition respectively. A good synthesis catalyst is not also an optimal decomposition 

catalyst and as such, both processes have to be studied and optimized separately. Multiple 

studies in literature are based on the assumption that with data on ammonia synthesis at 
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atmospheric pressure, conclusions can be drawn on this reaction under high pressures. But, as 

we have seen in chapter 4, one has to be very careful when applying these kinds of 

assumptions. 

In the case of cobalt, we could see, that it is reduced together with iron and forms smaller and 

less faceted metal nanoparticles than the pure Fe-Mg material. These structural differences 

seem to be beneficial for both the ammonia synthesis and decomposition reaction and may be 

one reason why it performs very well in both cases. This thesis does not only present a proof 

of principle for the applicability of these materials as highly active catalysts, but also 

introduces new model catalysts, that allow for a better synthetic control of the resulting 

catalyst’s structural properties compared to the more than 100 years old fused industrial 

catalyst, which may be beneficial for future fundamental studies. 

Beside the implementation of metals inside the LDH structure, also impregnation of metal 

salts on these materials is possible (chapter 5). Though homogeneity and reproducibility are 

strongly dependent on the impregnation agent. It was found, that KNO3 in contrast to KHCO3 

is not suitable, since the former melts during calcination, leading to a very inhomogeneous K 

distribution on the surface. Nevertheless, small K-loadings offer an improvement for both 

reactions if reproducibility of the investigated samples is assumed, which requires further 

confirmation. This is quite surprising, since potassium is known to enhance the adsorption of 

atomic nitrogen, which should rather be avoided in ammonia decomposition. The reason for 

the promoting effect in ammonia decomposition is still unclear and has to be further 

investigated. 

By having this very versatile material class, many more options appear to deepen the 

understanding of the ammonia synthesis and decomposition reaction. Therefore, other known 

promotors, like Al could be implemented and analyzed as well. But one has to keep in mind, 

that phase-purity, or at least hematite-free samples are needed and each synthesis has to be 

optimized in this aspect to draw reliable conclusions. 
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