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Abstract 

The development of efficient catalysts specifically designed for reactions relevant and important 

in the context of energy conversion has a crucial role for the scientific community, global 

economy and human society. Increasing efforts are put into the search for new materials in this 

regard that rely on earth-abundant transition metals instead of scarcely available noble metals. 

Systematic studies on and ways of developing such catalysts include composition variation, 

structure and morphology control, control over various parameters along catalyst processing 

chains etc. All these factors can be systematically studied using the material class of layered 

double hydroxides that can be utilized not only in the field of catalysis but numerous disciplines, 

too.  

Composition variation of Ni and Co, highly investigated 3d transition metals in electrocatalytic 

water splitting, was performed as part of the herein presented research through their 

introduction into the LDH structure. A successful synthesis was achieved for the whole 

composition series of Co / Ni / Ga = 2-x / x / 1 with x ranging from 0 to 2 and confirmed by 

different characterization methods, e.g. XRD and SEM. A specific composition, 

Co / Ni / Ga = 1.5 / 0.5 / 1, for the coprecipitated pristine LDH series emerged as optimized 

composition in OER with an overpotential of 382 mV at a representative current density of 10 

mA∙cm-2. After controlled calcination of the LDH series, which depicts one processing step for 

LDH based materials, a mixture of oxides (Mixed Metal Oxides  MMOs) was obtained most 

probably consisting of varying fractions of NiO, Co3O4, NiGa2O4 and CoGa2O4. For LDH derived 

MMO series, the optimized composition was found at Co / Ni / Ga = 0.5 / 1.5 / 1 with a similar 

overpotential of 383 mV at a current density of 10 mA∙cm-2. The composition variation study with 

Ni and Co conclusively revealed that a synergy exists in OER between Co and Ni, which is most 

efficient for a Co-rich composition in the LDH and for a Ni-rich composition in the MMO state. 

The study on formation of a specific MMO, namely CoFe2O4, stemming from a FeIICoFeIII-LDH 

precursor was a next step in the development of catalyst synthesis under structure and 

morphology control over LDH and for tuning the catalytic properties. The common 

stoichiometric limitation of LDH materials regarding M(1)2+:M(2)3+ ratio, which usually needs to 

be in the range of 2:1 to 4:1 unavoidably results in oxide mixtures after calcination (M(1)IIO and 

M(1)IIM(2)III
2O4). This was overcome by the choice of oxidizable Fe2+ species to present an 

M(1)2+:M(2)3+ ratio of 1:2 required for spinel crystallization after oxidation. A structure and 

morphology control was achieved by mild calcination of the pristine FeIICoFeIII-LDH precursor 

that additionally contained CoFe2O4, the target compound after calcination, as confirmed by 

XRD analysis. Anisotropic CoFe2O4 particles with 2D platelet morphology were obtained as a 
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result instead of isotropic particles proving that the LDH precursor is structure directing and its 

morphology is retained during calcination. Intriguingly, the CoFe2O4 platelet particles had a 

holey structure and were mainly monocrystalline. Although defect-rich, monocrystalline 

orientation was preserved over defect sites as pointed out in an extensive TEM analysis. A clear 

topotactic relation between LDH (001) and spinel (111) was established for the investigated 

system with a unique and unusual microstructure of the CoFe2O4 particles. This unique 

microstructure was associated with ramifications in catalytic properties in oxidation reactions, 

as determined in 2-propanol oxidation and in the oxygen evolution reaction (OER). In 2-

propanol oxidation and compared to commercial and isotropic CoFe2O4, the LDH based 

CoFe2O4 showed a significantly higher selectivity to propene (52 % (LDH based) to 1 % 

(commercial)) while the commercial CoFe2O4 mainly produced acetone (40 % (LDH) to 88 % 

(commercial)). In OER, the LDH based catalyst exhibited an overpotential, η, of 430 mV as 

compared to 590 mV for the commercial sample. 

A further expansion of the investigation on versatility of the material class of layered double 

hydroxides involved a systematic study of GaxNiy intermetallic phases and the applicability of 

LDHs in their formation, since GaxNiy phases are interesting materials in CO2 conversion 

reactions. Again, the study took advantage of the compositional flexibility attributed to LDHs 

by a substitution series that included complex ternary systems with either Mg or Zn as third 

cation in each series. A successful synthesis into single-phase LDH incorporating all relevant 

elements was achieved for all series under investigation. The critical processing step, reduction 

of the oxidic precatalyst state in a H2 stream, confirmed Ga reduction in addition to the Ni 

species, yet the exact nature of present phases of GaxNiy was difficult to establish with the applied 

methods. A general suitability of LDH derived GaxNiy phases in CO2 conversion reactions was 

proven, especially with distinct promotional effects of both Mg and Zn incorporation into the 

catalyst systems. Particularly, Zn incorporation can promote both structural stability and altered 

electronic effects shifting catalytic properties towards a higher selectivity to the target product 

methanol. XPS analysis revealed that Zn reduction at surface regions of the catalysts may cause 

the formation of NiZn alloy phases and complicate the overall catalyst structure. But, no clear 

indications for the presence of NiZn bulk phases were found. Under parallel catalytic testing 

conditions, Zn promotion lead to a selectivity of 7 % to methanol at a CO2 conversion of 10 % 

observed at operating conditions of T = 300 °C and p = 60 bar, the highest monitored value in 

the investigation series. Although not reaching comparable values to industrially applied Cu / 

ZnO catalysts, the catalytic effects revealed in the course of the systematic composition variation 

represent a first starting basis for detailed research into a more rational design of catalysts using 

LDH precursors.  
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Zusammenfassung 

Die Entwicklung von effizienten Katalysatoren, die im Kontext der Energiekonversion von 

Bedeutung sind, ist von großem wissenschaftlichen Interesse, aber auch von Relevanz für die 

globale Wirtschaft und die Bewältigung gesellschaftlicher Aufgaben im Bereich Nachhaltigkeit. 

Aufgrund dessen wird die Suche nach neuen Materialien, die weniger auf seltenen Edelmetallen 

und stattdessen auf ausreichend verfügbaren Übergangsmetallen basieren, intensiviert. 

Systematische Studien und Wege der Entwicklung solcher Katalysatoren basieren z.B. auf 

Variation der stöchiometrischen Zusammensetzung oder auf Kontrolle der strukturellen und 

morphologischen Eigenschaften über die vielfältigen Parameter in den komplexen 

Prozessketten der Katalysatorherstellung. Ein systematisches Studium dieser Faktoren bietet die 

Materialklasse der Layered Double Hydroxides (LDH), welche in verschiedenen 

Anwendungsfeldern genutzt werden kann. 

Eine Variation der Zusammensetzung mit Ni und Co, beides 3d Übergangsmetalle, die im Zuge 

der elektrokatalytischen Wasserspaltung intensiv erforscht werden, wurde als ein Bestandteil 

der hier vorliegenden Arbeit untersucht. Dabei wurden sie gemeinsam mit Ga in die LDH-

Struktur eingebracht und die stöchiometrischen Verhältnisse innerhalb einer Probenserie 

verändert. Eine erfolgreiche Synthese der LDH-Struktur über die gesamte, zu untersuchende 

Serie, Co / Ni / Ga = 2-x / x / 1 mit x zwischen 0 und 2, wurde mittels diverser 

Charakterisierungsmethoden, wie z. B. XRD und REM, bestätigt. Eine spezifische 

Zusammensetzung, Co / Ni / Ga = 1.5 / 0.5 / 1, stellte sich für die cogefällte LDH Serie als optimal 

im Hinblick auf die Sauerstoffentwicklungsreaktion heraus und zeigte dabei ein Überpotential 

von 382 mV bei einer Stromdichte von 10 mA∙cm-2. Nach einer kontrollierten Kalzinierung, die 

allgemein einen möglichen Prozessschritt für LDH-basierte Materialien darstellt, wurde ein 

Gemisch an Oxiden erhalten. Dieses Gemenge enthielt mit großer Wahrscheinlichkeit NiO, 

Co3O4, NiGa2O4 und CoGa2O4 in unterschiedlichen Anteilen. Für diese auf der LDH Serie 

basierende MMO (Mixed Metal Oxides) Serie zeigte sich der Katalysator mit der 

Zusammensetzung Co / Ni / Ga = 0.5 / 1.5 / 1 als optimal in der Sauerstoffentwicklungsreaktion 

mit Werten von 383 mV als Überpotential bei einer Stromdichte von 10 mA∙cm-2. Die 

Variationsstudie bezüglich der Komposition mit Ni und Co zeigte auf, dass eine Synergie 

zwischen Co und Ni besteht, welche im Fall der LDH Serie bei einer Co-reichen 

Zusammensetzung optimal wirksam ist. Während bei den MMOs eine Ni-reiche 

Zusammensetzung erforderlich ist.  

Die Studie über die Bildung von CoFe2O4 ausgehend von einem FeIICoFeIII-LDH Präkursor zeigte 

beispielhaft, wie Struktur und Morphologie eines Katalysatormaterials von den Eigenschaften 
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der LDH-Vorstufe abhängen und somit auch die katalytischen Eigenschaften durch die 

Synthesechemie kontrolliert werden können. Generell sind LDHs im stöchiometrischen 

Verhältnis des zweiwertigen Kations zum dreiwertigen Kation, M(1)2+:M(2)3+ auf eine Spanne 

von 2:1 zu 4:1 begrenzt. Dieses für die Bildung eines LDHs notwendige Verhältnis bedingt 

allerdings nach einer Kalzinierung ein Phasengemisch aus Oxiden in Form von M(1)IIO und 

M(1)IIM(2)III
2O4. Dieses Problem wurde in der vorliegenden Studie durch den Einsatz von 

oxidierbarem Fe2+ umgangen, sodass nach der Kalzinierung und Oxidation ein M(1)2+:M(2)3+ 

Verhältnis von 1:2 vorlag, welches für die Kristallisation eines phasenreinen Spinells notwendig 

ist. Die Struktur- bzw. Morphologiekontrolle wurde hierbei durch eine milde thermische 

Behandlung des FeIICoFeIII-LDH Präkursors erreicht. Der LDH-Präkursor wurde im Zuge einer 

Cofällungssynthese erhalten und enthielt neben der gewünschten LDH Phase zusätzlich eine 

CoFe2O4 Phase, welche mit der Zielphase nach der thermischen Behandlung übereinstimmte. 

Nach der Kalzinierung wurden als singuläre Phase anisotrope CoFe2O4 Partikel mit einer 

ausgeprägten zweidimensionalen Morphologie anstelle der üblicherweise zu erwartenden 

isotropen CoFe2O4 Partikel erhalten. Es zeigte sich, dass die LDH Morphologie im Präkursor 

dirigierend wirkt und trotz der thermischen Zersetzung erhalten bleibt. Erstaunlicherweise 

bildeten die plättchenartigen CoFe2O4 Partikel eine löchrige Struktur aus und waren 

hauptsächlich einkristallin. Obwohl sie viele strukturelle Defekte aufwiesen, blieb die 

einkristalline Orientierung innerhalb der Plättchen erhalten, wie in einer detaillierten TEM 

Analyse bestätigt wurde. Es wurde ein eindeutiges, topotaktisches Verhältnis zwischen der LDH 

Präkursorphase (001) und der Spinellzielphase (111) herausgearbeitet. Diese ungewöhnliche und 

einzigartige Mikrostruktur der CoFe2O4 Partikel geht einher mit Auswirkungen auf katalytische 

Eigenschaften in Oxidationsreaktionen, wie für die 2-Propanol Oxidation und die 

Sauerstoffentwicklungsreaktion bestätigt wurde. Für die 2-Propanol Oxidation zeigte der 

Vergleich mit einem kommerziellen CoFe2O4 Katalysator, dass der LDH-basierte Katalysator 

eine viel höhere Selektivität zu Propen aufwies (52 % (LDH) zu 1 % (kommerziell)), während 

kommerzielles CoFe2O4 hauptsächlich Aceton produzierte (40 % (LDH) zu 88 % (kommerziell)). 

In der Sauerstoffentwicklungsreaktion wies LDH-basiertes CoFe2O4 ein Überpotential von 430 

mV im Vergleich zu 590 mV als Überpotential für kommerzielles CoFe2O4 auf. 

Eine Ausweitung der Untersuchung von LDH Materialien und ihrer Vielseitigkeit beruhte auf 

einer systematischen Studie von GaxNiy intermetallischen Phasen und ihrer Bildung ausgehend 

von LDH Präkursoren, da solche Phasen als geeignete Katalysatoren für die Umsetzung von CO2 

gelten. Wiederum machte sich die Studie die Flexibilität von LDH Materialien bezüglich ihrer 

Zusammensetzung zunutze und beinhaltete in diesem Fall Substitutionsreihen komplexer, 

ternärer Systeme mit entweder Mg oder Zn als drittem Kation. Eine erfolgreiche Synthese der 
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LDH Phase, die alle relevanten Elemente in sich vereint, wurde für alle untersuchten Proben 

bestätigt. Im Zuge des kritischen Prozessschritts bei der Bildung von GaxNiy Phasen, der 

Reduktion des oxidischen Präkatalysators in einem H2 Strom, wurde zusätzlich zur Ni Spezies 

eine Reduktion von Ga ermittelt. Dennoch gestaltete sich eine genaue Zuordnung hinsichtlich 

der tatsächlich vorhandenen GaxNiy Phasen mit den angewandten Methoden schwierig. Die 

Anwendbarkeit von LDH-basierten GaxNiy Katalysatoren in CO2 Umsetzungsreaktionen wurde 

genutzt, um Promotierungseffekte von Mg und Zn zu untersuchen. Das Einbringen von Zn kann 

eine Promotierung sowohl struktureller als auch elektronischer Art mit dem Effekt einer 

gesteigerten Selektivität zum Zielprodukt Methanol hervorbringen. Hierbei sei erwähnt, dass 

durch den Einbau von Zn die Gesamtstruktur des Katalysators verkompliziert wird, da eine XPS 

Analyse eine partielle Reduktion oberflächennaher Zn Spezies andeutete, wodurch ebenfalls 

NiZn Legierungsphasen ermöglicht werden. Es wurden aber keine konkreten Hinweise auf 

solche Verbindungen in kristalliner Form gefunden. In parallelen katalytischen Tests wurde bei 

einem Zn promotierten GaxNiy Katalysator eine Methanolselektivität von 7 % bei einem Umsatz 

von 10 % ermittelt, wobei eine Temperatur von 300 °C und ein Druck von 60 bar eingestellt 

waren. Im Vergleich aller untersuchten Katalysatoren stellte dies einen Höchstwert dar. Obwohl 

keine vergleichbaren Werte zu den industriell verwendeten, auf Cu / ZnO basierenden 

Katalysatoren ermittelt werden konnten, stellen die katalytischen Effekte, die im Laufe der 

systematischen Zusammensetzungsvariation aufgedeckt wurden, eine interessante 

Ausgangslage für eine weitere Entwicklung des LDH-Ansatzes zu einem Instrument für ein 

rationales Design von Katalysatoren dar. 
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Preface 

The hereinafter presented work was carried out in the period from February 2016 to June 2019 

under the supervision of Prof. Dr. Malte Behrens at the Faculty of Chemistry, University of 

Duisburg-Essen. At the same time, I participated in the International Max Planck Research 

School (IMPRS) RECHARGE, that was founded in 2015 by the Max Planck Institute for Chemical 

Energy Conversion and focuses on interdisciplinary research between chemistry and physics 

highlighting catalytic mechanisms, physical-chemical analysis and energy topics.  

With a strong emphasis on materials chemistry, this work presents the manifold utilization 

possibilities of the material class of layered double hydroxides (LDH) as catalysts and catalyst 

precursors. Their application covers a “global” framework of energy conversion related fields and 

is presented as three different and independent chapters each focusing on different catalytic 

reactions and / or processing parameters for LDH-based materials. These chapters are written 

in manuscript-style. Hence, some information may be repeated while proceeding through the 

thesis. For the sake of clarity and simplification, the thesis was kept in consistent layout and all 

references were put down in a combined list. 
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1. Introduction and Motivation 

Despite of continuous optimization of associated processes and the exploitation of newly found 

crude oil wells, the end of the current energy and chemical industry that is heavily relying on 

fossil sources is foreseeable and inevitable.[1–3] Also growing negative effects on the planet’s 

climate can be related to the use of those fossil sources without any doubt.[4] Hence, huge efforts 

on a wide and global scale are necessary in order to react accordingly to climate change that 

affect all humans on earth, but also to leave a habitable planet for following generations. These 

efforts involve politics, industry and the consumers and their commitment to comply with 

defined CO2 emission goals concomitant with the attempt of mitigating global warming.  

Research into alternative energy sources has been extensively intensified in the last years with 

the aim to minimize potential damages to global economy and equally to maintain mankind’s 

technological and economic status quo and to even allow further continuous and sustainable 

development of our living standards. Renewable energy sources, e.g. wind, water and sun, are 

currently being employed on large scale and their fraction on the overall energy mix is 

continuously increasing.[5,6] Nonetheless, currently these renewable energy sources are rather 

qualified for a centralized application in power plants instead of decentralized off-grid operating 

units, e.g. within the mobility sector. Battery and energy storage technologies play an important 

part in this context, since they are able to cushion the intermittent character of renewable 

energies.[3,6–9] Batteries are growing to find their way into the transportation sector and could 

supersede the combustion engine technology that is still largely employed. Another alternative 

for automotive drives can be presented with the fuel cell technology as another potential 

sustainable technology in a post-combustion engine era, if utilizing “green” hydrogen.  

Several models for a future energy and chemical industry are conceptualized and propagated[10–

15] to which the “hydrogen economy”[16–18] and the “methanol economy”[19–21] can be counted as 

prominent representatives. Related to the hydrogen economy, it is often mentioned that it might 

be a solution to decarbonizing the global energy and economy system. It is questionable, 

whether a total decarbonization is really feasible and useful. It would be more expedient to 

rather close the carbon cycle that is currently one-sidedly and negatively fueled by a still-

increasing consumption of fossil sources.[20]  

There are a few reactions as part of chemical energy conversion that are of special interest for a 

future energy and chemical industry, regardless of whether the “hydrogen economy” or the 

“methanol economy” will be the dominant and implemented concepts. Water splitting,[22–24] 

selective oxidation of methane,[25–27] CO2 conversion[25,28–30] and ammonia synthesis[31,32] among 

others belong to these reactions. Although renewable energies and their exploitation is 
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constantly optimized, forms of energy that are stored in chemical bonds will always be of 

importance in the foreseeable future. Catalysts are necessary for the transformation of various 

types of energy into chemical energy.[23,33–35] They are already involved in ca. 90 % of all chemical 

transformations within the chemical industry and thus of outstanding relevance. Energy 

conversion for future energy carrier materials cannot be realized without suitable catalysts. 

Particularly for the relevant reactions in the network of chemical energy conversion, 3d 

transition metals contribute substantially as part of various catalyst systems.[36,37] Numerous 

methods of catalyst synthesis and preparation are known presently.[38] Still, catalysis research 

remains a rather empirically orientated discipline with persisting difficulties in rational catalyst 

design based on predefined parameters and specifically tailored for target reactions.[39,40] 

Nonetheless, theoretical and quantum chemical considerations increasingly find their way into 

catalysis research and allow to predict and determine qualified catalyst systems for specific 

reactions.[41,42] The empirical approach within catalysis research remains necessary and it is 

rather the synergy between theory and systematic experiment, that is going to be essential in 

finding solutions for the already existing and further growing “energy crisis”. 

 

The herein presented, experimentally oriented work aims at the development of 3d transition 

metal-based catalysts as a result of systematic studies and their application in relevant reactions 

within the context of chemical energy conversion. Focus is put on the synthesis of catalyst 

materials and on precursor chemistry in general. Layered double hydroxides (LDH) are 

employed as precursor class offering huge flexibility in terms of composition and post-synthesis 

processing. This material allows a single-source precursor approach through the incorporation 

of several elements into its precursor structure that are relevant for the target reaction. By this 

flexibility, tailor-made catalysts can be combined with the possibility to have access to an 

advanced and reproducible synthesis routine. Detailed investigations on insightful structure-

activity correlations can be enabled by this approach. 

 

 



2 Material Search in the Context of Energy Conversion 

19 
 

2. Material Search in the Context of Energy Conversion 

As introductorily pointed out, there are several ideas and concepts to meet mankind’s energy 

demand in future. Some alternative and renewable energy sources as central supply units are 

already in use in a larger scale,[43–46] other technologies are not advanced enough yet to be 

employed. It is generally accepted that the energy of the sun hitting the earth daily and 

continuing to do so for the duration of its existence is going to play an essential role in this 

regard[47–49] as it is being demonstrated by nature utilizing sunlight in the course of 

photosynthesis.[50,51] It is irrelevant, whether its energy is used directly by continuously 

optimized photovoltaic plants or indirectly by solar-induced electricity for the production of 

energy carrier materials. Both options are realistic and are being pursued technologically and 

conceptionally. 

In the context of utilizing solar energy indirectly, but also in a general context of chemical energy 

conversion irrespective of solar energy there are a few chemical reactions that are of special 

interest. These reactions and the processes associated with them are highlighted in the following 

sections. A special focus is put on the applied and relevant catalyst systems within these 

processes.  
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2.1 Water Splitting Reaction 

Water splitting, that consists of two half-reactions (Figure 2.1)[52] known as the hydrogen 

evolution reaction (HER) and the oxygen evolution reaction (OER), is of larger interest for future 

energy applications since it can supply an environmentally-friendly energy carrier in shape of 

hydrogen. 

 

 

Used as fuel, it has the clear advantage of H2O being its only oxidation product and hence can 

have a huge impact on decreasing CO2 emissions. Beyond the aspect of its use as fuel, it can serve 

as a “green” hydrogen source for large-scale application in producing base chemicals, e.g. 

ammonia synthesis, where hydrogen is currently still provided by fossil sources.[31]  

The overall reaction for the water splitting process can be described as follows: 

 

4 H+ + 4 e-  2 H2   E = 0 V – 0.059pH V vs. NHE   (C 2.1) 

2 H2O  O2 + 4 H+ + 4 e-  E = 1.23 V – 0.059pH V vs. NHE  (C 2.2) 

2 H2O  2 H2 + O2   ∆E = 1.23 V     (C 2.3) 

 

It is apparent, that the energetics of both half reactions are pH dependent. But over the whole 

range of pH variation the overall energy necessary to split water into hydrogen and oxygen 

remains constant at a value of 1.23 V. This is the minimum energy under equilibrium conditions, 

but for an actually applied electrocatalysis cell / operation unit higher energies are needed to 

overcome kinetic barriers of this process and in order to drive the overall reaction at reasonable 

rates.[23,52] This so called overpotential, η, has its origins in several factors, e.g. cell resistance 

Figure 2.1: Schematic representation of both half-reactions consisting of the hydrogen evolution reaction 

(HER) and the oxygen evolution reaction (OER); polarization curves for both reactions are additionally 

illustrated with cathodic, ηc, and anodic, ηa, overpotentials observed at arbitrarily defined current 

densities. (Reproduced from ref. [52] with permission from The Royal Society of Chemistry) 
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effects due to cell design and electrode related overpotential phenomena that include electrode 

/ catalyst material, type of evolving gas, educt / product concentrations etc.[53] The former factors 

can be minimized by designing an optimized electrolysis cell. Current difficulties that are 

associated with the realization of this process as renewable energy cycle lie in the latter factors. 

The sluggish kinetics of the four proton four electron transfer in the course of the oxygen 

evolution reaction (OER, reaction C 2.2) is the main reason for an inefficient overall process as 

indicated in Figure 2.1.[52,54] Huge efforts are put into the search for new materials that reduce 

the required overpotential for this reaction continuously. Noble metal based oxides, e.g. RuO2 

or IrO2, were identified among the most active OER catalyst especially under alkaline 

conditions.[55] But the scarcity of these noble metals make a technical realization improbable. 

Instead, focus is shifted towards highly active transition metal-based catalysts that would 

immensely reduce application costs. In the attempt to mimic nature with its Photosystem II 

utilizing a CaMn4O4 cluster for water oxidation,[56] numerous investigations have been reported 

based on Mn,[57,58] Fe,[58–60], Co[58,61] and Ni[58–60,62] incorporating catalysts. Increasing theoretical 

approaches into descriptor-based search for new catalyst materials that take advantage of a 

deepened knowledge of reaction mechanisms add to the experimental material search and in 

combination support a more rational design of catalysts. Built upon the deepened insights in 

reaction mechanism and the intermediates that are associated with the oxygen evolution 

reaction, interesting catalyst materials can be predicted and experimentally confirmed in their 

suitability for OER in a volcano like plot (Figure 2.2).[34] These theory assisted findings illustrate 

the significance of 3d transition metals in electrocatalysts applied in water oxidation and hence 

explain the intensified research in this regard. 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 2.2: OER volcano plot for various metal oxides as function of adsorption energy of oxygen on metal 

oxide surfaces. (From ref. [34]. Reprinted with permission from AAAS) 
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2.2 Selective Oxidation Reactions 

 

Table 2.1: Selected organic base chemicals produced by oxidation processes. (Copyright (2009) Wiley. 

Used with permission from ref. [63]) 

Chemical Capacity [Mt∙a-1] Oxidant 

Air O2 HNO3 Cl2 ROOH H2O2 

Terephthalic acid 44 x      

Formaldehyde 19 x      

Ethene oxide 18  x     

1,2-Dichloroethane 18 x x  x   

Propene oxide 8    x x x 

Cyclohexanone 6 x x     

Vinyl acetate 6 x x     

Acrylonitrile 6 x      

Styrene (ex PO/SM)[a] 5 x x     

Phenol/acetone 5 x      

Phthalic anhydride 5 x      

Acrylic acid 5 x      

MTBE (ex PO/TBA)[a] 4  x     

Adipic acid 3   x    

Maleic anhydride 2 x      

Hydrogen cyanide 2 x      

[a] MTBE: methyl-tert-butyl ether; PO: propene oxide; SM: styrene (monomer); TBA: ter-butyl alcohol. 

 

 

Selective oxidation reactions play an important role in the field of heterogeneous catalysis and 

in industrial processes. Especially in petrochemistry and in the oxidative transformation of 

organic compounds, these type of catalytic reactions are applied for the production of value-

added chemicals as aldehydes, ketones, carboxylic acids, nitriles etc. or for depollution purposes 

where rather total oxidation reactions are favored.[64] Table 2.1 gives a brief overview on 

chemicals that are produced on large-scale utilizing industrial processes that involve catalytic 

oxidation reactions. Not only for optimizing these industrial applications for “greener” processes 

overall through the avoidance of hazardous and toxic reactants but also for turning these 

reactions into more sustainable processes the continuous search for tailormade catalysts for 

targeted oxidation reactions remains a critical factor for both the energy sector and the chemical 
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industry. With diminishing fossil sources, which are the starting point for most of the mentioned 

oxidation products (Table 2.1), new alternative concepts and sources of carbon atoms are needed 

in order to maintain large-scale chemical production. Utilizing biomass is considered as one 

option to yield different platform chemicals that can be further processed to specialty 

products.[65] Transformation of sugars,[65–67] alcohols[65,67,68] and alkanes / alkenes[27,63,69–72] 

constitute the largest fraction within the vast network of catalytic oxidation reactions. The 

“Chemistry with Methane”[27] is of particular interest in this regard and exemplified hereinafter. 

There are several reactions / products associated with CH4 and its role within a sustainable 

chemical process (reactions C 2.4 – 2.7 and Figure 2.3).  

 

2 CH4 + O2  2 CH3OH   (C 2.4) 

CH4 + CO2  CH3COOH   (C 2.5) 

CH4 + 3 O2  2 H2O2 + CO2  (C 2.6) 

3 CH4 + 3 O2 + 2 N2 4 NH3 + 3 CO2 (C 2.7) 

 

These chemical transformations are difficult to realize at a necessary degree of control for 

industrial application and need specific and tailored catalysts. The difficulties arise from the 

remarkable stability of the CH4 molecule and a rather high reactivity of target products which 

could possibly lead to overoxidation to CO2.[27,69] Still, conversion of methane to different 

products via the proposed reactions / networks gains increased attraction and causes intensive 

research in this area as an alternative path to liquid fuels or building-block chemicals can be 

obtained by this approach.[27,73–75]  

  

Figure 2.3: Network for methane transformations; [M] stands for a metal and [O] for any suitable oxidant. 

(Copyright (2011) Wiley. Adapted from ref. [27]) 
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Selective oxidation reactions can be catalyzed by both homogeneous[76,77] and heterogeneous 

catalysts.[69] Considering different factors like TOF, operability, stability, separability etc. of 

catalysts and resulting products, heterogeneous oxidation catalysis can have a larger impact on 

the sustainability of oxidation processes and hence gained a lot of focus in recent years. Usually, 

noble metal catalysts inside an oxide support are employed for various reactions. Most famous 

representatives are Pd,[78] Pt[64] and Au.[64] For large scale applications and in the context of 

sustainability alternative and earth-abundant catalyst materials need to be employed. Thus, 

transition metal-based oxide catalysts are widely applied in oxidation catalysis and have a long 

history in refining and petrochemical processes[79] by synthesizing specialty chemicals and 

maximizing reaction selectivity to avoid waste byproducts. Catalyst systems such as BiMo-O + 

CoFeMoO4 for propene oxidation / ammoxidation to acrolein, iron molybdate (FeMoO4) for 

oxidation of methanol to formaldehyde and V2O5 / TiO2 for o-xylene oxidation to phthalic 

anhydride are only a few examples demonstrating the importance of transition metals in 

oxidation catalysis.[64] Thus, it is of great interest to introduce defined and controllable ways of 

synthesis of mixed metal oxide (MMO) catalysts and investigate structure-activity correlations 

in order to optimize oxidation processes since these type of industrial processes still depict the 

technology with the greatest potential for improvement.[63] 

 

 

2.3 Hydrogenation Reactions of CO2 

The goal to find effective ways to convert CO2 into valuable fuels and chemicals gained 

increasing interest in recent years and still needs further attention due to an elevated 

concentration of CO2 of more than 400 ppm[80] in the atmosphere. Global warming as a 

consequence of anthropogenic carbon emission is sought to be mitigated by human society in 

different ways comprising CO2 capture, storage and utilization techniques. Instead of being 

categorized as pollutant which needs to be controlled in terms of its atmospheric emissions, CO2 

can equally be used as an abundant and affordable C1-feedstock to produce liquid transportation 

fuels and chemicals. The benefit of its conversion into value-added liquid products arises from 

the possibility to utilize the current liquid fuel infrastructure based on the crude oil industry. 

The industrially relevant and applied chemical processing scheme of CO2 is presented in Figure 

2.4.[81] 
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2.3.1 Methanol Synthesis 

Currently, methanol belongs to the group of basic chemicals produced in very large quantities 

and used in various applications as chemical feedstock. The use as feedstock for the production 

of other materials involves products like acetic acid, formaldehyde, methyl tertiary butyl ether 

and more organic compounds.[82]  

Apart from its use as feedstock chemical, methanol represents a promising candidate as future 

fuel. Its presence in a liquid aggregate state is a huge advantage while it is imaginable to use 

methanol as direct fuel. Besides that, methanol can be applied in fuel cells as hydrogen storage 

material and supplier as well.[19,83] 

Usually, a CO / CO2 / H2 synthesis gas mixture is used for the process of methanol synthesis 

which takes place at an elevated temperature of 230 – 250 °C and a pressure of 50 – 100 bar. 

Copper based catalyst systems embedded in a complex oxidic support structure are mainly 

employed. Cu / ZnO / Al2O3 systems are the most used catalysts in this regard.[82,84–86]  

For a possible solution to the global warming problem amplified by anthropogenic CO2, these 

harsh industrial synthesis conditions seem unfavorable when rather small and decentralized 

operation units are desired. Looking into the reaction network gives an explanation to this 

assumption. 

 

CO2 + 3 H2 ⇌ CH3OH + H2O  ∆H0 = - 49 kJ∙mol-1 (C 2.8) 

CO2 + H2 ⇌ CO + H2O   ∆H0 = + 41 kJ∙mol-1 (C 2.9) 

CH3OH ⇌ CO + 2 H2   ∆H0 = + 91 kJ∙mol-1 (C 2.10) 

 

Figure 2.4: Chemical processing scheme of CO2 into useful chemicals and fuels. (Reprinted from ref. [81]

with permission from Elsevier) 
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All three reactions are catalytically enhanced by the current well-engineered industrial process 

and catalyst so that selectivity issues need to be addressed equally. Reaction C 2.8 is the targeted 

methanol synthesis reaction and due to reaction enthalpy and the change in the number of 

moles during the reaction it is favored at low temperatures and high pressures. The two 

competitive reactions (reverse water-gas shift (C 2.9) and methanol decomposition reaction (C 

2.10)) are endothermic and thermodynamically favored at high temperatures. Consequently, 

methanol synthesis should preferably be operated at low temperatures. 

Mechanistically, the methanol synthesis process from the synthesis gas feed undergoes a very 

complex reaction network schematically shown in Figure 2.5.[87] 

 

The CO2 hydrogenation pathway leads to methanol with the following most favorable sequence 

of intermediates: HCOO*, HCOOH*, CH3O2*, CH2O* and CH3O*. Concurrently with this the 

CO hydrogenation pathway produces methanol with a different sequence of intermediates: 

HCO*, CH2O* and CH3O.[87,88] 

The simplified scheme clarifies the challenges presented towards the design of a catalyst system 

with regard to many aspects, especially selectivity and reaction conditions so that there is still 

room for improvements. All aspects and advantages considered and summarized, methanol 

represents a highly coveted product of CO2 hydrogenation / reduction reactions. 

Figure 2.5: Schematic view on the reaction network involving hydrogenation of CO and CO2 over Cu 

catalysts. (Reproduced from ref. [87] with permission from The Royal Society of Chemistry) 
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2.3.2 CO Production via the RWGS Reaction 

Copper based catalysts, extensively studied and utilized in methanol production, lack the feature 

of thermal stability for the reduction of CO2 to CO. Reviewing the thermodynamics of the reverse 

water-gas shift reaction (reaction C 2.9), the endothermicity of the reaction is evident. High 

temperatures are favorable for CO production excluding copper catalysts as suited systems in 

this regard. While being the first-choice catalysts in methanol synthesis where low temperatures 

suppressing the RWGS reaction and higher selectivity towards methanol are desired and 

favored, rather opposite conditions are needed if CO is supposed to be the main product. 

Instead of Cu many other metal elements, such as Ni / CeO2 and promoted noble metal catalysts, 

show catalytic activity towards CO2 reduction to CO.[87,89,90] 

Mechanistically, two possible routes for the reduction to CO are in discussion and widely 

accepted. The first is called the redox mechanism and describes the dissociation of CO2* into 

CO* and O* prior to a hydrogenation step. At the same time, this dissociation step is the rate-

determining step. Theoretical investigations emphasized distinct surfaces (111 facets) of some 

metal elements, e.g. Fe, Co and Ni, as most active catalysts via the redox mechanism.[37] The 

second possible and generally accepted route is the COOH* mechanism. Here, dissociation of 

the adsorbed CO2 molecule is observed after the hydrogenation step concluded by the 

desorption of the CO molecule (see Figure 2.5). 

A selective conversion of CO2 to CO is appealing due to a possible application of the produced 

CO in syngas chemistry, e.g. in the Fischer-Tropsch process, for the production of synthetic fuels 

and industrial chemicals.[91]  

A combination of CO2 reduction to CO with a subsequent Fischer-Tropsch synthesis represents 

a reasonable alternative on the way to carbon emission reduction.[92] 
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2.3.3 CH4 Starting from CO2 – the Sabatier Reaction 

Hydrogenation of CO2 to methane, also known as the Sabatier reaction, depicts an important 

catalytic process. 

 

CO2 + 4 H2 ⇌ CH4 + 2 H2O  ∆H0 = - 253 kJ∙mol-1 (C 2.11) 

 

Mainly, supported noble metal or nickel catalysts are qualified for the methanation of CO2. 

Despite of its importance, the reaction is accompanied by some limitations with regard to its 

applicability and to its contribution to reduce carbon emissions at current considerations. One 

economic limitation is the fact that hydrogen production via fossil sources costs around 

1.3 US$ / kg while hydrogen produced by renewable energy sources through water electrolysis 

would cost around 4.5 US$ / kg.[93] 

Since hydrogen production based on fossil carbon is currently cheaper than based on renewable 

energy sources, a second environmental aspect closely related to the current production of 

hydrogen comes into effect. 90 % of the annual production of hydrogen is obtained according 

to the water gas reaction (reaction C 2.12) and the steam reforming of methane (reaction C 2.13). 

 

C +  H2O(vap) ⇌ CO + H2  ∆H0 =  131 kJ∙mol-1 (C 2.12) 

CH4 + H2O(vap) ⇌ CO + 3 H2   ∆H0 =  206 kJ∙mol-1 (C 2.13) 

 

Noticeably, these two reactions are highly endothermic and endergonic and require high 

operating temperatures. Since both the necessary hydrogen and energy for the operating 

temperatures are originated from fossil sources, the carbon footprint of this process is 

particularly disadvantageous. All CO2 conversion products that need hydrogen as an educt suffer 

from the same disadvantage regarding hydrogen availability. Crucial in the case of methanation 

is the stoichiometry of the reaction needing four equivalents of hydrogen. If a carbon free or 

neutral hydrogen production, e.g. by water electrolysis or biomass gasification, can be 

established using renewable and perennial energy sources, this process could become more 

beneficial. Generally, it should be taken into consideration with every targeted CO2 conversion 

product that a conversion into a product requiring a higher energy input than the product itself 

incorporates is unreasonable. 

Possible application fields of methane produced this way might be (i) the reforming process 

(either dry or steam) for syngas production, (ii) heat and electricity generation and (iii) as 

substitute fuel for the transportation sector. 
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2.4 Layered Double Hydroxides (LDH) as Material Class for 

Catalyst Preparation 

For the synthesis of defined and specific catalytic systems that incorporate all relevant 3d 

transition metal elements for selected catalytic reactions in a single-source precursor, layered 

double hydroxide (LDH) based materials might be well suited as precursors. LDH or 

hydrotalcite-like materials, as they are equally called, are composed of brucite-like, Mg(OH)2, 

layers. Within these layers, a certain fraction of the divalent cations is replaced by trivalent 

cations isomorphously resulting in a charge imbalance. The brucite-like layers become positively 

charged. The interlayer regions between the brucite-like layers are formed by exchangeable 

inorganic or organic anions, respectively. They compensate for the positive charge in the layers, 

providing a neutral compound ultimately. Furthermore, water molecules are incorporated into 

the interlayers. 

The brucite-like layers are composed of edge-sharing octahedra, where the centered metal 

cations are surrounded by six OH- groups each. The OH- groups are oriented in such way that 

they point towards the interlayer region where electrostatic interactions and hydrogen bridge 

bonds account for the stability of the layered structure.[94,95] Figure 2.6 shows the schematic 

structure of LDH type materials. 

 

 

 

  

Figure 2.6: Schematic view of hydrotalcite-like materials containing brucitic (MII,MIII)(OH)6 layers and 

charge balancing interlayer anions. (Reproduced from ref. [94] with permission from The Royal Society of 

Chemistry) 
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A general formula for LDHs can be declared as  

 

[M2+
1-xM3+

x(OH)2]x+[Ax/n]n-∙mH2O. 

 

Herein, a great variability for both the divalent (e.g. Mg2+, Ni2+, Co2+, Zn2+ etc.) and the trivalent 

cation (e.g. Al3+, Fe3+, Ga3+ etc.) is observed. In order to obtain a pure and stable LDH compound, 

a value for x usually needs to be in the range of 0.2 - 0.33.[94–96] Deriving from the variability of 

cationic and / or anionic replacement, LDHs exhibit interesting properties and attract growing 

attention as catalysts,[97] catalyst precursors,[98] adsorption materials,[99] in pharmaceutics[100] etc. 

Flexibility regarding the choice of M2 / M3+ compositions results in tunable structural and 

physicochemical properties. More flexibility in choice of the divalent metal is additionally 

observed by the introduction of a second divalent metal giving  

 

[(M(1)1-yM(2)y)2+
1-xM3+

x(OH)2]x+[Ax/n]n-∙mH2O. 

 

Since LDHs are derived from brucite and consequently hydrotalcite, [Mg6Al2(OH)16]CO3.4H2O, 

generally other metal cations gradually replacing them only need to meet the prerequisite of 

similar ionic radius.[95] The following Table 2.2 summarizes divalent and trivalent metals known 

to be successfully implemented in LDHs. 

 

Table 2.2: Ionic radii of selected cations found in LDHs.[101] 

MII radius [nm] MIII radius [nm] 

Fe 0.061 Al 0.054 

Co 0.065 Co 0.055 

Ni 0.069 Fe 0.055 

Mg 0.072 Mn 0.058 

Cu 0.073 Ga 0.062 

Zn 0.074 Rh 0.067 

 

 

The synthesis of LDH materials can be accomplished using the coprecipitation method.[102] To a 

vessel, which carries a defined and prefilled amount of water, a solution of the desired metal 

salts and a second alkaline solution containing the desired interlayer anion and serving as 
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precipitation agent are added drop wise and simultaneously. Predefined conditions, e.g. pH, 

reaction time, temperature etc., need to be monitored in order to conduct a successful reaction.  

A further great advantage of LDHs is the facile transformation into mixed metal oxides (MMO) 

by thermal decomposition. Several decomposition steps involving dehydration, dehydroxylation 

and anion decomposition are observed yielding the mixed oxides of the employed metal ions for 

the LDH synthesis.[95,103] These MMOs can as well serve as precatalyst materials and produce the 

catalyst after a reduction step yielding metallic phases mostly on residual oxidic support 

compounds. Or they can serve as catalysts themselves. The exact pathway and the underlying 

steps during decomposition depend on the chosen composition as well as thermal treatment. In 

some cases, calcination of the LDH materials will lead to pure spinel type metal oxides if right 

MII / MIII ratios and compositions are chosen. Otherwise a mixture of rock salt, MIIO, and spinel, 

MIIMIII
2O4 is obtained. 

Incorporation of different divalent and trivalent metals into an LDH structure results in a 

homogeneous material in which the homogeneity extends to the atomic level. This homogeneity 

can be conserved to a great extent during thermal decomposition if a correct thermal treatment 

program is applied. The fine distribution of the metal atoms within these structures has the 

benefit of giving rise to small, well dispersed particles of the target metal after reduction. Thus, 

sintering is hindered and access to metal particles with higher surface areas can be gained 

generally beneficial in heterogeneous catalysis. 
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3.1 Abstract 

A series of cobalt and nickel based layered double hydroxides (LDHs) with Ga as the third cation 

and the mixed metal oxides (MMOs) resulting from their thermal decomposition were 

synthesized in various compositions by constant pH coprecipitation and calcination. Detailed 

investigations of structural and textural properties of the catalysts with variable Co / Ni ratios 

included N2 physisorption, powder X-ray diffraction and electron microscopy since obtained 

materials exhibit electrocatalytic activity for the oxygen evolution reaction (OER) in alkaline 

solution. The presence of both investigated transition metals cations, Co and Ni, seems 

beneficial for a catalytic application as the highest activities were found for catalysts containing 

both elements. However, an interesting effect of calcination depending on the LDH precursor 

composition was revealed in the course of catalyst processing. Co-rich LDHs tend to lose activity 

when calcined, while Ni-rich LDHs gain activity. The optimal cation composition for an LDH 

based catalyst was Co1.5Ni0.5Ga with an overpotential of 382 mV. The highest performance among 

the MMO catalysts on the other hand was observed for the Co0.5Ni1.5Ga composition reaching a 

similar overpotential. 

 

3.2 Introduction 

Water electrolysis as a process to generate H2 and O2 drew considerable attention in the context 

of sustainable chemical energy storage and supply.[22,54] However, the sluggish kinetics of the 

oxygen evolution reaction (OER) as the bottleneck of the overall reaction hinders an efficient 

utilization of the process and remains a key challenge. The search for and the development of 

efficient OER catalysts with earth-abundant elements is a recent topic of intense discussion, 

wherefore layered hydroxides of cobalt and / or nickel and their mixed oxides are widely 

investigated.[104–109] Among the investigated catalysts, multi-cationic systems containing Ni and 

/ or Co such as Ni-M (M = Fe, Co, V) mixed metal oxides / layered double hydroxides (LDHs) 

and Co-M (M = Mn, Zn, Fe) LDHs were shown to exhibit high catalytic performance.[110–113] 

Layered double hydroxides (LDHs) are highly versatile ionic, lamellar, mixed hydroxides that 

gained attention in the field of catalysis due to their ability to incorporate a huge number of 

elements, especially transition metals, into their structure and due to beneficial properties like 

multi-valency, high surface area and large availability of edge sites.[94,114] Structurally, they are 

composed of stacked M2+/3+(OH)2 sheets while charge neutrality is achieved by additional 

interlayer anions. A general formula for LDHs with divalent and trivalent metal ions can be 

proposed as [M2+
1−xM3+

x(OH)2]x+[An−]x/n∙mH2O. M2+ (M = Mg, Fe, Co, Ni etc.) and M3+ (M = Al, 
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Ga, Fe, V etc.) represent metal cations, respectively, and An− is the interlamellar anion, CO3
2- in 

most cases.[115,116] Through the synthesis into the LDH structure a homogenous distribution of 

the elements on an atomic level can be achieved creating optimal preconditions and ensuring 

the versatility of the LDH precursors for the formation of mixed metal oxides (MMOs) through 

a thermal decomposition process.[117,118] A mild thermal decomposition of the LDHs into the 

MMOs results in a highly porous structure giving rise to a large surface area, which is usually 

beneficial in catalysis. Both LDHs and MMOs have many applications in a variety of fields 

including catalysis, energy storage devices and fuel cells due to their tailored properties and 

compositional versatility.[60,119–125]  

The true nature of the active sites for OER on Co and Ni based oxides remains difficult to address 

and is still under discussion. A first hypothesis introduced that the OER activity is mainly 

promoted by Co3+/4+ high-valence sites on Co3O4 catalysts.[126] In contrast, another report 

proposed that the presence of oxygen deficiencies yielding Co with low oxidation states 

enhances OER activity.[127] However, as a common denominator for all reported catalysts the 

formation of hydrated Co species under working conditions as active species can be 

suggested.[128] Interestingly, a synergistic effect between Co and Fe based hydroxides, 

oxyhydroxides with different Co / Fe ratios significantly promoting the activity of Co-based LDH 

OER catalysts was found.[129,130] Ni based oxides, on the other hand, are not very active catalysts 

but the incorporation of Fe and V dramatically improves the OER activity.[131,132] The beneficial 

impact of Fe was explained by its involvement in the active site of the catalysts while Ni acted as 

the conductive support. Based on the findings with Fe3+, the scope of nonprecious Co, Ni based 

LDHs was expanded to other trivalent cations than Fe, especially Mn, Cr, and V-based oxides.[133–

135]  

Composition variation by cation substitution is an effective and widely applied method to study 

these materials and to find optimal compositions for a targeted reaction.[136,137] In coprecipitated 

LDHs, such compositional studies are facile but restricted by inherent stoichiometric limitations 

for the synthesis of phase-pure materials. In this study, Ga as M3+ cation with a fixed 

stoichiometry is introduced and the effect of a variable Co / Ni ratio is investigated. In addition 

to differences in composition, the performance of a series of LDH materials with the resulting 

MMOs is compared in order to learn about the effect of the catalyst’s structure and texture for 

a given cationic composition as the stoichiometric composition / ratio remains unchanged 

during thermal decomposition of the LDH precursor. Literature reports about such structure-

activity correlations of ternary LDH precursors and MMOs for the oxygen evolution reaction are 

rare. 
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3.3 Experimental Section 

3.3.1 Synthesis 

Cobalt (II) nitrate [Co(NO3)2∙6H2O, ACS reagent ≥ 98 %, Sigma-Aldrich Inc.], nickel (II) nitrate 

[Ni(NO3)2∙6H2O, p.a. ≥ 97 %, Sigma-Aldrich Inc.] and gallium (III) nitrate hydrate 

[Ga(NO3)3∙xH2O, PURATREM 99.99 % Ga, abcr GmbH] were used as initial metal salts for 

synthesis without further purification. Water content of Ga(NO3)3∙xH2O was determined 

through thermogravimetric analysis recording the mass loss up to 1000 °C and leaving only Ga2O3 

as residual compound. An alkaline solution containing sodium carbonate (Na2CO3, p.a., 

AppliChem GmbH) and sodium hydroxide (NaOH, +99%, VWR International BVBA) was used 

as precipitating agent for the synthesis of LDH precursors. The syntheses were carried out using 

an automated laboratory reactor system (OptiMax 1001, Mettler Toledo) with the stock solution 

containing all relevant metal cations at a total concentration of 0.4 mol∙L-1. The investigated 

catalysts with various Co and Ni ratios were synthesized using coprecipitation, conducted 

isothermally at 50°C and at a constant pH of 8.5. The temperature was controlled by a thermostat 

by fixing the glass reactor inside a jacket while pH control was maintained with the aid of an 

InLab Semi-Micro-L electrode. The synthesis started by dosing the metal salt solution into the 

glass reactor, prefilled with 100 mL of water, and adjusting the pH value of 8.5 by addition of 

Na2CO3 / NaOH (0.09 mol∙L-1 / 0.6 mol∙L-1) base solution. A gravimetric dosage of metal stock 

solution was performed. After concluding the dosing step, an aging step was initiated for 60 

minutes still at the elevated temperature of 50 °C. The precipitate was filtered using distilled 

water until the conductivity of the washing filtrate was constant. The resulting solid was dried 

at 80 °C overnight and was then finely ground in a mortar for further use. Calcination was 

conducted in a muffle furnace in static air at 500 °C (3 h, heating rate 2 °C∙min-1). 
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3.3.2 Characterization Techniques 

Structural Characterization 

X-ray diffraction (XRD) patterns were recorded using a Bruker D8 Advance powder 

diffractometer in Bragg–Brentano mode with Cu Kα radiation (λ = 1.5418 Å, 40 kV and 40 mA) 

at ambient temperature (25 ± 2 °C). The powder samples were investigated in the range of 5 to 

90° 2θ. A step size of 0.01° with a counting time of 0.3 s was applied during measurement. 

 

Thermogravimetric Analysis 

Thermogravimetric (TG) measurements were recorded on a Netzsch STA 449 F3 Jupiter 

thermoanalyzer. Each sample (ca. 50 mg) was placed in a corundum crucible and heated to 

1000 °C with a constant heating rate of 5 °C min-1. A mixture of 21 % O2 in Ar at a total flow rate 

of 100 mLn∙min–1 was applied during measurement as gas atmosphere.  

 

Morphological and Textural Properties 

Textural properties of the catalysts were assessed using N2 physisorption experiments. The 

measurements were performed using a NOVA 3000e setup (Quantachrome Instruments) at a 

temperature of -196 °C with a prior degassing step for 2 hours at 80 °C. The BET surface areas 

were evaluated at p / p0 data from 0.05 and 0.3 while pore volumes were determined at p / p0 = 

0.99.  

Scanning electron microscopy images were taken with a JEOL JSM7500F equipped with a cold-

field emission gun. The chosen acceleration voltage was 5.0 kV at an emission current of 10 µA. 

The morphology of the LDH nanosheets were characterized by using a JEOL 2200FS (200 kV) 

transmission electron microscope equipped with an X-MaxN Silicon Drift Detector (Oxford 

Instruments) for EDX analysis. 

 

Atomic Absorption Spectroscopy (AAS) 

Elemental compositions of the as-prepared samples were determined by atomic absorption 

spectroscopy (Thermo Electron Corporation, M-Series) and CHN analysis (Euro EA Elemental 

Analyzer, Euro Vector). 
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3.3.3 Catalytic Measurements 

Electrocatalytic Testing 

The electrochemical performance testing was carried out using a conventional three-electrode 

system with an Autolab potentiostat / galvanostat (PGSTAT12, Eco Chemie, Utrecht, The 

Netherlands) coupled to a Metrohm RDE rotator. A commercial 3 mm glassy carbon with a 

geometric area of 0.126 cm2 and modified with the catalysts was used as the working electrode, 

Ag / AgCl / 3 mol∙L-1 KCl as the reference electrode and a platinum mesh as counter electrode. 

The potentials were converted to the reversible hydrogen electrode (RHE) with the equation  

ERHE = EAg/AgCl + 0.210 V + 0.059 pH. The pH value was determined (using a pH meter) and was 

14 for 1 mol∙L-1 KOH. Prior to the experiments, the glassy carbon electrode was polished on a 

polishing cloth using different alumina pastes (3.0 - 0.05 μm) to obtain a mirror-like surface, 

followed by ultrasonic cleaning in water. For electrochemical measurements the catalyst ink was 

prepared by dispersing 5.0 mg∙mL-1 of the catalyst in ethanol water mixture (1:1) and 

ultrasonicated for 30 min. 5.0 μL of the catalyst suspension with a mass loading of 0.25 mg∙cm-2 

was drop coated onto the polished glassy carbon electrode and dried in air at room temperature. 

Before the OER measurements, the modified electrodes were subjected to continuous potential 

cycling until reproducible voltammograms were obtained. Electrochemical impedance 

spectroscopy was then recorded in the frequency range from 50 kHz to 1 Hz at the corresponding 

open circuit potential of the electrode using an AC perturbation of 10 mV. The resistance of the 

solution was determined from the resulting Nyquist plot, and then later used for ohmic drop 

correction according to the relation, Ec = Em-iRs, where Ec is the corrected potential and Em is the 

applied potential. All reported current densities were calculated using the geometric surface area 

of the electrode.  
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3.4 Results and Discussion 

3.4.1 Detailed Characterization 

(Co2-xNixGa)2(OH)12CO3∙mH2O LDH with a fixed (Co+Ni):Ga ratio of 2:1 were synthesized by the 

coprecipitation technique with varied Co:Ni ratios using a semi-automated synthesis 

workstation (OptiMax™ 1001) at pH = 8.5. The corresponding MMOs were obtained by thermal 

decomposition of the as-synthesized precursors at 500 °C in static air. The samples are labelled 

according to their cationic composition as Co2-xNixGa LDH and Co2-xNixGa MMO, respectively, 

where x denotes the Ni content. For a first assessment of structural properties and phase 

composition of the pristine LDHs and resulting MMOs, X-ray powder diffraction analysis was 

used. Figure 3.1a shows the corresponding patterns of the LDHs with characteristic reflections 

at 2θ values of 11.5°, 23.1° and 34.2° corresponding to (003), (006) and (012) planes of crystalline 

LDH precursors.[138,139] Both Co2Ga LDH (x = 0) and Ni2Ga LDH (x = 2) crystallize in the LDH 

structure, however the full width at half maximum (FWHM) is smaller for pure Co2Ga LDH and 

increases with higher Ni content suggesting the formation of a highly crystalline material with 

a well ordered structure for Co-rich LDHs. This apparent higher crystallinity may be due to the 

larger domain size of the nanosheets as suggested by further analysis of the textural properties 

and microscopy images (see Figure 3.6). An evaluation of the lattice parameter a (oriented 

perpendicular to the stacking axis c of the LDH structure) was performed based on the 2θ 

position of the 110 peaks (Figure 3.1b). The lattice parameter decreases linearly with increasing 

Ni content following Vegard’s rule as a result of the smaller ionic radius of Ni2+ compared to 

Co2+. The determined values are close to the limits reported for Co2Ga LDH and Ni2Ga LDH. 

Although the experimental values for the Ni-rich LDHs are slightly lower than expected, the 

trend proves the successful and homogeneously distributed incorporation of the metallic 

elements into the LDH structure and confirm the mixed nature of the LDHs. 
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Since thermal decomposition depicts a processing step for the catalyst series, thermogravimetric 

(TG) measurements were performed to study and understand the decomposition reactions  

 

 

associated with the calcination of the LDHs. Figure 3.2 shows both TG and differential thermal 

gravimetric analysis (DTG) results of the pristine LDH samples. Apart from a small signal at 
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Figure 3.1: XRD patterns of the pristine Co2-xNixGa LDH series (a) and lattice parameter a as the function 

of x in Co2-xNixGa LDHs (b). 
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Figure 3.2: Mass loss during thermogravimetric (TG) measurements (a) and corresponding differential 

thermogravimetric (DTG) plots (b) recorded in synthetic air flow at a heating rate of 5 °C∙min-1. 
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around 100 °C due to the removal of adsorbed water, the DTG curve of Co2Ga LDH (x = 0) shows 

two distinguishable mass losses at 170 - 200 °C and 215 - 250 °C, typically assigned to dehydration 

for the former and dehydroxylation and decarbonation at the same time for the latter 

temperature range.[138,139] The dehydration step occurs due to the loss of water of crystallization 

and is observed more easily compared to the removal of the OH groups as water. With an 

increasing Ni content, dehydration starts at a similar temperature range around 200 °C for all 

samples while the combined dehydroxylation / decarbonation step is shifted to higher 

temperatures (up to ca. 320 °C for x = 2). Additionally, with an increasing Ni content the 

combined dehydroxylation / decarbonation signal splits into two signals with the feature of an 

emerging shoulder signal near 250 °C in the DTG profiles. For Ni-rich (x ≥ 1.5) samples the 

dehydroxylation and decarbonation steps can be resolved distinguishably with the DTG method. 

With the presence of easily oxidizable elements (e.g. Co) in the course of thermal 

decomposition, the two processes at elevated temperatures become facilitated and coincide at 

lower temperatures compared to the Ni-rich samples.[95,103] A late stage mass loss at T > 900 °C 

is observed for Co-rich samples, which is assigned to thermal reduction of Co3O4 to CoO. In 

order to avoid thermal reduction of Co3O4 and to provide mild conditions, a temperature of 

500 °C was chosen for calcination at which decomposition of the LDHs was complete and the 

formation of MMOs was expected. 
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Figure 3.3: XRD patterns of Co2-xNixGa MMOs after calcination of their corresponding LDH precursors at 

500 °C. 
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Figure 3.3 shows the XRD patterns of the MMOs after calcination of the LDH precursors. The 

MMOs are presumably composed of several possible spinel phases (CoGa2O4, NiGa2O4, Co3O4), 

which are difficult to distinguish, and of additional nickel oxide (NiO). The observed diffraction 

patterns correspond to most prominent lattice planes of (111) at 2θ ≈ 19°, (220) at 2θ ≈ 31.3°, (311) 

at 2θ ≈ 36.9° and (222) at 2θ ≈ 44.8° for spinel phases as well as to lattice planes of (111) at 

2θ = 37.3°, (200) at 2θ = 43.4° and (220) at 2θ = 63° for bunsenite (NiO) confirming the thermal 

decomposition of the LDHs into MMOs. Comparable to the XRD results of the pristine LDHs, 

the Ni-rich samples show larger FWHM values indicating a less developed crystallinity and / or 

smaller crystallite sizes. Starting at a high Ni content (x = 2) and reaching the medium 

composition (x = 1), the patterns are dominated by the reflections of the NiO phase along with 

an evolving spinel by-phase. The patterns for Co-rich MMOs (x = 0.5 and x = 0) are best explained 

by the reflections of CoGa2O4 and / or Co3O4 spinel oxides as well as possibly small portions of 

NiGa2O4, but phase analysis via XRD results does not provide an unambiguous evidence for the 

presence of exactly the referenced phases. Due to a similar crystallographic structure of the 

spinel phases and a possible formation of solid solutions the precise nature of the MMOs remains 

difficult to be revealed although XRD analysis brings out apparently simple patterns. 

Furthermore, a possible presence of amorphous phases and the difficulty to determine those via 

XRD add to the complexity of phase analysis of the MMO samples.  

 

 

 

 

 

 

 

 

 

 

 

Additional textural properties were determined by nitrogen physisorption experiments for both 

the Co2-xNixGa LDHs and MMOs (Figure 3.4). All materials exhibit type H3 isotherms defined by 

IUPAC which relate to mesoporous structures of plate-like particles giving rise to slit-shaped 

pores. The exact form of the isotherms as well as resulting BET surface areas and pore size 

distributions derived from the BJH model[140] strongly depend on the Co:Ni ratio. The results are 

summarized in Table 3.1.  
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Figure 3.4: Nitrogen physisorption isotherms of Co2-xNixGa LDHs (a) and Co2-xNixGa MMOs (b). 
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Table 3.1: Summary of textural and electrochemical parameters of Co2-xNixGa LDHs and MMOs. 

Sample Surface 

area 

[m2/g] 

Pore volume  

 

[cm3/g] 

Pore size  

 

[nm] 

Cdl 

 

[mF∙cm-2] 

η 

 

[mV] @10 mA∙cm-2
 

LDHs      

x = 0 

x = 0.5 

x = 1 

x = 1.5 

x = 2 

 

MMOs 

x = 0 

x = 0.5 

x = 1 

x = 1.5 

x = 2 

 

50 

78 

86 

112 

88 

 

 

77 

75 

95 

138 

112 

 

0.36 

0.60 

0.46 

0.52 

0.41 

 

 

0.51 

0.64 

0.61 

0.91 

0.45 

20-35 

10-40 

5-15 

˂ 10 

˂ 10 

 

 

20-45 

15-50 

10-25 

5-35 

5-25 

0.54 

0.72 

0.60 

0.58 

0.59 

 

 

0.69 

0.70 

0.74 

0.75 

0.71 

410 

382 

428 

437 

472 

 

 

423 

409 

400 

383 

462 

 

 

With the exception of the binary systems (x = 0 and x = 2), a clear trend within the ternary series 

is evident. An increasing Ni content has the effect of increasing BET surface areas on the pristine 

LDHs. After the samples are subjected to calcination, a general increase in adsorption capacity 

is observed with no significant changes in the shape of the isotherms. Here again, the gain in 

SBET after calcination becomes larger with increasing Ni content for the ternary systems (0 % for 

x = 0.5, ~10 % for x = 1, ~23 % for x = 1.5). The increase in porosity may be explained by the 

decarbonation and dehydroxylation processes of the LDH precursors leading to a larger network 

of pores / channels which are accessible to adsorbate molecules and hence beneficial for an 

application in catalysis. Interestingly, the catalytic activity does not seem to correlate with SBET 

of the samples. A noticeable correlation can be seen with regard to the pore volume. The two 
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most active catalysts, Co1.5Ni0.5Ga LDH and Co0.5Ni1.5Ga MMO, exhibit the largest pore volumes. 

However, no trend does emerge out of this observation. 

 

 

 

Figure 3.5 illustrates the trend in pore size distribution depending on Co:Ni ratio for both the 

LDHs and the MMOs. Ni-rich compositions (x = 2 and x = 1.5) indicate pore sizes in the range of 

< 10 nm while Co-rich compositions (x = 0 and x = 0.5) exhibit larger pores of 10 - 40 nm. 

Calcination does not change the shape of the pore size distribution curves but has the effect that 

the pore sizes are shifted towards larger values. The rational consideration that the catalytic 

reaction would become facilitated with the presence of larger pores and explained by an easier 

access of the reacting molecules to the actives sites is not reflected here in a trend for catalytic 

activity depending on pore size distributions.  
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Figure 3.5: Pore size distributions of Co2-xNixGa LDHs (left) and Co2-xNixGa MMOs (right). 



3 Composition-Dependent Effect of Calcination of Ni, Co and Ga Based Coprecipitated Catalysts on the Oxygen 
Evolution Reaction 

45 
 

 

 

Figure 3.6 shows the SEM images of the binary LDHs (x = 0 and x = 2) as boundary compositions 

and their corresponding MMOs. The pristine LDH systems show an anisotropic platelet 

morphology which is typical for the material class of layered double hydroxides. The images 

illustrate the formation of crystallites with lateral dimensions of 100 - 300 nm. The platelets are 

larger for the Co2Ga LDH as compared to the Ni2Ga LDH in accordance with both XRD and BET 

measurements and reflecting the observed trends there. In the course of a mild calcination, the 

platelet morphology of the LDH precursors is preserved and still present in the structural 

appearance of the MMOs giving rise to porous aggregates of interconnected particles. Figure 3.7 

shows the SEM images of the Co-rich Co1.5Ni0.5Ga-LDH and the Ni-rich Co0.5Ni1.5Ga-MMO which 

turned out to be the best catalysts in OER (see below) but do not display any structural 

distinctiveness explaining their catalytic activity. 

 

 

 

 

 

Figure 3.6: Scanning electron microscopy images of Co2Ga LDH (x = 0, A), Ni2Ga LDH (x = 2, B) and their 

corresponding MMOs (C, D). 
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A confirmation for the beneficial properties of the LDH material class in terms of homogeneous 

elemental distribution is given in Figure 3.8. The elemental mapping in high-angle annular dark 

field scanning transmission spectroscopy (HAADF-STEM) clearly verifies the homogeneous 

distribution pattern of the two-dimensional sheets composed of the cationic elements. 

Interestingly, the atomic distribution of the LDH structure (Figure 3.8 A and B) is extended to 

the MMOs after the process of thermal decomposition (Figure 3.8 C). A first hint towards this 

observation was already given by the SEM images (Figure 3.6 and Figure 3.7) showing the 

structure preservation in the process of calcination. A solid solution type presence for the ternary 

mixed phases after calcination is highly probable since no evidence was found for individual and 

segregated oxides and / or hydroxides of the relevant metal elements.  

A combined EDS and AAS analysis revealed that the samples contain the elements Co and Ni 

within the targeted Co:Ni atomic ratios. The resulting data is summarized in Table 3.2. Evidently, 

the Co:Ni atomic ratios and the (Co+Ni):Ga ratios for all the samples follow the expected trend 

and are close to the nominal values with only slight deviations. The atomic ratios of Co:Ni of 

Co2-xNixGa LDHs determined by using AAS measurements are 2.96 (x = 0.5, expected: 3), 0.94 (x 

= 1, expected: 1) and 0.28 (x = 1.5, expected: 0.33), while for Co2-xNixGa MMOs the values are 2.76 

(x = 0.5), 0.96 (x = 1) and 0.32 (x = 1.5), respectively, further proving a successful incorporation 

of the catalytically relevant transition metal elements into the targeted precursor and within a 

consistent compositional series for a detailed investigation. 

 

  

Figure 3.7: Scanning electron microscopy images of Co1.5Ni0.5Ga LDH (A) and Co0.5Ni1.5Ga MMO (B) as the 

best performing catalysts in OER. 
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Table 3.2: Nominal and real elemental compositions of Co2-xNixGa LDHs determined by EDX and AAS 

measurements. 

* only metal elements considered and measured 

# all elements present in LDH precursor considered and measured, but only metals presented  

 EDX-measurements* AAS-measurements# 

LDHs  Ni 

[at.%] 

Co 

[at.%] 

Ga 

[at.%] 

 Ni 

[at.%] 

Co 

[at.%] 

Ga 

[at.%] 

Ni2Ga-LDH rel. 70.0 n/a 29.9 rel. 40.5 n/a n/a 

nom. 66.6 - 33.3 nom. 33.9 - 20.1 

Ni1.5Co0.5Ga-LDH rel. 48.5 17.0 34.4 rel. 28.6 8.2 n/a 

nom. 50.0 16.6 33.3 nom. 25.4 8.5 20.1 

NiCoGa-LDH rel. 34.3 36.6 29.1 rel. 20.3 19.1 n/a 

nom. 33.3 33.3 33.3 nom. 16.9 17.0 20.1 

Ni0.5Co1.5Ga-LDH rel. 16.2 50.9 32.9 rel. 9.1 27.0 n/a 

nom. 16.6 50.0 33.3 nom. 8.5 25.5 20.1 

Co2Ga-LDH rel. n/a 72.0 27.9 rel. n/a 39.0 n/a 

nom. - 66.6 33.3 nom. - 34.0 20.1 

a) b) 

c) Figure 3.8: TEM images and elemental mapping of 

selected catalysts: Co2Ga LDH (a), Co1.5Ni0.5Ga 

LDH (b) and Co0.5Ni1.5Ga MMO (c). Both 

distribution and mapping of relevant elements 

were recorded via EDS analysis of the presented 

TEM images. 
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3.4.1 Catalytic Investigation 

Electrocatalysis: Oxygen Evolution Activity of LDHs 

The catalytic performance of different LDH precursors along with commercial IrO2, which is still 

considered among the best performing catalysts in alkaline media[141] and used as a reference 

catalyst here, towards OER activity was evaluated in 1 M KOH solution by depositing aqueous 

dispersions of the catalysts on a glassy carbon electrode. Each electrode was subjected to 

continuous polarization between 1.0 and 1.5 V until reproducible voltammograms were obtained. 

As pointed out in Figure 3.9, the OER performance of the Co2-xNixGa LDHs strongly depends on 

the Co:Ni ratio. On one end of the compositional variation series, the Co2Ga LDH (x = 0) shows 

OER activity with an overpotential of 410 mV at 10 mA∙cm-2. On the other end of composition 

variation (x = 2), the Ni2Ga LDH performs with an overpotential of 472 mV. Co-based hydroxides 

were already reported to be highly active in OER with synergistic effects observed for the 

presence of Fe in the LDHs, while for Ni-based hydroxides Fe and V sites are active species with 

Ni acting as conductive host.[129–132] In our study, however, the activity is improved with partial 

substitution of Co with Ni in the LDHs and the optimized composition is found at Co1.5Ni0.5Ga 

for the pristine LDH series indicating a synergetic effect of small amounts of Ni in the Co2Ga 

LDH. A further increase in the Ni content leads to a decrease in activity. 
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Figure 3.9: OER activities of Co2-xNixGa LDHs and commercial IrO2 in 1 M KOH solution shown as LSV 

plots and recorded at a scan rate of 5 mV∙s-1. 
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Accordingly, the catalyst with the optimized composition shows the best OER activity with an 

overpotential of 382 mV at 10 mA∙cm-2 as compared to CoNiGa (428 mV, x = 1) and Co0.5Ni1.5Ga 

(437 mV, x = 1.5). This observation of a detrimental impact of an increased Ni content in the LDH 

catalysts may be explained with Ni2+ cations growingly diluting the active Co sites and thus 

suppressing the OER activity.[142] Yet, as compared to other reported well performing catalysts, 

e.g. commercial IrO2 (340 mV), Co-Fe, Ni-Fe (350 mV) and Ni-V (325 mV) layered double 

hydroxides[110,131,134], the activities of Co2-xNixGa LDHs at a current density of 10 mA∙cm-2 are 

inferior. 

 

 

For the determination of the abundance of active sites at the solid-liquid interface in the 

electrochemical water splitting reaction, the electrochemical surface area (ECSA) of the 

investigated catalysts can serve as a valuable measurement parameter. It is usually assessed by 

the electrochemical double layer capacitance (Cdl) using the cyclic voltammetry method.[143,144] 

The Cdl capacitances of Co2-xNixGa LDHs estimated from Figure 3.10 are summarized in Table 3.1. 

The data reveals that for the Co2-xNixGa LDHs the best performing catalyst with the optimized 

composition Co1.5Ni0.5Ga (x = 0.5) possesses a distinctly higher capacitance than the other 

compositions hinting towards a larger number of available active sites responsible for the 

performance in OER. 

Figure 3.10: Charging current density differences as a function of scan rates for Co2-xNixGa LDHs. 
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The kinetic parameters of the LDH catalysts were examined by Tafel analysis and the resulting 

plots are shown in Figure 3.11, which follow a similar trend as the polarization curves.[145] Co2Ga 

LDH (x = 0) and Ni2Ga LDH (x = 2) show a Tafel slope of 90 mV∙dec-1 and 110 mV∙dec-1, 

respectively, and the best performing Co1.5Ni0.5Ga LDH catalyst exhibits a lower Tafel slope of 

81 mV∙dec-1. This value directly implies that the kinetics of the OER on its surface is 

comparatively more facile than for the remaining catalysts. The charge transfer from the 

electrode surface to molecules in the boundary layer participating in the reaction is facilitated 

for this catalyst. 

 

The Tafel slopes of the remaining catalysts are 96 and 98 mV∙dec−1 for CoNiGa (x = 1) and 

Co0.5Ni1.5Ga (x = 1.5), respectively. Again, the trends suggest a synergistic enhancement by the 

partial substitution of low amounts of Co by Ni in the LDH structure. Ni acting as a conductive 

host / support and hence promoting charge transfer processes up to a specific content in the 

overall composition of the ternary system is reflected in the results of the Tafel analysis. 

However, the activities for LDHs presented in this study are lower compared to other Co-based 

LDHs which have been reported earlier.[110–113] This is likely due to the presence of a structure-

directing but electrochemically inactive Ga3+ ion that inhibits redox hopping processes in 

contrast to, e.g. Fe3+ or V3+.  
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Figure 3.11: Tafel slopes from measured (solid line) and fitted plots (dotted line) for Co2-xNixGa LDHs 

recorded with a scan rate of 1 mV∙s-1. 
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Electrocatalysis: Oxygen Evolution Activity of MMOs 

The summarized data for the electrocatalytic activity of the MMO catalysts is shown in Figure 

3.12. Figure 3.12a illustrating the LSV plots reveals that the OER activities of the Co-rich catalysts 

are lower when compared to the LDHs. A possible explanation for the diminished activity might 

be a lower availability of cobalt hydroxide species after calcination, which are considered to be 

the active species. However, Co2Ga MMO (x = 0) and Ni2Ga MMO (x = 2) show overpotentials 

of 423 mV and 462 mV with corresponding Tafel slopes of 68 mV∙dec-1 and 109 mV∙dec-1 (Figure 

3.12b), respectively, being relatively close to the values obtained for Co2Ga LDH and Ni2Ga LDH. 

Thus, the effect of calcination seems relatively low for these binary catalysts. 

 

Interestingly, the optimized composition of the MMO series is the Ni-rich catalyst Co0.5Ni1.5Ga 

(x = 1.5), which is contrary to the LDH catalysts. The observed overpotentials and Tafel slopes 

for Co2-xNixGa MMOs are 409 mV and 58 mV∙dec-1 (x = 0.5), 400 mV and 56∙mV dec-1 (x = 1) and 

383 mV and 51 mV∙dec-1 (x = 1.5) suggesting that for Ni-rich catalysts calcination has a clear 

positive effect. While for the LDH series the Co2Ga LDH (x = 0) as a binary catalyst shows a 

reasonably good catalytic performance as second-best catalyst, the ternary catalysts in the MMO 

series outperform both binary systems. A clear trend of improving OER activity with a growing 

Ni content is evident in the presented data and further supported by the double layer 

capacitances (Figure 3.12c and Table 3.1). Although the differences between the catalysts of the 

a) 

c) 

b) 
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Figure 3.12: OER activities as LSV plots (a) recorded 

at a scan rate of 5 mV∙s-1; corresponding plots of 

Tafel analysis (b) and charging current density 

differences (c) for Co2-xNixGa MMO series. 
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MMO series are not as pronounced as for the LDH series, the trend for composition dependent 

catalytic performance is verified and reflected here possibly correlating the activity with the 

abundance of active sites.  

 

Effect of Calcination on OER Activity 

As a concise view on the effect of calcination on the OER activity of the investigated composition 

series, Figure 3.13 summarizes the OER activities of Co2-xNixGa LDHs before and after calcination. 

In both series, the best catalysts are ternary ones. Co-rich LDH (Co1.5Ni0.5Ga, x = 0.5) and Ni-rich 

MMO (Co0.5Ni1.5Ga, x = 1.5) require the lowest overpotentials of ~ 385 mV in order to catalyze 

oxygen evolution at a reasonable current density of 10 mA∙cm-2. The composition dependence of 

the effect of calcination is highlighted in Figure 3.13b as percentage of activity loss or gain after 

calcination for a given LDH precursor. The activities of Co2Ga and Co1.5Ni0.5Ga LDHs after 

calcination decrease by 3.1 % and 7.2 % while for Co0.5Ni1.5Ga and Ni2Ga LDHs there is an increase 

in activity by 12.3 % and 2.1 %, respectively. It can be concluded that Co-based catalysts in the 

LDH structure tend to suffer from calcination, while Ni-based catalysts in the oxidic form seem 

to benefit from it. More importantly, synergetic effects by partial substitution greatly enhance 

this behavior and the optimal composition for the electrocatalysts depends on their thermal 

history. 

  

Figure 3.13: OER activities for both Co2-xNixGa LDHs and MMOs plotted as overpotentials at a current 

density of 10 mA∙cm-2 depending on composition (A) and percental change of OER activities of 

investigated catalyst series after calcination (B); the activity changes in % are calculated by referencing 

measured overpotentials of MMOs to pristine LDHs for each given composition. A negative value 

indicates a decreased activity with a higher overpotential needed to catalyze the reaction at the referenced 

current density, a positive indicates an increase in OER activity. 



3 Composition-Dependent Effect of Calcination of Ni, Co and Ga Based Coprecipitated Catalysts on the Oxygen 
Evolution Reaction 

53 
 

To finally assess the stability of the catalysts, the electrodes were subjected to a continuous 

cycling between 1.1 and 1.7 V vs. RHE at a scan rate of 100 mV∙s-1 for 1000 cycles after which an 

LSV measurement was repeated up to 1.8 V vs. RHE. The initial polarization curves and the 

repeated ones after 1000 CV cycles for Co1.5Ni0.5Ga LDH and Co0.5Ni1.5Ga MMO are shown in 

Figure 3.14.  

 

 

 

 

 

 

 

 

 

 

 

 

 

As shown for the two best performing catalysts, after 1000 cycles the polarization curves shift 

slightly towards higher potentials needed to reach the same current densities as for freshly 

measured catalysts. Despite the harsh experimental conditions and despite possible structural 

changes in the course of the reaction the catalysts remain moderately stable during the oxygen 

evolution reaction in alkaline conditions. 
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Figure 3.14: Polarization curves for Co1.5Ni0.5Ga LDH (a) and Co0.5Ni1.5Ga MMO (b) before and after 1000 

electrochemical potential cycling measurements of electrodes 1.1 and 1.7 V. 
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3.5 Conclusion 

LDH precursors and their corresponding MMOs containing Co, Ni and Ga with varying Co:Ni 

ratios were synthesized to study the effects of composition and calcination on their OER 

performance. Throughout the investigated series, a successful synthesis into the targeted LDH 

precursor was achieved with the actual elemental compositions agreeing with the nominal 

compositions. The beneficial properties of the LDH material class providing a homogeneous 

distribution of all present elements on atomic scale are confirmed and utilized in this study. 

Although transformed into multi-phase mixed oxides, the morphological preservation and the 

preservation of the homogeneous elemental distribution depict key aspects in explaining the 

observed catalytic activities. 

It was identified that the best composition depends on whether the catalyst was calcined or not. 

LDH precursors are more active if Co-rich, while the oxide counterparts are more active when 

Ni-rich. In both catalyst series a synergetic effect of partial substitution was clearly observed 

making ternary sample more active than binary ones to which the close contact of the relevant 

elements as a result of the distribution of the LDH precursor contributes. 
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4. Structure Control in LDH-based Ferrites by Thermal 

Decomposition and its Effect on Oxidation Catalysis 
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4.1 Abstract 

Via thermal decomposition of its precursor belonging to the material class of layered double 

hydroxides (LDH), structure-controlled monocrystalline porous platelets of cobalt ferrite, 

CoFe2O4, are accessible. Using an equimolar mixture of Fe2+, Co2+ and Fe3+ during 

coprecipitation, a mixture of LDH, (FeIICoII)4FeIII
2(OH)12CO3∙mH2O, and the target spinel 

CoFe2O4 is obtained as pristine material. Upon calcination, the remaining FeII fraction of the 

LDH is oxidized to FeIII leading to an overall Co2+:Fe3+ ratio of 1:2 as required for spinel 

crystallization. This stoichiometrically necessary pre-adjustment of the spinel composition in 

the LDH precursor mainly results in a topotactic crystallization of cobalt ferrite and yields phase 

pure spinel in an unusual anisotropic platelet morphology. The preferred topotactic relationship 

in most particles is [111]Spinel||[001]LDH. Due to the anion decomposition, a quasi-

monocrystalline holey platelet structure is formed. The unique microstructure leads to unusual 

chemical properties as shown by the application of the ex-LDH cobalt ferrite as catalyst in the 

selective oxidation of 2-propanol. Compared to commercial cobalt ferrite, which mainly 

catalyzes the oxidative dehydrogenation to acetone, the main reaction over the novel ex-LDH 

cobalt is dehydration to propene. Moreover, the OER activity of the ex-LDH catalyst is markedly 

higher compared to the commercial material. An additional and detailed investigation of the 

thermal decomposition process unveiled further structure-related properties especially in CO 

oxidation and OER. Thus, the tailoring of catalytic properties of the presented CoFe2O4 catalyst 

system is enabled by a controlled processing of its single-source precursor making it an attractive 

choice for structure-activity correlation studies. 
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4.2 Introduction 

Due to a large number of relevant physical and chemical properties including ferrimagnetism[146], 

(electro-)chemical reactivity[147] and catalytic activity,[148] cobalt ferrite, CoFe2O4, is a highly 

interesting compound. Multiple fields of application were mentioned in recent reports especially 

highlighting the potential of cobalt ferrite as component in multiferroic ceramics,[149] as 

electrode material in lithium batteries[150] and as water oxidation catalyst in electrolysis.[151] 

Cobalt ferrite is a hopping semiconductor and crystallizes in an inverse and highly isotropic 

spinel structure stemming from its cubic symmetry. The typical habitus of spinel-type crystals 

are small (truncated) octahedra or cubes. Morphology and / or size of the cobalt ferrite crystals 

can have a significant impact on the above-mentioned applications by providing small diffusion 

paths,[152] by the formation of stable magnetic suspensions[153] or by exposure of distinct crystal 

facets. Hence, it is an attractive approach to control the size and shape of cobalt ferrite crystals 

during its synthesis. Size control of ferrites was reported for instance by micelle approaches 

leading to small crystallite sizes, but typically isotropic shapes.[154] 

One effective way to manipulate the shape of oxide particles is their synthesis through the mild 

thermal decomposition of an anisotropic precursor compound. Oxide particles can then be 

obtained as pseudomorphs of the decomposable precursor. Layered double hydroxides (LDHs) 

are an interesting material class in this regard, also called hydrotalcite-like materials originating 

from and named after the mineral hydrotalcite, Mg6Al2(OH)16CO3∙4H2O. LDHs typically 

crystallize in form of thin hexagonal platelets due to their 2D layered crystal structure and can 

easily be synthesized with carbonate anions by coprecipitation. With carbonate being the most 

common anion, LDHs have the general composition MII
1-xMIII

x(OH)2(CO3)x/2∙mH2O. They consist 

of brucite-like layers MII/III(OH)2 with edge-sharing MO6 octahedra. The excess positive charges 

of the MIII cations are compensated by the carbonate anions in the inter-layer space, where also 

the crystal water molecules reside. Upon mild calcination of an LDH precursor, the anions 

decompose at moderate temperature and the resulting oxide particles often retain the 

anisotropic platelet morphology irrespective of the usual preference in crystallographic 

manifestation. LDHs can incorporate various M2+ and M3+ cations and are widely applied in 

materials chemistry[100,114,155] and catalysis,[114] e.g. as basic catalysts,[94] electrocatalysts,[110] catalyst 

precursor materials[115,116] or flame retardants.[156] 

Generally, the formation of a phase-pure spinel from a single LDH precursor is hindered by the 

compositional incompatibility between precursor and target compound. Stable LDHs require a 

MII:MIII ratio between approximately 2:1 and 4:1 (0.20 ≤ x ≤ 0.33). Spinels MIIMIII
2O4, on the other 

hand, usually need a MII:MIII ratio of 1:2. Thus, typically poorly crystalline mixtures of spinel and 
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additional MIIO of rock salt type as main oxidic component are obtained by LDH calcination, 

often in form of a nanoscale composite of isotropic primary particles aggregated in form of 

platelets. Despite the formation of segregated oxide phases, such secondary platelet particles 

intriguingly maintain the homogeneous elemental distribution of the LDH precursor as for 

example described in detail for ZnO / ZnAl2O4 mixed oxides derived from Zn,Al-LDH.[157] In this 

study, the formation of phase-pure cobalt ferrite from an LDH-containing precursor precipitate 

in a unique form of monocrystalline, but porous platelets is presented. Prepared such way, the 

potential of this new material in different catalytic oxidation reactions is demonstrated and 

compared with conventional commercial cobalt ferrite proving the unique and interesting 

properties of the novel ex-LDH cobalt ferrite. 
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4.3 Experimental Section 

4.3.1. Synthesis 

For the synthesis of the LDH precursor a stock solution of 0.4 mol∙L-1 Mx+ concentration 

(Fe2+:Co2+:Fe3+ in a 1:1:1 ratio with 0.133 mol∙L-1 each; Fe2+ salt: FeSO4∙7H2O, ACS reagent ≥ 99 %, 

Carl Roth GmbH; Co2+ salt: Co(NO3)2∙6H2O, ACS reagent ≥ 98 %, Sigma-Aldrich Inc.; Fe3+ salt: 

Fe(NO3)3∙6H2O, ACS reagent ≥ 98 %) was prepared and continuously pumped into a single-

walled glass reactor within an automated synthesis workstation (OptiMax 1001, Mettler Toledo) 

at a constant rate of 2.08 g∙min-1 over 60 minutes. In total, 125 g of the stock solution were 

pumped into the glass reactor which was prefilled with 100 mL of water. Inside a jacket acting as 

thermostat, coprecipitation was carried out at an elevated temperature of 50 °C and at constant 

pH of 8.5 controlled by an InLab Semi-Micro-L electrode. As precipitation agent, a solution of 

NaOH (0.6 mol∙L-1) and Na2CO3 (0.09 mol∙L-1) was used and pumped simultaneously to the metal 

salt stock solution into the reactor in order to keep the targeted pH constant at 8.5. A pitched-

blade impeller rotating at a speed of 300 rpm was employed for a homogeneous distribution of 

the forming precipitate. The reaction chamber and the reaction liquid were filled and purged 

with nitrogen in order to eliminate oxygen and prevent oxidation of Fe2+ over the course of the 

whole synthesis process. After the precipitation stage, an aging step of the precipitated mother 

liquor was carried out over an additional period of 60 minutes at a stable pH of 8.5. Subsequent 

processing steps included washing of the precipitate with demineralized water until a constant 

conductivity of the washing filtrate was achieved for three consecutive washing steps. By this 

procedure the residual sodium level in the precursor was reduced below 0.05 % as found by AAS. 

Finally, drying of the washed precipitates was conducted at a temperature of 80 °C in static air 

for 16 h. AAS also confirmed the nominal metal composition. 

As a last step to obtain the single-phase cobalt ferrite out of the as-synthesized precursor, the 

resulting solid was calcined in a muffle furnace in static air at 600 °C (3 h, heating rate 

β = 2 °C∙min-1). For the additional thermal decomposition study 5 different temperatures 

between 200 °C and 1000 °C in 200 °C steps were chosen. Each temperature was kept constant 

for 1 h and reached at a constant heating rate of β = 2 °C∙min-1. 
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4.3.2 Characterization Techniques 

Structural Characterization 

The diffraction patterns were recorded in Bragg-Brentano geometry either with an X’PERT-MPD 

(Philips) or with a D8 Advance (Bruker) powder diffractometer equipped with a Cu tube 

generating X-rays of Kα = 1.5418 Å. To reduce the fluorescence which occurs by irradiation of Co 

and Fe containing samples during the measurement, a secondary monochromator was used. The 

Kβ emission line was suppressed by using a Ni Filter. The samples were measured in an angle 

range of 5° - 80° with a step size of 0.0131° at room temperature. The TOPAS software was used 

for refinement of the experimental powder patterns. The refinements were performed using a 

structural model of the LDH that was based on [A. V. Radha et al., Acta Crystallographica, 

Section B: Structural Science, 63, 243-250 (2007)][158] and that of cobalt ferrite was taken from [G. 

D. Rieck et al., Acta Crystallographica B, 24, 982-983 (1968)].[159] In the former model, the cationic 

composition was adjusted to the 1:1:1 ratio of FeII:CoII:FeIII. 

 

Thermogravimetric Analysis 

Thermogravimetric (TG) analysis of the precursor was carried out on a Netzsch STA 449 F3 

Jupiter thermoanalyzer. A sample mass of ca. 50 mg was placed in a corundum crucible and 

heated to 1000 °C with a constant heating rate of 5 °C∙min-1. A mixture of 21 % O2 in Ar at a total 

flow rate of 100 mLn∙min–1 was applied during measurement as gas atmosphere.  

 

Morphological and Textural Properties 

The N2 physisorption measurements for the LDH precursor and for the calcined samples in the 

context of the thermal decomposition study were carried out on a NOVA3000 (Quantachrome 

Instruments) at liquid nitrogen temperature (-196 °C). Potentially adsorbed water on the sample 

was removed in a degassing step at a temperature of 80 °C under vacuum conditions for 2 h prior 

to the actual measurements. The N2 physisorption measurements of the ex-LDH and commercial 

CoFe2O4 were performed at -196 °C in a BELSORP-mini (BEL Japan, Inc.). 200 mg of the sample 

in sieve fraction of 250 – 355 µm were pretreated at 200 °C for 2 h under vacuum to remove water. 

The specific surface areas were determined from the adsorption isotherm using the BET method 

in a p / p0 range from 0.05 and 0.3. Applying the BJH method, the pore volume and the pore size 

distribution were obtained. 

The SEM micrographs were taken on a FEI ESEM Quanta 400 (FEI) electron microscope. 

Preparation prior to SEM analysis involved Pt-sputtering of the samples. The chosen 

acceleration voltage was 20.0 kV at an emission current of 10 µA. 
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TEM images were obtained on a double corrected JEOL JEM-ARM200F, which is equipped with 

a cold field emission gun. The microscope was operated at 200 kV. The samples were prepared 

by drop deposition of CHCl3 suspensions of CoFe2O4 on a lacey carbon coated Cu TEM grid. In 

a standard procedure the sample is pestled, suspended in CHCl3 and sonicated for 3 min. 

Subsequently, one drop of the diluted suspension is placed on the TEM grid. 

 

Mössbauer Spectroscopy 

Mössbauer spectra were recorded on powder samples in transmission geometry using a 57Co 

source on a constant-acceleration Mössbauer drive. Low temperature high-field spectra were 

measured using a cryostat with a superconducting magnet in split-coil geometry (Thor 

Cryogenics). All spectra were least-squares fitted with the “Pi” software package developed by 

Ulrich von Hörsten. [https://www.uni-due.de/~hm236ap/hoersten/home.html]. 

 

4.3.3. Catalytic Measurements 

4.3.3.1 Electrocatalytic Testing 

Oxygen evolution measurements were performed in a single-compartment three electrode cell 

using an Autolab PGSTAT302N coupled with an RDE rotator (Metrohm-Autolab, Utrecht, The 

Netherlands). A platinum mesh was used as counter electrode (CE), a Ag / AgCl / 3M KCl as 

reference electrode (RE) and glassy carbon electrode (GCE, A = 0.078 cm2) covered with the 

catalyst as working electrode (WE). The GCEs were polished using polishing paper (3M Lapping 

film – 3.0 - 0.5 µm) to obtain a mirror-like surface. The catalyst ink was obtained by sonicating 

5 mg of catalyst in 1 mL mixture of ethanol and water (v:v = 1:1). The GCE was drop coated with 

a specific volume of the catalyst ink in order to obtain 0.25 mg∙cm-2 catalyst loading. The RDE 

measurements were realized in oxygen saturated 1 M KOH solution at room temperature. Before 

the OER experiments, the catalyst was conditioned by cycling the potential between 0 – 0.65 V 

vs. Ag / AgCl / 3M KCl with 100 mV∙s-1 scan rate (50 cycles) in order to obtain a stable catalyst 

surface. The catalytic activity was investigated by linear sweep voltammetry (LSV) using 5 mV∙s-

1 as scan rate in the potential range from 0 – 0.9 V vs. Ag / AgCl / 3M KCl. Potentials were 

converted to the reversible hydrogen electrode (RHE) using the formula:  

ERHE = Eappl + E0
Ag/AgCl 3MKCl +0.059∙pH, where the pH value is 14. The resistance of the solution (R) 

was determined using electrochemical impedance spectroscopy (EIS) registered at open circuit 

potential in the frequency range 100 Hz to 10 Hz. A perturbation of 10 mV was applied. The 

potential was corrected using: EcorrRHE = ERHE - iR. For long-term stability measurements, the 

catalyst ink was obtained by sonication of 5 mg of catalyst in 1 mL mixture of ethanol, water and 
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5 % Nafion sol. (490 µL, 490 µL, 20 µL). The stability test consists of 4 cycles of EIS, LSV (1 cycle, 

from 0 vs. Ag / AgCl / 3M KCl until the potential required to achieve 10 mA∙cm2 current density, 

5 mV∙s-1) and galvanostatic chronopotentiometry (1800 s) at 0.78 mA [A. Maljusch, O. Conradi, 

S. Hoch, M. Blug, W. Schuhmann Anal. Chem. 88, 7597−7602 (2016)].[160] The applied current 

during the galvanostatic polarization corresponds to a current density of 10 mA∙cm-2. 

 

4.3.3.2 Alcohol Oxidation Experiments 

An all stainless-steel microreactor set-up with a calibrated quadrupole mass spectrometer (QMS, 

Balzers GAM422) was used for the oxidation of 2-propanol. The microreactor consisted of a 

glass-lined stainless-steel U-tube with an inner diameter of 4 mm, which was heated in an 

aluminum block oven. For catalytic tests the U-tube reactor was filled with 100 mg of the 

CoFe2O4 catalysts (250 – 355 µm). A thermocouple was directly placed in the catalyst bed for 

temperature control. Time-resolved quantitative online gas analysis was performed with a QMS 

which was calibrated using 0.9608 % 2-propanol in He, 9.3191 % acetone in He, 1 % propene in 

He, 0.6107 % H2O in He, 0.1 % CO2 in He, and 10 % O2 in He. Dosing of 2-propanol was achieved 

by purging a saturator with He. The vessels were cooled by means of a cryostat to 0 °C resulting 

in a saturated mixture of 0.9608 % 2-propanol in He. By means of mixing valves 2-propanol / He 

and O2 were mixed and further diluted by He. All gas flows were adjusted by calibrated mass 

flow controllers (MFCs).  

The catalysts used in 2-propanol oxidation activity tests were pretreated in 10 % O2 / He 

(10 mLn∙min-1) for 3 h at a maximum temperature of 300 °C. The oxidative pretreatment was 

performed in analogy to Au / TiO2 catalysts utilized in alcohol oxidation catalysis [M.C. Holz, K. 

Kähler, K. Tölle, A.C. van Veen, M. Muhler, Physica Status Solidi B, 250 (6), 1094-1106 (2013)][161] 

to prevent deactivation due to residual carbonaceous species on the catalyst surface and to set 

equal initial conditions for both samples. After cooling to 30 °C, the 2-propanol oxidation 

experiment was performed. The 0.18 % 2-propanol / 0.18 % O2 / He reaction gas was passed over 

the catalyst (100 mLn∙min-1) and the sample was heated to 300 °C with a heating ramp of 

0.5 °C∙min−1. The temperature was kept constant for 1 h before the sample was cooled to room 

temperature with 0.5 °C∙min−1. The 2-propanol oxidation experiment was repeated directly 

without any further pretreatment.  
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4.3.3.3 CO Oxidation Experiments 

Dynamic CO oxidation measurements at ambient pressure conditions were performed on a 

commercial catalyst analyzer (BELCAT B, BEL Japan Inc.). 20 – 120 mg of each catalyst of the 

sieve fraction of 250 – 355 µm were mixed and diluted with SiC of a grain size of 355 – 500 µm 

and with a mass ratio of 3:1 (SiC:catalyst) and loaded into a U-shaped fixed bed quartz reactor. 

A dehydration program at 100 – 200 °C for 1 h was initiated prior to the catalytic run. He flow 

was appointed as inert gas during this procedure at a flow rate of 30 mLn∙min-1. The subsequent 

catalysis measurements were started after cooling down to 50 °C. At a constant volumetric flow 

of 80 mLn∙min-1 the reaction gas feed (3 % CO, 6 % O2 in He) was passed through the fixed bed 

reactor while being heated up to a maximum temperature of 500 °C at a constant heating of  

3 °C∙min-1.  

For steady-state CO oxidation experiments 100 – 120 mg of each catalysts (sieve fraction 250 - 

355 µm) were diluted with the triple amount of SiC (sieve fraction 355 – 500 µm). The same 

pretreatment protocol as for the dynamic measurements was used for these types of 

measurements. Temperatures between 200 and 500 °C in steps of usually 20 °C were chosen for 

the actual catalytic runs. Each temperature was held for 3 h with a heating or cooling rate of 

10 °C∙min-1 to reach the following set temperature. The effluent gas feed for both dynamic and 

steady-state measurements was monitored via a calibrated mass spectrometer (QMG 220, 

Pfeiffer Vacuum GmbH) and / or a micro gas chromatograph (490 MicroGC, Agilent 

Technologies). 
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4.4 Results and Discussion 

4.4.1 LDH-based Approach Towards a Unique CoFe2O4 

4.4.1.1 Detailed Characterization 

The introductorily mentioned compositional limitations for the formation of a single-phased 

cobalt ferrite (MII:MIII requirement of 1:2) derived from a single-source LDH precursor (MII:MIII 

requirement between 2:1 and 4:1) was overcome by using a mixture of Fe2+ and Fe3+ for the 

synthesis of the LDH precursor at constant pH value and under the exclusion of air in the 

proposed coprecipitation synthesis.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1 illustrates several parameters monitored during the synthesis and reveals a high 

degree of reproducibility and synthesis control in order to achieve the unique properties of the 

prepared cobalt ferrite. 

The target composition of the coprecipitate with the chosen metal salt concentrations was 

FeII
2CoII

2FeIII
2(OH)12CO3∙mH2O meeting the MII:MIII requirement of 2:1 for LDHs. The presence 

of the LDH structure is confirmed by XRD, however a substantial fraction of a spinel by-phase 

is also detected (Figure 4.2a). Rietveld refinement does not show any indication for an additional 

phase (Table 4.1, Table 4.2). The phase composition for the pristine precipitate is 45 % LDH and 
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Figure 4.1: Synthesis protocol obtained during the automated coprecipitation synthesis monitoring pH, 

mass-controlled dosage of metal stock solution and temperature. 
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55 % spinel. The lattice parameter of the spinel phase is 8.381(4) Å and thus very close to 

8.3806 Å, a value expected for CoFe2O4, (PDF 01-074-3419), as compared to 8.0850 Å for Co3O4, 

(PDF 01-078-1970), or 8.3941 Å for Fe3O4, (PDF 01-074-0748 19-629). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 4.1: Selected results of Rietveld and Pawley refinements for the powder XRD patterns of the 

precursor coprecipitate and the calcined material. 

 Precipitate Calcined 

 Phase 1 Phase 2  

Quantitative Analysis 45 wt% 55 wt% 100 wt% 

Structure Type Hydrotalcite Spinel Spinel 

Crystal System trigonal cubic cubic 

Space Group R 3� m (166) F d 3� m (227) F d 3� m (227) 

Formula Units per Cell 1 8 8 

 

Lattice parameters 

Rietveld  

a = b = 3.0794(14) Å 

c = 22.398(11) Å 

α = β = 90 ° 

γ = 120 ° 

a = b = c = 8.381(4) Å 

  

α = β = γ = 90 ° 

 

a = b = c = 8.385(13) Å 

         

α = β = γ = 90 ° 

 

 

Lattice parameters 

Pawley 

a = b =3.0771(14) Å 

c = 22.392(11) Å 

α = β = 90 ° 

γ = 120 ° 

a = b = c = 8.377(4) Å 

 

α = β = γ = 90 ° 

 

a = b = c = 8.385(4) Å 

         

α = β = γ = 90 ° 

 

 

Figure 4.2: XRD patterns and Rietveld fits of the pristine precursor coprecipitate (a) and of the calcined 

material (b). The coprecipitate consists of the phase mixture of 45 % LDH and 55 % spinel. The calcination 

product is phase-pure CoFe2O4 (black: experimental data; red: calculated pattern; blue: difference; orange

/ green: Bragg peak position of LDH / CoFe2O4). 

a) b) 
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Table 4.2: Selected criteria of fit for the Rietveld and Pawley refinements for the powder XRD patterns of 

the precursor coprecipitate and the calcined material. 

 Rietveld Pawley 

 Precipitate Calcined Precipitate Calcined 

 Phase 1 Phase 2  Phase 1 Phase 2  

Rexp 0.62 11.19 0.62 11.21 

Rwp 1.12 10.17 1.06 9.77 

Rp 0.82 6.83 0.82 6.64 

Rexp´ 1.40 0.22 1.42 10.30 

Rwp´ 2.51 0.20 2.41 8.98 

Rp´ 2.22 0.21 2.27 6.17 

GOF 1.80 0.91 1.70 0.87 

RBragg 0.534 0.142 1.453 0.071 0.186 0.577 

No. of parameters 36 64 59 57 

 

It seems likely that during the steps of coprecipitation, washing and drying a significant amount 

of LDH is prematurely and unwantedly transformed into the spinel phase which is rather 

targeted after calcination. An incomplete exclusion of air in the course of precipitate handling 

might be an explanation to this observation. Yet, a thorough washing procedure is required to 

reduce Na impurities to a level 0.05 % as determined by AAS measurements. 

SEM micrographs of the coprecipitated pristine sample support the presence of two different 

types of material. Alongside the hexagonal platelet particles of the LDH phase, which exhibit 

lateral sizes around 0.5 - 1 µm and a thickness of about a few tens of nanometers, also smaller 

and spherical particles can be observed, preferably assigned to the spinel by-phase as previously 

 

indicated by XRD data and most probably representing the cobalt ferrite phase (Figure 4.3a).  

Figure 4.3: SEM micrographs of the precursor coprecipitate (a) and the sample after calcination at 600 °C 

(b). 

a) b) 
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Supplementary characterization via Mössbauer spectroscopy promotes the idea and the 

hypothesis of CoFe2O4 (Figure 4.4) being the spinel by-phase.  

 

 

In addition to magnetically ordered CoFe2O4 (Figure 4.4: sextet phase (magenta, (a))), a 

contribution of superparamagnetic CoFe2O4 crystallites and / or FeIII from the LDH is also 

detected (Figure 4.4: doublet phase (dark yellow, (a))). At low temperature and high field there 

is complete magnetic ordering, but strong spin-canting indicates low crystallinity of the 

prematurely formed small CoFe2O4 particles making it difficult to distinguish the already 

detectable A (tetrahedral; Figure 4.4: sextet phase (blue, (c))) and B (octahedral; Figure 4.4: 

sextet phase (green, (c))) sites of the spinel cobalt ferrite. Unexpectedly, for the case of the 

pristine coprecipitated sample there is no clear evidence for the presence of paramagnetic 

FeII,[162] which might be a result of the instability of FeII during the relatively long storage time 

between synthesis and the Mössbauer measurements. 

Figure 4.4: Mössbauer spectra of the LDH / CoFe2O4 precursor (left hand panels) and the ex-LDH CoFe2O4

after calcination (right hand panels) recorded at 25 °C (upper panels) and -269 °C and high field (lower 

panels). 

25 °C 25 °C 

-269 °C 5T -269 °C 5T 
c) 

b) a) 

d) 
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Upon calcination in air, all FeII is oxidized to FeIII giving rise to an overall MII:MIII ratio from 

initially 2:1 ([FeII+CoII]:[FeIII]) to 1:2 as required for spinel crystallization ([CoII]:[2FeIII]). 

Calcination at 600 °C leads to a complete decomposition of the precursor as shown by TG 

analysis. Below 200 °C already, both relevant decomposition processes composed of 

dehydroxylation and decarbonation take place and are concluded (Figure 4.5).  

 

 

Hence, choosing 600 °C for calcination can be considered the optimum condition in balancing 

a well pronounced spinel crystallization at a highest possible temperature and the precursor 

structure preservation at a lowest possible temperature. Consequently, calcination at 600 °C 

leads to a phase-pure cobalt ferrite according to XRD (Figure 4.2b). Rietveld refinement data of 

the calcined material strongly rule out the presence of additional crystalline phases by revealing 

the lattice parameter of CoFe2O4 to be 8.385(13) Å in good agreement with the literature value 

and the spinel fraction in the precursor (Figure 4.2a, Table 4.1, Table 4.2). This observation is 

further backed up by the room temperature Mössbauer spectrum of the calcined sample (Figure 

4.4, (b)) since a superparamagnetic contribution is no longer observed indicating CoFe2O4 

crystallite sizes beyond the superparamagnetic limit as a result of calcination. At low 

temperature and high field, the expected subspectra of the spinel structure can be 
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Figure 4.5: Thermogravimetric analysis results illustrating the mass loss curve (∙-∙-) and its derivative (–) 

with respect to time plotted against temperature. 
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distinguished[163] due to a much lower spin-canting compared to the precursor suggesting 

improved crystallinity of CoFe2O4.  

SEM analysis of the calcination product shows the presence of rather uniform aggregated 

platelets, which depict pseudomorphs of the LDH precursor (Figure 4.3b and Figure 4.6a). 

Evidently, the SEM images show the presence of intraparticular pores or holes in the individual 

platelets. These are likely the result of the decomposition of hydroxide and carbonate anions 

leading to a shrinkage of the solid. Comparable to a “Swiss cheese”, this type of morphology is 

not very common for LDH decomposition into mixtures of MIIMIII
2O4 and MIIO in other systems. 

While the retention of the platelet morphology is common, shrinkage usually leads to a uniform 

size reduction of the platelets and not to the formation of holes. 

 

The specific surface area of the ex-LDH CoFe2O4 amounts to 31 m2∙g-1 and the N2 physisorption 

isotherm resembles type II defined by IUPAC (Figure 4.7). The desorption isotherm shows a H3 

hysteresis loop indicating a mesoporous structure with a broad pore size distribution. At the 

same time, a H3 hysteresis loop describes non-rigid aggregates of plate-like particles giving rise 

to slit-shaped pores, which is verified by the SEM micrographs. The broad pore size distribution 

is further confirmed by the BJH results (Figure 4.7, inset) which reveal pore sizes between 2 and 

38 nm in good agreement with Figure 4.6. An interesting notice in this regard is the hysteresis 

behavior of a type II resembling a physisorption isotherm, which usually stands for non-porous 

materials. Since pore sizes and the average particle size appear to be in a similar range, it might 

be possible that not the actual pore sizes are determined but rather the interparticle volume. 

Furthermore it is noteworthy that the small particles assigned to the by-phase in the pristine 

Figure 4.6: SEM images of the calcined (600 °C) LDH precursor showing aggregates of porous platelets 

(a) and HAADF-STEM image of one individual platelet (b). 

a) b) 
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precursor sample are still seen as brighter spots in Figure 4.6b, but in the SEM images (Figure 

4.6a and Figure 4.3b) they are no longer as clearly observed after calcination, which might hint 

towards a partial interaction / reaction of the smaller nanoparticles with the larger cobalt ferrite 

platelets upon heating to 600 °C. 

 

 

The HAADF-STEM image in Figure 4.6b demonstrates the hexagonal shape of a single platelet 

inherited from the LDH precursor with the holes formed during decomposition and 

crystallization of the spinel-type cobalt ferrite. Interestingly, high resolution (HR)TEM and 

selected area electron diffraction (SAED) investigation revealed that individual parts of the holey 

platelets, which are not covered by spinel nanoparticular impurities are monocrystalline (Figure 

4.8). In contrast, SAED patterns of aggregates of multiple platelets appear polycrystalline. For 

single platelets that are covered by spinel nanoparticles, additional spots arise in the otherwise 

monocrystalline diffraction pattern (Figure 4.9a, b). On the nanoscale, the HRTEM images in 

Figure 4.10 show that the porous crystals are composed of a concerted arrangement of mosaic 

block-like domains that are formed by aligned lattice defects. These defects add strain to the 

sample and may alter their catalytic performance.[164] Careful inspection of the HRTEM images 

shows that the crystalline orientation of the cobalt ferrite platelets remained unchanged even 

when being interrupted by a pore hole (Figure 4.10). 

Figure 4.7: N2 physisorption isotherm of the calcined ex-LDH CoFe2O4. The pore size distributions 

obtained by the BJH-method is shown as inset. 
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In addition, the pore edges as well as the 2D lattice defects are oriented with respect to each 

other at distinct angles (e.g., 0°, 60° or 120°), which strengthens the picture of a monocrystalline 

particle rather than a polycrystalline aggregate. Based on the zone axis of the SAED and the 

indexing of the Fourier Transform (FT) patterns (Figure 4.8, insets), the viewing direction 

perpendicular to the lateral dimensions is identified as [111] of the spinel lattice for most crystals 

studied suggesting that 111 facets are the major surface termination. However, at one occasion a 

[110] zone axis was also observed (Figure 4.9c).  

Figure 4.8: TEM image of a porous CoFe2O4 platelet (a) and corresponding SAED pattern (inset), HRTEM 

image of the edge region of such a platelet (b) and corresponding FT with indexing of the cubic spinel 

structure and zone axis [111] (inset). 

Figure 4.9: SAED patterns (insets) and TEM images of aggregates (a) and individual platelets considering 

nanoparticular impurities (b). The arrow in the SAED pattern presented in (b) denotes spots that do not 

correspond to the monocrystalline order of the platelet. c) TEM and FT image (inset) of the ex-LDH 

particle marked with the arrow in (b). Differently from most other particles, the CoFe2O4 crystal marked 

with the arrow is oriented with its [110] axis in viewing direction. 
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The majority of these observations indicate that thermal decomposition proceeds via a 

topotactic crystallization of the cobalt ferrite, where the [111] zone axis is preferably related to 

the c-axis of the LDH, which is the stacking axis of the layers oriented perpendicular to the 

lateral dimensions of the platelets: [111]Spinel||[001]LDH. A topotactic crystallization 

mechanism for oxides formed from LDHs during calcination is already known.[165–167] However, 

due to poor crystallinity and multiple phases emerging out of the decomposition process it 

turned out to be difficult to establish a clear topotactic crystallization in a straightforward 

manner for other LDH precursors. 

 

  

Figure 4.10: HRTEM image of a CoFe2O4 platelet showing a region with many aligned lattice defects and 

the distorted hexagonal shape of the holey pores. The zoom in the lower panel (b) shows the crystalline 

surrounding of one pore and the undisturbed monocrystalline ordering at both sides of the hole (compare 

FT 1 and 2). 
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As a first conclusion, it can be stated that the unique microstructure and morphology of the ex-

LDH CoFe2O4 is a result of a successful preadjustment of the cationic composition in the 

precursor. Using the LDH material class as coprecipitate precursor, the cations are initially 

located in an atomically homogeneous distribution in the solid solution type precursor. Upon 

oxidation of FeII in the course of calcination, also the required ratio of MII:MIII is preadjusted 

throughout the whole solid. Under these conditions, not met in conventional LDHs without 

oxidizable FeII due to inherent stoichiometric limitations, crystallization of the CoFe2O4 requires 

hardly any solid-state diffusion of the cations and can proceed readily in a topotactic manner 

preferably under retention of the orientation of the close-packed oxygen layers in (001) in the 

trigonal LDH and (111) in the cubic spinel, respectively. In particular, no phase segregation is 

required as a single oxide phase can be formed. This easy crystallization of the thermally stable 

spinel phase presumably leads to the early formation of an oxide backbone in a typically not 

favored anisotropic platelet form and to the formation of holey pores as the anions decompose 

and H2O and CO2 diffuse out of the solid. It is noted that mesoporous single crystals of spinel-

type Co3O4 are accessible via a closely related route by topotactic crystallization from brucite-

type Co(OH)2 precursors and found to be highly interesting electrode materials for lithium ion 

batteries.[168–171] It can be highlighted that the herein presented synthesis procedure yields binary 

mixed spinels and is based on the utilization of mixed Fe2+ and Fe3+ solutions and that it should 

be generally applicable for the synthesis of many kinds of ferrite spinels by combination of 

Fe2+ / Fe3+ with various LDH-forming cations M2+. For instance, a recent report includes ex-LDH 

MgFe2O4 spinels as precursors for Fe-based catalysts in ammonia synthesis and 

decomposition.[139] If synthesized from a FeII
2Mg2FeIII

2(OH)12CO3∙mH2O LDH precursor, holey 

platelets of the resulting MgFe2O4 can be found by SEM also in this material (Figure 4.11), 

showing the versatility of the proposed synthesis approach. 

Figure 4.11: SEM images of an FeII
2Mg2FeIII

2(OH)12CO3∙mH2O LDH (a) and of the calcination product 

MgFe2O4 after heating to 600 °C (b-d). (Reprinted with permission from ref. [139]) 
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4.4.1.2 Catalytic Investigation 

In order to demonstrate that the unique structural properties of the ex-LDH CoFe2O4 correlate 

with interesting chemical properties, two catalytic application examples for the new material are 

presented and compared to commercial CoFe2O4 (purchased from Sigma-Aldrich). Cobalt ferrite 

is known as an oxidation catalyst showing high activity, e.g., in the electrocatalytic oxygen 

evolution reaction (OER),[142] in the gas phase oxidation of CO[148] or in the selective oxidation of 

terpenes.[148,172] The ex-LDH CoFe2O4 and commercial CoFe2O4 were tested in the temperature-

programmed oxidation of 2-propanol and in the OER. Introductorily, it can be noted that neither 

XRD nor N2 physisorption revealed major differences in the crystallinity or specific surface area 

for the two catalysts that could easily explain large differences in catalysis (Figure 4.12).  

 

 

Alcohol Oxidation Experiments 

The results of the 2-propanol oxidation experiments are shown in Figure 4.13 and Table 4.3. The 

commercial catalyst exhibits a higher activity at low temperatures in the first heating cycle. Upon 

cooling back down, however, the temperature profile of the 2-propanol conversion is very similar 

for both catalysts in agreement with the similar specific surface area. It remains almost 

unchanged in a second heating cycle. Interestingly, at T = 300 °C the conversion in 2-propanol 

is similar for both catalysts, while the oxygen conversion and the product selectivity are 

markedly different. The commercial material is highly selective to acetone indicating that the 

oxidative dehydrogenation (C 4.1) is the major reaction over this catalyst. This agrees with the 

Figure 4.12: XRD patterns of the commercial CoFe2O4 and the calcined ex-LDH CoFe2O4 with the reference 

pattern corresponding to PDF2 (00-022-1086) (a). N2 physisorption isotherm of the commercial CoFe2O4

purchased from Sigma-Aldrich (SBET of 34 m2∙g-1, compare to Figure 4.7) (b). 
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conversion in oxygen reaching similar values like that in alcohol. Contrarily, the major product 

over the ex-LDH catalyst is propene (52 % selectivity) indicating that the dehydration reaction 

(C 4.2) is favored over this catalyst. The selectivity to acetone is 40 %, which corresponds roughly 

to the conversion in oxygen. Only little total oxidation (C 4.3) is observed in both cases and the 

extent is even lesser for the ex-LDH catalyst. 

 

2 C3H7OH + O2 → 2 C3H6O + 2 H2O  (C 4.1) 

C3H7OH (+ O2) → C3H6 + H2O   (C 4.2) 

2 C3H7OH + 9 O2 → 6 CO2 + 8 H2O   (C 4.3) 

 

  

Figure 4.13: Conversions (upper panels) and yields (lower panels) of the commercial CoFe2O4 (left hand 

panels) and ex-LDH CoFe2O4 (right hand panels) upon heating (closed symbols) and cooling (open 

symbols) in the oxidation of 2-propanol as function of temperature. 
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Table 4.3: Catalytic properties of the ex-LDH CoFe2O4 and commercial CoFe2O4 in the oxidation of 2-

propanol (X: conversion; Y: yield) at 300 °C. 

 ex-LDH Commercial 

X(C3H7OH) 91% 90% 

X(O2) 44% 97% 

Y(C3H6O) 40% 88% 

Y(C3H6) 52% 1% 

Y(CO2) 5% 12% 

Y(H2) 2% 4% 

 

These findings suggest differences in acid-base or redox properties of the cobalt ferrite surface 

in the two catalysts. The dehydration activity of 2-propanol over metal oxides towards propylene 

is affected by the number, the nature, and the strength of acid sites.[173] In contrast, the 

dehydrogenation pathway yielding acetone through a concerted mechanism over acid-base pairs 

proceeds independent of their intrinsic strength. Furthermore, the nature of the metal oxide and 

the carrier gas type can modify the product selectivities.[174] In case of NiFe2O4 for instance, 

significant differences in the product distribution have been linked to variations in the Ni:Fe 

surface ratio.[175] 

 

 

Electrocatalysis: Activity in the Oxygen Evolution Reaction (OER) 

The OER experiments for the ex-LDH and commercial CoFe2O4 are presented in Figure 4.14. The 

ex-LDH CoFe2O4 shows higher catalytic activity towards OER, with the threshold current 

density of 10 mA∙cm-2 being reached at around 0.43 V overpotential, while for the commercial 

CoFe2O4 an overpotential of 0.59 mV is required to reach the same current density. Ex-LDH 

CoFe2O4 shows also a lower Tafel slope (57 mV∙dec-1) than the commercial material  

(128 mV∙dec-1) which usually indicates that an electron / charge transfer at the boundary layer is 

facilitated when compared to catalysts exhibiting higher Tafel slopes. The slope of the current 

curve in Figure 4.14a suggests a higher conductivity of the monocrystalline platelets, which likely 

is an important contribution to the electrocatalytic activity. Stability measurements (Figure 4.15) 

do not indicate decay of the activity or severe structural changes of the particles at the electrode 

during OER (Figure 4.16). 
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Over the first cycle, no significant change of the potential is observed. The small variations may 

be caused by bubble formation during the OER, which may block the electrode surface. Also, 

the LSV registered before cycle 2-4 show no change suggesting that the catalyst achieved a stable 

structure and its activity is not decaying during the galvanostatic polarization. In the last cycle 

of galvanostatic polarization (4 from Figure 4.15a), the potential is slightly increasing. This is 

caused by the detachment of the catalyst from the electrode surface due to the mechanical stress 

induced by the O2 bubble formation (Figure 4.16). After the long-term measurements, the 

Figure 4.14: Linear sweep voltammograms (a) and Tafel slopes (b) of commercial CoFe2O4 (red) and ex-

LDH CoFe2O4 (black) recorded in O2-saturated KOH (1 M) at a scan rate of 5 mV∙s-1 and 1600 rpm. 

Figure 4.15: Ex-LDH CoFe2O4 long term measurements: a) Potential required to achieve the current 

density of 10 mA∙cm-2 during the four galvanostatic cycles (the time depicts the measurement time of each 

galvanostatic chronopotentiometry; b) LSV registered before the galvanostatic measurements (initial) and 

after the galvanostatic cycles (1-3) presented in (a). 
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morphology of the remaining catalyst on the electrode is similar to the morphology of the freshly 

deposited catalyst (Figure 4.16) proving a sufficient stability of the unique cobalt ferrite in the 

application as an OER catalyst. 

 

 

 

  

Figure 4.16: SEM images of an electrode before (a) and after (b) the OER - long term measurements at 

different magnifications (from left to right: 80 x, 25000 x and 150000 x). 
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4.4.2 Thermal Decomposition Study on LDH-based CoFe2O4 

In order to understand the decomposition behavior of the LDH-based precursor leading to 

CoFe2O4 with unique properties, a calcination study was performed and the resulting CoFe2O4 

series characterized further. The impact of thermal energy at different temperatures on the 

formation of CoFe2O4 as well as on its microstructural appearance and hence on its catalytic 

properties in the oxidation of CO as a probe reaction was investigated. 

 

 

As pointed out in Figure 4.17, throughout the calcination series a phase-pure CoFe2O4 is 

obtained. Reflecting the TGA results, which show that at a temperature < 200 °C the 

decomposition of the LDH precursor is concluded (Figure 4.5), CoFe2O4 is the singly observable 

phase via diffraction already at a calcination temperature of 200 °C. 

Noticeable differences can be seen regarding the crystallinity of the calcination products 

determined via the FWHM of the most prominent reflections (e.g. 2θ of ~36°). The increasing 

calcination temperature causes a sharpening of the diffraction reflections indicating an 

improved crystallinity, which is also supported by previously mentioned Mössbauer 

measurements (Figure 4.4). 
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Figure 4.17: XRD patterns of the ex-LDH CoFe2O4 investigated in the calcination series. The blue lines 

represent the literature reference pattern for CoFe2O4 (ICSD Coll. Code 5910063). 
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Additionally, SEM images of all calcination products (Figure 4.18) illustrate the improved 

crystallinity by showing larger crystallite sizes and an improving morphological homogeneity 

with increasing calcination temperature. As previously shown, the target CoFe2O4 phase is 

already present in the pristine precursor (Figure 4.2) probably due to an incomplete exclusion 

of air during sample handling causing a morphological inhomogeneity in the precursor. 

Interestingly, this morphological inhomogeneity extends to the products of calcination at 200 

°C and 400 °C and, to a lesser extent, at 600 °C although structurally they all represent CoFe2O4. 

These two morphological manifestations of CoFe2O4 merge into a dense and sintered structure 

above temperatures of 800 °C. While the “Swiss Cheese” morphology is partially indicated after 

calcination at 200 °c and 400 °C, only at the calcination temperature of 600 °C the full holey 

platelet structure is observed explaining the choice as its calcination temperature for the 

investigation in the previous chapters.  

 

The calcination temperatures, as implied by the SEM micrographs in Figure 4.18, have also an 

impact on BET surface area of the resulting CoFe2O4 (Figure 4.19). Since CO oxidation, chosen 

as probe reaction for the oxidation capabilities of the CoFe2O4 within this calcination study, is a 

surface-sensitive reaction,[176] a correlation between surface area (and hence calcination 

temperature) and catalytic activity can be expected. Compared to 67 m2∙g-1 for the pristine 

precursor sample, a first calcination at 200 °C leads to a SBET of 108 m2∙g-1 (+ 61 %). Continuing 

from this calcination temperature, the SBET values gradually decrease reaching a final value of 6 

m2∙g-1 (- 91 %) after calcination at 1000 °C. The contradictory observation, that the highly porous 

holey platelet morphology of CoFe2O4 calcined at 600 °C is accompanied by a loss in SBET (- 54 %) 

is explained by a densification of the LDH precursor structure in the course of calcination, when 

an oxidizable ion (FeII in this case) is present.[95] Generally, a mild calcination of LDH precursor 

materials rather leads to gain in SBET mostly being beneficial in heterogeneous catalysis. 

 

The results of their application in CO oxidation for the CoFe2O4 catalysts are presented in Figure 

4.20 and Table 4.4. As previously mentioned, a simple stoichiometry in the reaction 

 

2 CO + O2  →   2 CO2    (C 4.4) 

 

without any considerations about selectivities and with useful information about surface 

structure and reaction possible to gain make this reaction a perfect candidate as probe reaction 

for determining the oxidation capabilities of catalysts.  
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Consistent with SBET data, a similar trend in CO oxidation is noticeable. CoFe2O4 with high 

surface area (calcined at 200 °C and 400 °C) show a rather high activity with T50 values 

(temperature at which CO conversion reaches 50 %) of 170 °c and 219 °C, respectively (Table 4.4). 

All other calcined CoFe2O4 catalysts (600 °C, 800 °C, 1000 °C) show a low activity with T50 

temperatures of ~ 400 °C. Plotted against SBET, CO oxidation activity follows a linear trend. An 

increase in SBET has the effect of a lower T50 temperature and hence a facilitated conversion of 

Figure 4.18: SEM micrographs showing the morphological development within the thermal decomposition 

study. (a) 200 °C, (b) 400 °C, (c) 600 °C, (d) 800 °C, (e) 1000 °C. 
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CO to CO2 proving the surface-sensitivity of this reaction. A particle size dependent (and hence 

surface area dependent) activity for CoFe2O4 particles has already been reported in literature.[177] 

 

 

 

 

Interestingly in this study, there seems to be a threshold SBET, which needs to be surmounted in 

order to reach the SBET region where the linear correlation applies. This threshold value is at 30 

m2∙g-1 corresponding to a CoFe2O4 calcined at 600 °C. A plausible explanation to this threshold 
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Figure 4.19: Development of SBET values in the course of the calcination series. Black squares illustrate the 

calcined samples while the red square represents the coprecipitated LDH precursor. 
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Figure 4.20: Light-off curves for CO oxidation over CoFe2O4 within the calcination series obtained by 

dynamic measurements (a) and steady-state measurements (b). The solid line in (a) marks a threshold of 

50 % CO conversion as a general number for comparison. 



4 Structure Control in LDH-based Ferrites by Thermal Decomposition and its Effect on Oxidation Catalysis 

84 
 

value could be a very low density of catalytically active sites on the surface of the respective 

CoFe2O4, especially considering that the LDH-based CoFe2O4 catalysts retain the precursor 

morphology in an unfavored anisotropic fashion leading to a different surface termination than 

for isotropic particles. As shown for iron oxides,[178] besides the surface area the exposure of 

distinct crystal facets has a significant influence on the activity for CO oxidation.  

 

Table 4.4: Catalytic properties of ex-LDH CoFe2O4 from the calcination series in the oxidation of CO 

expressed by T50 values. 

CoFe2O4 T50 temperature [°C] 

200 °C 170 °C 

400 °C 219 °C 

600 °C 394 °C 

800 °C 398 °C 

1000 °C 391 °C 

Lit. CoFe2O4
[177] 160 °C 
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Figure 4.21: Representation of T50 values in CO oxidation versus SBET for ex-LDH CoFe2O4 obtained by 

calcination at different temperatures within the thermal decomposition study. The connection of 

individual data points depicts a guidance for the eye and not a mathematical description. 
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4.4.3 Alternative Precursor Approaches Towards Co,Fe-based Oxides 

The benefits of a single-source precursor approach utilizing FeII and FeIII and performing the 

necessary oxidation of all FeII to FeIII for the required spinel crystallization in the course of 

catalyst processing (calcination) have been described in detail in the previous sections. The 

question may arise, if this complex synthesis procedure accompanied by difficult sample 

handling and processing in order to avoid a premature FeII oxidation is justified to achieve a 

single-source precursor or if the synthesis can be simplified. To give a first answer to these 

thoughts, a synthesis approach towards Co,Fe-containing oxides based on hydroxide 

precipitates as precursors was chosen without trying to synthesize a single-source precursor and 

thus compared to the LDH system. 

 

 

 

Figure 4.22 shows the XRD pattern of a Co(OH)2 (a1) and Co,Fe-hydroxide precursor (a2). 

Although NaOH was chosen as precipitation agent without any carbonate involved aiming at a 

Co,Fe hydroxide mixture as precipitate, surprisingly, a Co,Fe-LDH was formed in this case most 

probably with sulfate as interlayer anion coming from the FeII salt. The calcination product for 

the pure Co sample is Co3O4, expectedly, while calcination of the Co,Fe-precursor leads to a 

mixture of CoFe2O4 and Fe2O3. The presence of Fe2O3 after calcination already hints towards a 

biphasic system in the precursor with Fe3O4 as secondary phase besides the Co,Fe-LDH.  
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Figure 4.22: XRD patterns of hydroxide based Co-containing precursors (a) and their calcination products 

(b, calcination at 600 °C for 3 h at β = 2 °C∙min-1); the samples are composed of 100 % Co (1) and a Co2+:Fe3+

ratio of 1:2 (2); reference patterns: Co(OH)2 (a(1) blue line, ICSD Coll. Code 88940), Mg,Fe-LDH (a(2) red 

line, ICSD Coll. Code 6295), Co3O4 (b(1) blue line, ICSD Coll. Code 9362), CoFe2O4 (b(2) green line, ICSD 

Coll. Code 98551) and Fe2O3 (b(2) red line, ICSD Coll. Code 15840). 
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These observations are corroborated by SEM analysis (Figure 4.23 and Figure 4.24) proving the 

presence of phase-pure Co(OH)2 in one precursor (Figure 4.23a) and the biphasic precursor 

system for the Co,Fe-sample (Figure 4.24a). Being related to brucite, Mg(OH)2, the platelet 

morphology of Co(OH)2 and its morphological proximity to the material class of LDHs is 

apparent. However, the preservation of its morphology in the course of calcination appears to 

be not as pronounced as in the case of LDH-based samples (Figure 4.23b) although topotactic 

relationships between hydroxide precursor and cobalt spinel oxide have been reported.[168,179,180] 

Calcination leads to a shrinkage of the initially hexagonal particles to particles with a rather 

indistinct morphology. Similar observations can be made for the Co,Fe-mixed oxide catalyst 

Figure 4.23: SEM image of the coprecipitated pristine Co(OH)2 (a) and after its calcination as Co3o4 (b). 

Figure 4.24: SEM image of the coprecipitated pristine Co,Fe-containing precursor (a) and its calcination 

product (b). 
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besides the fact, that coming from a biphasic precursor the biphasic phase system is also visible 

in the calcined state.  

Yet, in this case the influence of the LDH precursor becomes obvious to a certain degree by the 

presence of an oxidic phase in the calcined sample which resembles the platelet morphology of 

the precursor (Figure 4.24b).  

 

These preconditions have an influential effect on the catalytic activity of the materials which is 

briefly summarized in Table 4.5. Co3O4 catalysts are known to be active in CO oxidation. With a 

T50 temperature of 170 °C, the herein presented Co3O4 is slightly less active than elsewhere 

reported catalysts[181] having T50 temperatures of 100 – 150 °C. The Co,Fe-mixed oxide on the other 

hand does not reach 50 % CO conversion in the investigated temperature range up to 500 °C 

although individually both oxides have been reported to be more active in other cases.[178] 

 

Table 4.5: Catalytic properties of the hydroxide-based Co catalysts in the oxidation of CO expressed by T50 

values and their corresponding specific surface areas. 

sample T50 temperature [°C] SBET [m2∙g-1] 

Co3O4 170 °C 14 

Fe2O3+CoFe2O4 >500 °C 22 
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4.5 Conclusion 

Conclusively, the LDH-based synthesis approach reported herein provides access to well-

crystalline ferrite spinels with relatively high porosity and a unique microstructure. In catalysis, 

such tailor-made anisotropic materials may bridge the gap between model catalysts with low 

surface area and structurally complex real-world catalysts. Hence, they show potential to 

contribute to a better understanding in heterogeneous oxidation catalysis. As a preliminary 

assessment, the reported differences in catalytic properties seem to be best explained by 

different acid / base properties, surface terminations and conductivity. One specific aim is to 

fully control and understand the topotacticity. The LDH approach leaves room for improvement, 

especially with regard to achieving a single-phase precursor as precipitate. Consequently, a 

detailed structural characterization in terms of CoFe2O4 single crystal formation could be 

conducted when the extended thermal decomposition study is considered. With interesting 

properties in CO oxidation catalysis for CoFe2O4 prepared at T = 200 °C and T = 400 °C and with 

improved control over Fe2+/3+ redox activity during synthesis, a great contribution to 

understanding defect-rich yet largely monocrystalline formation of CoFe2O4 is possible.  

Despite some observed drawbacks, the LDH approach still offers great advantages over simple 

hydroxide-based precipitates. Phase-purity (after calcination), elemental distribution and hence 

facilitated solid-state formation of CoFe2O4 and good reproducibility are only a few among those 

making this approach ideal as an advanced synthesis routine to new materials with interesting 

properties. In addition to heterogeneous oxidation catalysis, these novel materials may also play 

an important role in many other fields of materials chemistry, in which ferrites are used, acting 

as a promising materials basis for studying the role of particle anisotropy. 
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5.1 Abstract 

Utilizing the precursor class of layered double hydroxides (LDH), a series of catalysts 

incorporating Ga and Ni with varying ratios and MgO or ZnO as support or promoting element 

was synthesized. The formation of intermetallic GaxNiy under reducing conditions was 

investigated in detail. Both the nature of the promoting element for the LDH material class and 

the type of precursor by adding a GaOOH based precursor series to the investigation and their 

influence on catalytic performance of the resulting GaxNiy intermetallic phases were examined.  

An otherwise difficult reduction of Ga to metallic state was confirmed by this approach and the 

crucial role of Ni in this process elaborated. In spite of confirmed Ga reduction in every catalyst, 

a clear assignment of formed GaxNiy phases turned out to be difficult. Still, the investigated 

catalysts exhibited promising performances in CO2 conversion. Generally, promotion with a 

third element had beneficial effects on the catalysts as compared to binary catalysts that are 

composed of Ga and Ni only. Mg promotion resulted in catalysts that can be operated in two 

modes with an irreversible transition from the first mode at mild reaction conditions to the 

second mode coming into play under harsh reaction conditions. The effect of Zn promotion is 

proved to be electronic as well, since additional Zn reduction was observed and presence of NiZn 

alloy phases cannot be disregarded. Zn promotion had a huge beneficial effect in shifting 

selectivity to the target product of CH3OH. 

GaOOH based catalysts performed comparably promising and could be worthwhile to 

investigate in detail. But very strict limitations in terms of compositional variation in contrast to 

the LDH precursor class hinder an extended applicability of this precursor class. 
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5.2 Introduction 

Carbon capture and utilization methods[1,25,28,182–187] are viable options within a future CO2 value 

chain and an anthropogenic sustainable carbon cycle, especially in the context of passing the 

threshold of 400 ppm of CO2 in the atmosphere recently[188] and with diminishing fossil sources 

of energy carrier materials. Utilizing atmospheric CO2 as C1-feedstock is one possible approach 

within a greater network of solutions to meet future energy demands. Especially, an energy 

source economy based on methanol, as proposed by Olah,[19–21] appears to be attractive since 

already existing transportation and processing infrastructure for fossil energy sources can be 

used further with slight adjustments for methanol that likewise is in liquid state under standard 

conditions.  

Methanol synthesis is an industrially established process in the Mt range[189] with the highest 

fractions synthesized either by the ICI process (now Johnson Matthey; 60 % of global CH3OH 

production) or by the Lurgi process (now Air Liquide; 30 % of global CH3OH production).[190] 

Due to thermodynamic, economic and feasibility considerations these processes are operated at 

elevated temperature and pressure conditions of 220 - 300 °C and 50 -100 bar.[191,192] Cu / ZnO / 

Al2O3 is usually applied as catalyst utilizing a synthesis gas feed which is composed of CO / CO2 

/ H2. This catalyst and its use in the technical processes is accompanied by an undesired 

selectivity to CO production through the reverse water-gas shift reaction (RWGS) which is 

equally catalyzed by the Cu catalyst and causes selectivity losses with respect to CH3OH.[193] 

Huge scientific efforts are put into the search for new catalyst materials in order to improve the 

efficiency of methanol synthesis, lower the overall process costs and decentralize the 

production.[192] In this context, in a theory-focused work Studt et al.[194] discovered intermetallic 

phases of GaxNiy that are comparably active and selective towards CH3OH as the Cu-based 

catalysts. First experiments confirmed the promising features of these catalysts both in 

electrocatalytic CO2 reduction[195] in liquid-phase and thermochemical CO2 hydrogenation[194] in 

gas-phase. The preparation of this new type of promising methanol synthesis catalysts and 

likewise a large fraction of investigated catalysts in literature is commonly based on the method 

of incipient wetness impregnation of stock solutions on inert support materials, e.g. silica.[194,196] 

Herein, we report a systematic study of structure-activity correlations of GaxNiy intermetallic 

catalysts derived from single-source layered double hydroxide (LDH) precursors. A general 

formula for this material class, which originates from the naturally occurring mineral 

hydrotalcite, Mg6Al2(OH)16CO3∙4H2O, can be given as  

 

[M2+
1-xM3+

x(OH)2]x+[Ax/n]n-∙mH2O 
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with x in the range 0.2 – 0.33. LDHs are composed of brucite-like, Mg(OH)2, layers where a 

fraction of divalent cations is replaced by trivalent cations. Charge imbalance, as a consequence 

of this replacement, is compensated by anions that are located in the interlayer regions thus 

stabilizing the sheet structure of this material type.[94] A number of elements can be incorporated 

into the LDH structure.[94] Due to very interesting properties and a high level of flexibility, LDH 

based materials gained huge attraction in various fields of application, e.g. in catalysis,[97,98] as 

adsorption materials,[99] and in pharmaceutics.[100] A controlled and reproducible way of 

synthesis and post-synthesis processing in the course of catalyst activation enables a systematic 

investigation of GaxNiy intermetallic catalysts with a special focus on precursor chemistry. Plus, 

the compositional variability gives access to the full range of possible intermetallic phases of 

GaxNiy with respect to the rather complicated phase diagram of the binary Ga-Ni system.[197] To 

the best of our knowledge, such systematic studies on the effect of precursor structures on the 

formation of GaxNiy intermetallic phases and hence on catalytic activity are scarce in literature. 

 

  



5 Synthesis and Characterization of Ni / Ga Intermetallic Nanoparticles and Their Application in CO2 Conversion 
Reactions 

93 
 

5.3 Experimental Section 

5.3.1 Synthesis of Catalyst Precursors 

5.3.1.1 Synthesis of LDH based Catalysts 

Following a well-established route of coprecipitation,[102] magnesium (II) nitrate 

[Mg(NO3)2∙6H2O, 98 %, Alfa Aesar GmbH], zinc (II) nitrate [Zn(NO3)2∙6H2O, p.a. 98 %, Alfa 

Aesar GmbH], nickel (II) nitrate [Ni(NO3)2∙6H2O, p.a. ≥ 97 %, Sigma-Aldrich Inc.] and gallium 

(III) nitrate [Ga(NO3)3∙xH2O, PURATREM 99.99 % Ga, abcr GmbH] were used as metal salts 

without further purification for the preparation of the stock solutions. Water content of 

Ga(NO3)3∙xH2O was determined through thermogravimetric analysis recording the mass loss up 

to 1000 °C and leaving only Ga2O3 as residual compound. An alkaline solution containing sodium 

carbonate (p.a., AppliChem GmbH) and sodium hydroxide (+99 %, VWR International BVBA) 

was used as precipitating agent for the synthesis of the LDH precursors. The syntheses were 

carried out using an automated laboratory reactor system (OptiMax 1001, Mettler Toledo) with 

the stock solution containing all relevant metal cations at a total concentration of 0.4 mol∙L-1. 

The investigated catalysts with various ratios Mg and Ni ratios were synthesized using 

coprecipitation, conducted isothermally at 50 °C and at a constant pH of 8.5. The temperature 

was controlled by a thermostat by fixing the glass reactor inside a jacket while the pH control 

was monitored using an In Lab Semi-Micro-L electrode. The syntheses started by dosing the 

metal salt solution into the glass reactor, prefilled with 100 mL of water, and adjusting the pH 

value of 8.5 by addition of the Na2CO3 / NaOH (0.09 mol∙L-1 / 0.6 mol∙L-1) alkaline solution. A 

gravimetric dosage of the metal stock solution was performed. After concluding the dosing step, 

an aging step for 60 minutes was initiated without additional pH control. The precipitates were 

filtered using distilled water until the conductivity of the washing filtrate was constant. The 

resulting solids were dried at 80 °C overnight and were then finely ground in a mortar for further 

use. Calcination was conducted in a muffle furnace in static air at 500 °C  

(3 h, heating rate 2 °C∙min-1). 

 

5.3.1.2 Synthesis of GaOOH based catalyst series 

For purposes of comparison, Ga / Ni catalysts derived from GaOOH precursors with varying Ni 

loading from 1 mol% to 20 mol% (corresponding to 0.8 wt% to 17.4 wt%) were synthesized 

utilizing an already established protocol for coprecipitation[198] of GaOOH precursor systems. 

The same nickel (II) nitrate and gallium (III) nitrate salts as for the LDH based catalysts were 

used as stock solutions with a volume of 200 mL at a total metal concentration of 0.2 mol∙L-1. 
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Here, an alkaline sodium carbonate solution at a concentration of 0.69 mol∙L-1 was used as 

precipitation agent. Again, the syntheses were conducted on the same automated laboratory 

reactor system (OptiMax 1001, Mettler Toledo). In contrast to the syntheses of LDH precursors, 

the syntheses were carried out with slightly different parameters of 55 °C as isothermal 

temperature throughout the synthesis procedure and at a pH value of 6 for the duration of the 

dosing step. The subsequent aging step for this series was maintained for 24 h at a constant 

temperature of 55 °C and without pH control. The obtained precipitates were washed and 

filtered until a constant conductivity of the washing filtrate was reached. The still humid solid 

precipitates were then dried at 80 °C overnight and ground afterwards for further use. The 

calcination conditions depended on the choice of the Ga2O3 modification chosen as subsequent 

catalyst processing path. For α-Ga2O3 as precatalyst state, the pristine samples were heated up 

to 400 °C (heating rate β = 2 °C∙min-1
, holding time t = 3 h) while β-Ga2o3 based precatalysts were 

heated to 800 °C (heating rate β = 2 °C∙min-1
, holding time t = 3 h). 

 

5.3.2 Characterization Techniques 

 

Atomic Absorption Spectroscopy (AAS) 

Elemental analyses of all as-prepared samples were performed on an atomic absorption 

spectrometer (Thermo Electron Corporation, M Series) for the determination of the metallic 

components. CHN analysis (Euro EA elemental analyzer, Euro Vector) yielded the 

concentrations of the remaining elements and enabled to put up the real chemical formulas of 

the samples. Oxygen content was determined by the difference to 100 % after all element 

concentrations were determined. The obtained mass fraction of each determined element was 

compared to a precalculated mass fraction resulting from the targeted nominal compositions. 

 

Structural Characterization 

Powder XRD patterns were recorded on a Bruker D8 Advance diffractometer in Bragg-Brentano 

geometry equipped with a position sensitive LYNXEYE detector (Ni-filtered Cu-Kα radiation). A 

2θ range of 5° to 90° was chosen for each experiment. A step size of 0.01° with a counting time 

of 0.3 s was applied. Measurement preparation included the dispersion of the samples with 

ethanol on a glass disc inserted in a circular PMMA holder which was subjected to a rotation 

during the measurement.  
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Morphological and Textural Properties 

N2 physisorption experiments were carried out at liquid N2 temperature (-196 °C) on a 

NOVA3000e setup (Quantachrome Instruments). Prior to the experimental run, a degassing 

step at 80 – 100 °C for 2 - 5 h under vacuum conditions was added. BET surface areas were 

calculated applying the BET equation [199] for p / p0 data between 0.05 and 0.3. Total pore volumes 

were determined at p / p0 = 0.99. Pore size distributions were obtained using the BJH method[140] 

on the desorption branch of the isotherms. 

High-resolution scanning electron microscopy (SEM) images were taken on a JEOL 7500F (JEOL 

Ltd., Japan) electron microscope which was equipped with a cold-field emission gun. Low 

acceleration voltages (2 – 5 kV) at an emission current of 10 µA were applied. The samples were 

fixed on a cylindric aluminum sample holder by using conductive carbon tape. SEM images were 

taken at different magnifications. 

For morphological information and information on elemental distribution, TEM images were 

taken on an aberration-corrected JEOL 2200FS (200 kV) transmission electron microscope 

equipped with an X-MaxN Silicon Drift Detector (Oxford Instruments) for EDX analysis. 

 

Thermogravimetric Analysis 

Thermogravimetric measurements were conducted using a Netzsch STA 449 F3 Jupiter thermal 

analyzer. At a constant heating rate of β = 5 °C∙min-1 the powder samples (~ 50 mg) were heated 

in a corundum crucible from 30 °C to 1000 °C in a gas feed of 21 % O2 in Ar at a total volumetric 

flow of 100 mLn∙min-1. The sample mass and corresponding change in mass due to occurring 

reactions in the course of the experiments were recorded continuously.  

 

Temperature Programmed Reduction 

H2 temperature programmed reduction profiles were recorded for the samples after calcination 

(~ 20 – 50 mg) in a BELCAT-B commercial catalyst analyzer (BEL Japan Inc.). The samples in a 

sieve fraction of 250 – 355 µm were subjected to temperatures between 50 and 1000 °C at a 

constant heating rate of β = 6 °C∙min-1 in a gas feed of 7 % H2 in Ar (Vttotal = 80 mLn∙min-1). Before 

each experimental run, a dehydration step at 100 °C was added for the duration of 1 h in a pure 

Ar feed at 80 mLn∙min-1. A built-in thermal conductivity detector (TCD) monitored the change 

in H2 concentration after H2O was removed from the gas stream by an in-line molecular sieve 

before reaching the detector. Quantitative analysis of the H2 consumption during the reduction 

process was performed by integrating the TCD signal. A previous calibration of the TCD with 

commercial CuO ensured a correct correlation.  
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Chosen samples that were characterized in detail in their reduced / activated state with the 

methods of TEM and XPS underwent special experimental TPR conditions and subsequent 

sample handling. They were reduced into metallic / activated state under isothermal conditions 

at Tmax (temperature at which rate of reduction reaches a maximum, s. Figure 5.8) for 3 h and 

subsequently processed under inert atmosphere conditions. This included a transfer into a 

glovebox and the assembly of measurement cells for TEM and XPS analysis and further transfer 

to the respective devices under exclusion of air. Additional samples that were characterized by 

XRD in their reduced state were subjected to the same isothermal reduction protocol but were 

subsequently passivated with O2 pulses instead of being transferred into a glovebox. 

 

X-ray Photoelectron Spectroscopy 

X-ray photoelectron spectra (XPS) were recorded using a Versaprobe II™ spectrometer by 

ULVAC Phi with a small minimal beam size of < 10 µm having spectral resolution of 0.5 eV. Al 

Kα was used as X-ray source. The samples were fixed on scotch tape as a stack with a minimum 

diameter of 2 - 4 mm. An additional Cu foil was used for referencing the binding energy 

positions. 
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5.3.3. Catalytic Measurements 

Dynamic measurements of catalytic CO2 hydrogenation at ambient pressure conditions were 

conducted on a BELCAT-B (BEL Japan Inc.) commercial catalyst analyzer. 20 – 50 mg of each 

catalyst in its oxidic precatalyst state (after calcination; sieve fraction 250 – 355 µm) were diluted 

with the triple amount of SiC (sieve fraction 355 – 500 µm) improving thermal conductivity of 

the catalyst bed and preventing the formation of hot spots in the course of catalytic reaction. 

Prior to the actual catalytic test, the samples were activated in a H2 stream (7 % H2 / Ar, 

Vttotal = 80 mLn∙min-1) at isothermal conditions at Tmax for 3 h. After cooling down to 50 °C, the 

dynamic measurement in a gas feed of H2 / CO2 (3:1 ratio; gas feed composition: 15 % H2 / 5 % 

CO2 / 79.75 % He / 0.25 % Ar; Vttotal = 80 mLn∙min-1) was initiated with a constant heating ramp 

of β = 5 °C∙min-1 up to a final temperature of 500 °C. 

Steady-state CO2 conversion experiments at ambient pressure included the same catalyst 

activation procedure as for the dynamic measurements. Here, 100 – 120 mg of each catalysts 

(sieve fraction 250 – 355 µm) were diluted with the triple amount of SiC (sieve fraction 355 – 500 

µm). The remaining experimental conditions (gas feed composition, Vttotal) were the same as for 

the dynamic runs with obvious variations attributed to the temperature program. 200 – 400 °C 

in 20 °C steps were employed in the course of catalytic testing and each temperature was 

maintained for 3 h with a heating or cooling rate of β = 10 °C∙min-1 to reach the following set 

temperature. The effluent gas feed for both dynamic and steady-state measurements was 

monitored via a calibrated mass spectrometer (QMG 220, Pfeiffer Vacuum GmbH) and the 

determined gas concentrations used for calculation of conversion rates and selectivities. 

Parallel CO2 conversion experiments were performed on a fixed bed multi-reactor catalyst 

analyzer plant (avantium Flowrence® XR, Figure 5.1a). Up to 15 stainless steel reactors with a 

diameter of 2.6 mm and a length of 15 cm were loaded with 30 – 100 mg of catalyst material (sieve 

fraction 38 – 125 µm) that was mixed and diluted with the equal amount of SiC (sieve fraction 

212 - 425 µm). On top of the catalyst bed SiC was again used to fill the reactor and provide an 

inert material that acted as a prewarming matrix for the synthesis gas feed. In a pretreatment 

step prior to applying the long-running catalytic testing protocol (Figure 5.1b) all 15 catalysts 

were reduced in a 100 % H2 stream at a pressure of 1 bar (Vttotal = 100 mLn∙min-1) at T = 500 °C for 

4h. Subsequently, the gas feed was changed to the synthesis gas stream (H2 / CO2 ratio 4:1, 

synthesis gas composition: 76 % H2, 19 % CO2, 5 % He; Vttotal = 110 mLn∙min-1) and the pressure 

was increased and three different pressure conditions (20, 40, 60 bar) were tested at which a 

temperature program between 200 – 400 °c in steps of 50 °C was appointed. Each operation point 

was sustained for 8 h.  
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Few selected catalysts were tested in a purely CO-based synthesis gas feed as well. An H2 / CO 

gas feed with a ratio of 4:1 (synthesis gas composition: 76 % H2, 19 % CO, 5 % He; Vttotal = 75 

mLn∙min-1) was used. A different temperature program between 200 – 300 °c with steps of 25 °C 

was chosen in this case now with the investigation conducted at two different pressures (20, 60 

bar). Each operation point was sustained for 12 h.  

The effluent gas stream for both CO2 and CO conversion experiments was monitored and 

unreacted feed gas and evolving products determined and quantified by the use of an online gas 

chromatograph (GC) coupled to the parallel testing setup and equipped with two flame 

ionization detectors (FID) and a thermal conductivity detector (TCD). Two GC data points per 

operation point were recorded for both experimental runs. 

 

 

 

 

  

Figure 5.1: Image of high-throughput plant avantium Flowrence® XR (a) and the schematic representation 

of the measurement protocol (b) conducted on the avantium Flowrence®. 
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5.4 Results and Discussion 

5.4.2 LDH-based Approach Towards Intermetallic Phases of GaxNiy 

5.4.2.1 Detailed Characterization 

 

Table 5.1: Overview on investigated Ni,Ga-containing LDH substitution series. 

Sample ID targeted precursor 
composition 

actual precursor composition# targeted catalyst state 

Ni4Al2 [NiII
4AlIII

2(OH)12](CO3)∙mH2O [NiII
3.6AlIII

1.7(OH)10.3](CO3)∙4H2O 3.6 Ni / 0.85 Al2O3 

Ni4Al2-1wt [NiII
4AlIII

2(OH)12](CO3)∙mH2O  
– 1wt% Ga 

[NiII
3.6AlIII

1.7(OH)10.3](CO3)∙4H2O  
– 1 wt% Ga 

3.6 Ni / 0.85 Al2O3 -  
1 wt% Ga 
 

Ni4Al2-5wt [NiII
4AlIII

2(OH)12](CO3)∙mH2O  
– 5 wt% Ga 

[NiII
3.6AlIII

1.7(OH)10.3](CO3)∙4H2O  
– 5 wt% Ga 

3.6 Ni / 0.85 Al2O3 -  
5 wt% Ga 
 

Ni6Ga2 [NiII
6GaIII

2(OH)16](CO3)∙mH2O [NiII
5.2GaIII

1.5(OH)12.9](CO3)∙3.1H2O 5.2 Ni(GaxNiy) / (0.75-x/2) 
Ga2O3 

 
Mg5.9Ni0.1Ga2 [MgII

5.9NiII
0.1GaIII

2(OH)16](CO3)∙m
H2O 

[MgII
5.42NiII

0.12GaIII
2.1(OH)15.4](CO3)∙6.1H2O 0.12 Ni(GaxNiy) / 5.42 MgO 

/ (1.05-x/2) Ga2O3 

 
Mg5Ni1Ga2 [MgII

5NiII
1GaIII

2(OH)16](CO3)∙mH2

O 
[MgII

2.89NiII
0.94GaIII

1.45(OH)10](CO3)∙7H2O 0.94 Ni(GaxNiy) / 2.89 MgO 
/ (0.725-x/2) Ga2O3 

 
Mg2.67Ni3.33Ga2 [MgII

2.67NiII
3.33GaIII

2(OH)16](CO3)∙
mH2O 

[MgII
2.42NiII

3.02GaIII
1.74(OH)14.1](CO3)∙4.5H2O 

 
3.03 Ni(GaxNiy) / 2.42 MgO 
/ (0.87-x/2) Ga2O3 

 
Mg1Ni5Ga2 [MgII

1NiII
5GaIII

2(OH)16](CO3)∙mH2

O 
[MgII

1.04NiII
5.5GaIII

1.95(OH)16.93](CO3)∙4.5H2O 5.5 Ni(GaxNiy) / 1.04 MgO / 
(0.975-x/2) Ga2O3 

 
Zn5.9Ni0.1Ga2 [ZnII

5.9NiII
0.1GaIII

2(OH)16](CO3)∙m
H2O 

[ZnII
4.8NiII

0.08GaIII
1.5(OH)12.26](CO3)∙3.7H2O 0.08 Ni(GaxNiy) / 4.8 ZnO / 

(0.75-x/2) Ga2O3 

 
Zn3Ni3Ga2 [ZnII

3NiII
3GaIII

2(OH)16](CO3)∙mH2

O 
[ZnII

2.91NiII
2.82GaIII

1.66(OH)14.44](CO3)∙3.1H2O 2.82 Ni(GaxNiy) / 2.91 MgO 
/ (0.83-x/2) Ga2O3 

 
Zn0.1Ni5.9Ga2 [ZnII

0.1NiII
5.9GaIII

2(OH)16](CO3)∙m
H2O 

[ZnII
0.1NiII

5.85GaIII
1.79(OH)15.27](CO3)∙5.2H2O 5.85 Ni(GaxNiy) / 0.1 ZnO / 

(0.895-x/2) Ga2O3 
# determined via AAS 

 

 

The investigated catalyst series with varying Ni:Ga ratios as well as a changing third divalent 

cation as support / diluent is presented in Table 5.1. Herein, Mg acts as an irreducible element 

providing structural stability in its oxidic form while Zn is introduced as a possible electronic 

promotor resembling its function in the well-established Cu / ZnO catalysts [200] with the overall 

goal to modify the catalytic properties of the resulting GaxNiy phases. With slight deviations from 

the targeted precursor compositions, the actual precursor compositions determined via AAS 

measurements are in good agreement with the nominal structures and are successfully 

synthesized as LDH precursor throughout the series as shown in Figure 5.2a. The presented XRD 

patterns correspond well to the reference pattern, Ni4Ga2(OH)12CO3∙mH2O (ICSD Coll. Code 
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180508), with minor differences especially for the reflection at 2θ ≈ 60° representing the (110) 

lattice plane, whose distance is indicative for the average cation size in the LDH layers (Figure 

5.2b). Changes in composition of the brucite-derived cationic sheets of LDH materials are 

directly reflected in the 2θ position of the (110) plane as a result of differences in ionic radii and 

follow a linear Vegard-type rule for substitution of elements within distinct crystal structures.[201] 

Additionally, Table 5.1 contains the nominal resulting phase composition of the activated 

catalyst state after several processing steps of the pristine LDH. Since the process of GaxNiy 

intermetallic phase formation originating from an LDH precursor is yet to be unveiled and a Ga 

reduction in addition to the Ni reduction in the course of catalyst activation by this approach 

not confirmed, the nature of active catalyst states (Table 5.1) is tentatively proposed to contain 

GaxNiy phases and / or pure Ni as metallic components relevant for the subsequent catalytic 

investigation. 

 

 

 

 

The first processing step in the course of catalyst activation is the calcination of the LDH 

precursors. Loss of water (in terms of water of crystallization and OH groups) and the 

decomposition of the interlayer anion (CO3
2- in this case) usually leave a mixture of oxides of 

type MIIO and MIIMIII
2O4 with the exact stoichiometry depending on the composition in the LDH 

precursor, as exemplified in the following reaction: 

 

[MgII
5NiII

1GaIII
2(OH)16](CO3)∙mH2O    →     Mg5-xNixO + Mg1-yNiyGa2O4 with x + y = 1 (C 5.1) 
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Figure 5.2: XRD patterns of the pristine substituted LDH series with the reference pattern of 

Ni4Ga2(OH)12CO3∙mH2O (red, ICSD Coll. Code 180508) (a) and development of lattice parameter a as 

function of Ni:Ga ratio for both Mg and Zn series (b); sample at Ni:Ga ratio of 3:1 in (b) corresponds to 

binary Ga / Ni catalyst without third element; dashed lines in (b) indicate different reference lattice 

parameters a (blue: Zn4Ga2 LDH (ICSD Coll. Code 245124), 3.114 Å; black: Mg6Ga2 LDH (ICSD Coll. Code 

180510), 3.0867 Å and red: Ni4Ga2 LDH, 3.0714 Å). 

a) 

b) 

ΔT 

-CO2 

-H2O 



5 Synthesis and Characterization of Ni / Ga Intermetallic Nanoparticles and Their Application in CO2 Conversion 
Reactions 

101 
 

 

 

 

 

The calcined precursor depicts a precatalyst state, which needs further activation by reduction 

subsequently prior to catalytic application. In TG experiments (Figure 5.3), the thermal 

decomposition behavior of the substituted LDH series is investigated and evaluated in order to 

determine the best conditions for calcination. In all cases, decomposition is concluded at 

temperatures < 450 °C. The calcination can be divided into three steps (Figure 5.3a & b, lower 

panel): (1) loss of water of crystallization (T-range 100 – 200 °C), (2) dehydroxylation and (3) 

decarbonation. Generally, steps (2) and (3) concur in a similar temperature range of 200 – 

450 °C[202] making it difficult to distinguish them. Here especially for the Mg-substitutes series 

(Figure 5.3a), the distinction of steps (2) and (3) is feasible with the feature of an emerging 

shoulder at the second decomposition peak via DTG in the temperature range of 300 – 400 °C. 

Noticeably, an increasing Mg content in the precursor not only shifts dehydroxylation / 

decarbonation towards higher temperatures (Figure 5.3c), but also leads to a better resolution 

of steps (2) and (3). Both effects can be explained by features of Mg acting as a structural 

promoter. In that function, it aggravates a densification as oxide at elevated temperatures 

compared to other oxidic materials and generally stabilizes the catalytically active components 
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Figure 5.3: TG (top) and DTG (bottom) plots 

for Mg-substituted (a) and Zn-substituted (b)

Ni,Ga-LDHs; development of temperatures for 

maximum decomposition rates of 1st

decomposition process (solid lines) and 2nd

decomposition process (dashed lines) as 

function of Ga:Ni ratio (c); single data points 

(red) correspond to binary Ga / Ni catalyst. 
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in the overall catalyst.[203,204] At the same, due to its basicity[205–207] it has a strong chemical affinity 

towards carbonate and is prone to recarbonation when exposed to air for an extended period.  

Contrarily, an increased Zn content as promoter leads to an enhanced decomposition of the 

precursor which is completed at a temperature of ~250 °C for the highest Zn content also causing 

steps (2) and (3) to coincide (Figure 5.3c, blue lines). As a result of the TG experiments, a 

temperature of 500 °C was chosen for calcination throughout the series. 

 

 

The XRD patterns of the resulting oxides are presented in Figure 5.4 and clearly point out the 

formation of oxides of rock salt type MIIO, NiO (Figure 5.4a and b) and / or MgO (Figure 5.4a). 

Additionally, for Zn-substituted series ZnO as wurtzite structure type is also present after 

calcination. Calcination at a temperature of 500 °C does not provide enough thermal energy for 

the densification / crystallization of the expected spinel phases which explains the missing 

patterns in the recorded diffractograms and indicates the presence of a significant amorphous 

fraction containing the Ga cations. As a side note, the detectable reflections at 2θ ≈ 12° and 

2θ ≈ 24° for the Mg-substituted sample with the highest Mg content hint towards residual LDH 

in the calcined sample. As the decomposition process was found to be complete at the 

temperature of 500 °C by TG analysis, the previously mentioned basicity of Mg likely caused 

carbonate capture from air leading to the memory effect[95] of LDH recrystallization. 

 

The porosity of the investigated precatalysts was investigated by N2 physisorption experiments 

and the results are presented in Figure 5.5 and Figure 5.6 and are summarized in Table 5.2. Both 

Mg and Zn containing and both LDH precursor and calcined samples show N2 physisorption 

isotherms resembling type III defined by IUPAC,[208] which represents mesoporous materials. 
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Figure 5.4: XRD patterns of calcined Mg-substituted (a) and Zn-substituted (b) sample series; reference 

patterns correspond to ((a) red, NiGa2O4 ICSD Coll. Code 27903; (a) green, NiO, ICSD Coll. Code 9866; 

(b) blue, ZnO, ICSD Coll. Code 26170; (b) green, NiO). 
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The hysteresis behavior due to capillary condensation of N2 in the course of the measurements 

is of type H3 by IUPAC and indicates plate-like particles with slit-shaped pores as commonly 

observed for LDH materials. The SBET values for both cases, precursor and calcined state, are in 

a similar range of medium-to-high values and reveal highly porous materials with pronounced 

adsorption capacities. 

 

Table 5.2: Overview on N2 physisorption results on investigated catalyst series. 

 

 

Interestingly, in almost every case calcination leads to a substantial gain in SBET in the range of 

+ 30 - 460 %. At the same time, pore size distributions show an increase in the cumulative pore 

volume upon calcination. New and possibly larger pores evolve in the course of calcination when 

H2O and CO2 diffuse out of the precursor and an oxide backbone with increased porosity 

remains.  

targeted precursor 
composition 

surface area 
[m2/g] 

pore volume  
[cm3/g] 

pore size  
[nm] 

 prec. calc. prec. calc. prec. calc. 
[NiII

4AlIII
2(OH)12](CO3)∙mH2O 92 185 0.45 0.72 2-20 5-50 

[NiII
6GaIII

2(OH)16](CO3)∙mH2O 68 109 0.53 0.76 10-40 10-50 
[MgII

5.9NiII
0.1GaIII

2(OH)16](CO3)∙mH2O 68 119 0.57 0.97 15-60 15-60 
[MgII

5NiII
1GaIII

2(OH)16](CO3)∙mH2O 87 96 0.7 0.76 10-50 5-40 
[MgII

2.67NiII
3.33GaIII

2(OH)16](CO3)∙mH2O 48 123 0.37 0.78 5-20 5-30 
[MgII

1NiII
5GaIII

2(OH)16](CO3)∙mH2O 65 155 0.44 0.91 5-30 10-30 
[ZnII

5.9NiII
0.1GaIII

2(OH)16](CO3)∙mH2O 22 124 0.11 0.28 15-60 3-10 
[ZnII

3NiII
3GaIII

2(OH)16](CO3)∙mH2O 123 81 1 0.76 15-60 15-80 
[ZnII

0.1NiII
5.9GaIII

2(OH)16](CO3)∙mH2O 85 114 0.6 0.73 10-50 10-40 
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Figure 5.5: N2 physisorption isotherms for both Mg- and Zn-substituted sample series as pristine LDH 

precursor (a) and after calcination (b). 
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The morphological appearance of the investigated series, exemplarily illustrated in Figure 5.7, 

confirms a platelet morphology for the precursors aggregated in sand rose shapes (Figure 5.7, 

left panel) which is typical for LDH type materials. Lateral dimensions of the hexagonal platelets 

are in the range of a few hundred nanometers and exhibit thicknesses of a few tens of 

nanometers. The Zn containing sample, on the other hand, has larger dimensions reaching a 

size of ca. 1 µm (Figure 5.7e) and is thicker. This observation of improved crystallinity / larger 
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Figure 5.6: Pore size distribution (black curves) and cumulative pore volume (red curve) for selected 

sample within the investigated series. 
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crystallite sizes is equally reflected in the XRD patterns (Figure 5.2), where the Zn5.9Ni0.1Ga2 

sample exhibits the sharpest reflections in its diffractogram. 

 

Typical for LDH materials, calcination at mild temperatures does not lead to destruction of the 

morphology in the oxidic form. Instead, the 2D platelet morphology is preserved (Figure 5.7, 

right panel) even when multi-phasic oxide samples evolve from the LDH precursor. 

Figure 5.7: SEM micrographs of selected samples within the investigated series as LDH precursor (left 

panel) and after calcination (right panel); (a) and (b) Mg5.9Ni0.1Ga2; (c) and (d) Mg1Ni5Ga2; (e) and (f) 

Zn5.9Ni0.1Ga2. 
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The catalyst activation is a significant and critical processing step. The reduction process 

expectedly results in the targeted GaxNiy intermetallic phases dispersed inside the residual oxide 

support. A difficult reduction of the oxophilic Ga species, the formation of distinct GaxNiy phases 

and their homogeneous distribution and stabilization inside the oxide matrix have been 

investigated with various techniques. 

 

 

 

Temperature-programmed reduction experiments conducted in H2 are widely applied and used 

to determine reduction behavior of metal-based catalysts as part of their activation process. 

Figure 5.8, Figure 5.9 and Table 5.3 summarize the TPR results for the herein investigated series. 

In simplified terms, the targeted reactions during reduction in H2 can be expressed in the 

following way:  

 

NiO + H2    →    Ni + H2O  (C 5.2) 

2 Ga2O3 + 3 H2    →    4 Ga + 3 H2O (C 5.3) 

 

For the actual catalyst, the situation during reduction is much more complex since phenomena 

like solid-state diffusion,[209] spillover effects[210] on freshly reduced particles / clusters etc. add 

to the picture and complicate the overall process. Additionally, even for a formal assessment of 

Ga reduction by the proposed reaction C 5.3 a possible transient presence of metallic Ga in liquid 

state cannot be excluded when separated Ni and Ga emerge instead of intermetallic GaxNiy 
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phases. Yet, these measurements allow first insights into the formation of the catalytically active 

target phases. 

 

Figure 5.8 reveals that a binary Ni / Ga catalyst without any additional promoting third element 

is the easiest to reduce and activate with a Tmax (temperature at which reduction rate reaches a 

maximum) of ~ 480 °C. Any addition of a third cation, either divalent (Mg (Figure 5.8a & c) or 

Zn (Figure 5.8b & c)) or trivalent (Al (SI and Table 5.3)) induces an increase in Tmax and hence 

aggravates the reduction. A clear trend is present with the increase in Tmax correlating with the 

amount of the additional third element (Figure 5.8c). This trend is more pronounced for the Mg 

containing series where the sample with the highest Mg content reaches a Tmax of ~ 760 °C, while 

for the Zn series a highest Tmax of ~ 580 °C is observed at the highest Zn content. Structural 

stabilization features of the oxides and their irreducibility explain these results in case of Mg and 

Al.[211,212] 

 

 

During TPR experiments a quantification of H2 consumption (Figure 5.9) can be performed and 

referenced to reactions C 5.2 and C 5.3. A comparison with the expected H2 consumption due to 

the known Ni content in each sample clarifies if any additional H2 is consumed and hence can 

be attributed to Ga reduction. Obviously, a full reduction of all Ni content needs to be assumed 

in order to quantify and assign the H2 consumption to the reference reactions correctly. 
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Figure 5.9: TPR profile of selected Mg-substituted sample with integrated reduction peak area in order to 

determine H2 consumption during reduction reaction. 
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Table 5.3 summarizes quantification results and conclusions regarding the ratio of the reduced 

components in the activated catalysts. The Ni / Al2O3 reference system including the Ga 

impregnated samples reveals an incomplete reduction of the Ni fraction making it difficult to 

assess additional Ga reduction. A simplified assumption of a full Ni reduction is insufficient in 

this case and additionally complicated by the fact that an increase in formal Ni reduction degree 

is evident when the impregnated Ga amount is increased although the Ni content remains nearly 

constant in this reference system. Thus, the higher degree of Ni reduction (72 % to 87 %) is most 

probably attributed to additional Ga reduction instead, while some Ni remains unreduced in 

this sample.  

As for the substitution series, a clear trend of a higher Ni:Ga ratio (in reduced state) with higher 

Ni content (or lower content of diluting element) is apparent. The ratio changes between 27:73 

(~1:3; [ZnII
5.9NiII

0.1GaIII
2(OH)16](CO3)∙mH2O) and 92:8 (~10:1; 

[ZnII
5.9NiII

0.1GaIII
2(OH)16](CO3)∙mH2O) for the Zn series and between 56:44 (~1:1; 

[MgII
5.9NiII

0.1GaIII
2(OH)16](CO3)∙mH2O) and 99:1 ([MgII

1NiII
5GaIII

2(OH)16](CO3)∙mH2O) for the Mg 

series and indicates GaxNiy phases of Ga3Ni, GaNi and GaNi3 or Ni-rich fcc alloy. 

 

The exact nature of expected GaxNiy phases in active state of the catalyst turns out to be difficult 

to determine. An ex-situ XRD analysis of selected Mg-containing samples is illustrated in Figure 

5.10. The ex-situ analysis involved an isothermal reduction at Tmax for the corresponding samples 

and a subsequent surface passivation of newly formed metallic particles with O2 pulses in the 

experimental setup before performing diffraction measurements. All selected samples show 

patterns corresponding to oxides of rock salt type MIIO, either MgO or NiO, or to an additionally 

nominal catalyst composition

total 

Ni:Ga3+ 

ratio

weighed 
amount 

[mg]

Ni content 
[mmol]

expected H2 

consumption due 
to Ni content 

[mmol]

observed H2 

consumption 
[mmol]

degree of Ni 
reduction 

[%]

additional 

Ga3+ 

reduction 
[%]

ratio of 
reduced 

Ni:Ga3+

4 Ni / Al2O3 100:00 18.1 0.18 0.18 0.13 72 0 100:00

4 Ni / Al2O3 - 1 wt% Ga 98:2 29.4 0.26 0.26 0.21 80 0 100:00

4 Ni / Al2O3 - 5 wt% Ga 93:7 35.6 0.3 0.3 0.26 87 0 100:00

6 Ni(GaxNiy) / (1-x/2) Ga2O3 67:33 19.6 0.16 0.16 0.22 100 54 79:21

5 Ni(GaxNiy) / 1 MgO / (1-x/2) Ga2O3 71:39 17.6 0.158 0.158 0.161 100 3.5 99:1

3.33 Ni(GaxNiy) / 2.67 MgO / (1-x/2) Ga2O3 63:37 25.7 0.16 0.16 0.2 100 36 83:17

1 Ni(GaxNiy) / 5 MgO / (1-x/2) Ga2O3 33:67 16.9 0.0442 0.0442 0.0682 100 24 73:27

0.1 Ni(GaxNiy) / 5.9 MgO / (1-x/2) Ga2O3 5:95 26.1 0.0071 0.0071 0.0155 100 4.5 56:44

5.9 Ni(GaxNiy) / 0.1 ZnO / (1-x/2) Ga2O3 92:8 27.7 0.266 0.266 0.3005 100 28 92:8

3 Ni(GaxNiy) / 3 ZnO / (1-x/2) Ga2O3 60:40 24.3 0.12 0.12 0.19 100 67 72:28

0.1 Ni(GaxNiy) / 5.9 ZnO / (1-x/2) Ga2O3 5:95 23.6 0.004 0.004 0.02 100 17 27:73

Table 5.3: TPR data overview on investigated Ni,Ga-containing LDH substitution series. 
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possible spinel phase, either MgGa2O4 or NiGa2O4. It remains unclear, why even in samples with 

medium to high Ni content no Ni containing metallic phases are observable via XRD. 

 

 

Possible reasons may be a complete reoxidation during passivation or formation of very small 

metallic particles not detectable by XRD. Furthermore, the temperature chosen for isothermal 

reduction conditions, Tmax, might not provide enough thermal energy for a crystallization and 

growth of the emerging (inter-)metallic phases. Lastly, the overall Ni content in each catalyst 

needs to be taken into consideration. Catalysts with very low Ni content will probably produce 

metallic particles of rather small size in low density not sufficiently resolvable in XRD analysis 

when additional, more crystalline phases are present at the same time.  
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Figure 5.10: XRD patterns of selected Mg-substituted Ni,Ga-catalyst systems after an isothermal reduction 

at Tmax and subsequent surface passivation of the evolving metallic components in O2 pulses; the reference 

patterns correspond to MgO (red, ICSD Coll. Code 9863) and MgGa2O4 (magenta, ICSD Coll. Code 4806)

and elemental Ni (green, ICSD Coll. Code 43397). 
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In order to address previously mentioned questions regarding the actual nature of activated 

catalysts, an ex-situ TEM investigation was performed. Similarly to the ex-situ XRD analysis, an 

isothermal reduction and a subsequent careful sample processing was supposed to simulate the 

activated catalysts immediately before their operation in the targeted catalytic reaction. Figure 

5.11, Figure 5.12 and Figure 5.13 show selected samples within the investigated series and provide 

first insights into the constituents of the catalysts right after reduction without an additional 

passivation step. Figure 5.11 presents TEM results of the Mg5Ni1Ga2 catalyst as an example for a 

low Ni content sample. The low Ni content gives rise to metallic particles of rather uniform 

shape and size embedded in low density inside the oxide support structure. The elemental 

distribution inside a single particle (Figure 5.11c) clearly confirms the presence and indirectly the 

additional reduction of Ga species while the particle surroundings contain Mg mainly (as MgO) 

and unreduced Ga (presumably as MgGa2O4). The particles have a size of approx. 5 – 20 nm. 

Figure 5.11: TEM (a) and HAADF-STEM (b) images and an elemental mapping (c) of (a) for the catalyst 

Mg5Ni1Ga2 ([MgII
5NiII

1GaIII
2(OH)16](CO3)∙mH2O). 
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An increase of Ni content in the overall catalyst does not automatically lead to larger particles 

after reduction but to a higher density of metal nanoparticles dispersed in the Mg-based oxide 

structure (Figure 5.12). Apparently, this oxide support is less abundant compared to sample 

Mg5Ni1Ga2 (Figure 5.11) due to a lower content of Mg. A clear statement about any reduction of 

Ga species into metallic particles is not possible unequivocally because of the large density of 

metal nanoparticles and a strong overlap in the elemental distribution of Ga and Ni. Yet, the 

TEM images confirm the initial idea of utilizing the beneficial homogeneous distribution of 

constituent cations in the LDH precursor. An enhanced reduction of Ni at lower temperatures 

promoting an additional Ga reduction was sought by this approach with the aim of evenly 

distributed metal nanoparticles of uniform size. The observation of rather uniform particles in 

Figure 5.12: TEM (a) and HAADF-STEM (b) images and an elemental mapping (c) for the catalyst 

Mg1Ni5Ga2 ([MgII
1NiII

5GaIII
2(OH)16](CO3)∙mH2O). 

a) b) 

c) 
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a high density in Figure 5.12a and b substantiate the homogeneous distribution abilities of LDH 

precursors, which gives rise to a large number of nucleation sources instead of concentrated Ni 

spots within the precursor resulting in larger particles.  

 

 

 

The Zn-promoted example (Figure 5.13), on the other hand, produces particles with a broad 

range in size and shape, which are difficult to assess with regard to their correct composition. 

Moreover, in the case of Zn formation of alloy / intermetallic phases of NiZn[213] are possible and 

should be taken into consideration although XRD analysis of spent catalysts (Figure 5.28) does 

not give any indication about their formation whereas XPS analysis of surface species reveals 

partial reduction of Zn (Figure 5.16, see below).  

Figure 5.13: TEM (a) and HAADF-STEM (b) images and an elemental mapping (c) of (b) for the catalyst 

Zn5.9Ni0.1Ga2 ([ZnII
5.9NiII

0.1GaIII
2(OH)16](CO3)∙mH2O). 
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The chemical state of relevant elements was determined for the same selected samples subjected 

to ex-situ TEM analysis immediately after an isothermal reduction without air exposure. 

Considered a complementary method to TEM analysis, XPS results of chosen catalysts are 

depicted in Figure 5.14 – Figure 5.16 and summarized in Table 5.4. Binding energies for present 

elements (Ni, Ga and Zn) correspond well to values previously reported in literature [214–216]. A 

detailed evaluation and deconvolution of the recorded spectra while using metallic, oxidic and 

hydroxide species to fit the data allow first statements about a realistic composition of the 

catalysts in near-surface regions. Surprisingly, almost all samples indicate an incomplete 

reduction of Ni and surface impurities with the presence of NiO and / or Ni(OH)2. In the case of 

Mg5Ni1Ga2 (Figure 5.14 and Table 5.4), no metallic Ni was detected at all. This observation seems 

to contradict with TEM results for this specific catalyst (Figure 5.11) where uniform nanoparticles 

mainly consisting of Ni were found. Then again, a surface oxidation of metal nanoparticles due 

to an incomplete exclusion of air during sample preparation is possible. It is assumed, that inside 
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the reactor in the course of catalytic hydrogenation reaction a reoxidation of the metal particles 

is unlikely due to a highly reducing character of the inlet synthesis gas stream. 

 

Furthermore, XPS results confirm a partial Ga reduction for every catalyst. Depending on which 

peak (Ga2p or Ga3d) is considered, different information can be obtained. While the Ga3d signal 

represents electrons with higher kinetic energy and hence provides a deeper sampling depth, 

the Ga2p signal contains more surface-related information. Thus, comparing both can be useful 

for a depth profiling. Indeed, the results in Table 5.4 show differences for the Ga species near-

surface and deeper lying Ga. The oxophilicity of Ga is well reflected in the results with about 50 

% lower metallic Ga fraction at the surface than in the bulkier regions. Interestingly, the ratio of 

metallic surface Ga to metallic “bulk” Ga seems to be constant (~ 1:2 surface-to-bulk) 

independent of catalyst composition and total amount of reduced Ga. This may be explained 

with an oxygen saturation of the surface / a constant degree of passivation of metal particles. 

These observations are valid for the Zn containing catalyst as well. For this catalyst, additional 

indications of Zn reduction at the surface regions can be observed reaching a metal fraction of 

~ 66 % (Figure 5.16 and Table 5.4) supporting the initial idea of Zn being not only a structural 

promoter but also a possible electronic promoter.  
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Table 5.4: Quantification of XPS data regarding elemental state and distribution for selected catalysts. 

 

  

targeted catalyst composition 
Ni metal 
content 

Zn metal 
content 

metal 
content 
Ga3d 

metal 
content 
Ga2p 

 [%] [%] [%] [%] 
4 Ni / Al2O3 - 5 wt% Ga ca. 75 n.a. 28 14.5 
1 Ni(GaxNiy) / 5 MgO / (1-x/2) Ga2O3 too low n.a. 11.9 7.2 
3.33 Ni(GaxNiy) / 2.67 MgO / (1-x/2) Ga2O3 ca. 55 n.a. 21.2 8.4 
5 Ni(GaxNiy) / 1 MgO / (1-x/2) Ga2O3 ca. 58 n.a. 42.6 17.7 
0.1 Ni(GaxNiy) / 5.9 ZnO / (1-x/2) Ga2O3 ca. 100 ca. 66 27.7 12.3 
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5.4.2.2 Catalytic Investigation 

 

 

Preliminary catalytic investigation included the measurement of CO2 conversions for the 

investigated series at ambient pressure and at elevated temperatures (Figure 5.17). Noticeable 

conversion of CO2 starts at temperatures of ~ 200 – 250 °C with the degree of conversion 

depending on catalyst composition. In the series of Mg-based catalysts, where the oxidic support 

structure consists of MgO / MgGa2O4, a maximum in conversion at intermediate Ni content in 

the catalyst is apparent (Figure 5.17c). The trend may be a result of the successful structural 

promotion of the intermetallic catalyst by the presence of MgO, which initially helps the metal 

dispersion and at too high content dilutes the active phase leading to a maximum at medium 

Mg content as a compromise. However, since a clear phase assignment for the active catalysts 

was not possible, intrinsic effects of possibly different intermetallic phases cannot be excluded. 

Note, that a high Ni content catalyst without any promoting third cation shows an activity in a 

medium range with respect to the Mg-based ternary catalyst series. As a general observation, 
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Figure 5.17: CO2 conversion data for selected LDH-based catalysts as light-off curves obtained by steady-

state measurements (a) and by dynamic measurements (b) at ambient pressure conditions; CO2

conversion data as function of Ni:Ga ratio for Mg series (c) and Zn (d) at three selected temperatures; 

single data points at Ni:Ga ratio of 3 represent binary Ga / Ni catalyst. 
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Zn-based catalysts show lower activities as compared to the Mg-based series and the binary 

catalyst. Plus, conversion rates do not seem to depend strongly on Ni:Ga ratio when Zn is present 

in the overall catalyst (Figure 5.17d). These findings indicate that Zn unlike Mg is not an efficient 

structural promoter for the intermetallic catalysts. Measured in transient mode (Figure 5.17b), 

the catalysts do not exceed a conversion of 15 % in the recorded temperature range up to 400 °C. 

Interestingly, high Ni content and low Ni content catalysts (Zn0.1Ni5.9Ga2 and Zn5.9Ni0.1Ga2) reach 

high conversion rates at 400 °C while the medium composition (Zn3Ni3Ga2) does not reach 

comparable conversion rates. The mode of experimental operation seems to be highly influential 

on CO2 conversion. Exemplified by the Zn-based medium catalyst composition, an activity 

which is 3x higher in steady-state experiments than in the transient experimental mode can be 

observed (~ 20 % conversion vs ~ 7 % conversion). Possibly, the catalysts reach higher activity 

under steady-state conditions by adjusting themselves to operating conditions in a long term 

while naturally, a transient measurement mode exposes the catalysts to constant changes in 

conditions due to constant heating in this case.  

Main products observed during catalytic investigation at ambient pressure are CO and CH4, 

respectively. CH3OH is not observed at this operating pressure due to thermodynamic 

limitations (Figure 5.18).[217] A network of possible reactions can occur in the course of CO2 

hydrogenation which consequently can yield at least the three main products that are focused 

on and considered here.  

 

CO2 + 3 H2    ⇌     CH3OH + H2O ΔH0
298K = - 49 kJ∙mol-1  (C 5.4) 

CO2 + H2    ⇌     CO + H2O  ΔH0
298K = + 41 kJ∙mol-1  (C 5.5) 

CO + 2 H2    ⇌     CH3OH  ΔH0
298K = - 91 kJ∙mol-1  (C 5.6) 

CO2 + 4 H2    ⇌     CH4 + 2 H2O ΔH0
298K = - 165 kJ∙mol-1  (C 5.7) 

 

For the sake of clarity and simplification, additional products that can be formed during the 

investigated catalytic reaction, especially under high pressure conditions, such as dimethyl ether 

(DME)[218] or higher hydrocarbons in the presence of Ni in Fischer-Tropsch related 

reactions,[219,220] are excluded from the discussion here. If thermodynamic aspects and Le 

Chatelier’s principle are considered for the presented reaction network and for the methanol 

synthesis reaction in general, it becomes obvious that low temperature and high-pressure 

conditions should be preferred (Figure 5.18). These beneficial conditions are often impeded by 

low conversion rates at low temperatures. Hence, considering methanol as desired product, an 

ideal catalyst should be highly active already at low temperature and operate at high pressure, 

where the selectivity to methanol is high. If CO is the desired product, however, the process can 
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be operated at ambient pressure and high temperature, where the CO selectivity is high. A 

suppression of methanation (C 5.7) even at elevated industrially relevant pressures is also 

desired. 

With regard to Figure 5.18, it is worthwhile to mention that a methanol reaction network allows 

a CO2 conversion of ~ 35 % at the investigated temperature and pressure conditions. Since 

conversion beyond thermodynamic equilibrium was observed for a few catalysts in the catalytic 

study (see below), the formation of methane needs to be added to the discussion. 
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Figure 5.18: Effect of pressure and temperature at H2 / CO2 ratio of 3:1 on the conversion (a) of CO2 and 

selectivity (b) to CH3OH; plots obtained by Gibbs free energy minimization using thermodynamic data 

for methanol synthesis. (See ref. [217,218]) 
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Figure 5.19: Overview on catalytic data for Mg-based catalyst series in CO2 conversion in parallel testing

as function of Ni:Ga ratio; note that with increasing Ni:Ga ratio Mg content is reduced (colored data points 

at Ni:Ga ratio of 3 represent Ni / Ga binary catalyst without any third cation; check Table 5.1); row (a) 

illustrates CO2 conversions, while row (b) and row (c) highlight selectivities to CH3OH and CO, 

respectively, at p = 20 bar (column 1), p = 40 bar (column 2) and p = 60 bar (column 3) and at three marked 

temperatures; difference to 100 % in the selectivity plots corresponds to CH4 selectivity. 
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a2) a3) 
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5 Synthesis and Characterization of Ni / Ga Intermetallic Nanoparticles and Their Application in CO2 Conversion 
Reactions 

120 
 

Results for catalytic conversion of CO2 to value-added products under parallel testing conditions 

for the whole investigated series are summarized in Figure 5.19 - Figure 5.22. Depending on Ni:Ga 

ratio, the Mg promoted catalysts exhibit interesting features (Figure 5.19). Consistent with 

thermodynamic data (Figure 5.18), elevated pressures and temperatures ensure a facilitated 

conversion of CO2 (Figure 5.19a). At operating pressures of p = 40 bar (a2) and p = 60 bar (a3), 

nearly full conversion of CO2 is observed for three catalysts with Ni:Ga ratios of 0.5, 1.67 and 2.5 

(corresponding to the catalysts Mg5Ni1Ga2, Mg2.67Ni3.33Ga2 and Mg1Ni5Ga2) above temperatures of 

300 °C, which exceeds the thermodynamic equilibrium limitations for methanol synthesis and 

RWGS and indicates strong participation of methanation. The low Ni content catalyst (Ni:Ga 

ratio 0.05, Mg5.9Ni0.1Ga2) and the binary Ni / Ga catalyst (Ni:Ga ratio 3, Ni6Ga2) stand out within 

the series with conversion rates < 20 % likely because of too strong dilution of the active phase 

and absence of structural promotion, respectively. At an operating temperature of 250 °C the 

catalysts do not reach full conversion. Instead, a linear trend of increasing CO2 conversion with 

an increasing Ni:Ga ratio for the ternary catalysts is apparent possibly indicating that at higher 

pressure the total Ni loading effects outweighs the dispersion effect due to the Mg promoter. 

The binary catalyst does not follow this trend proving again the advantageous effect of Mg 

promotion in terms of conversion. The methanol selectivity is generally poor and does not 

exceed one percent. Regarding the trends with composition, temperature and pressure, the 

picture is rather ambiguous. The contribution of methanation is confirmed when looking at the 

CO selectivities, which generally decrease at the expense of methane with temperature and 

pressure. Specifically, when reaching CO2 conversions above 40 %, the respective catalysts 

display full selectivity towards CH4. Only at low conversion rates and in particular for the lowest 

and highest Ni:Ga ratios, is a high selectivity to CO observed. This interestingly also holds for 

high pressure and temperature rendering these two samples possible catalysts for RWGS. 

However, selectivity to non-methane products was always low for high conversions in the 

measurements. Very interestingly, the catalyst series presents a different picture at an operating 

pressure of p = 20 bar (Figure 5.19 column 1). A volcano plot like trend evolves for the series with 

the catalyst of a Ni:Ga ratio of 1.67 (Mg2.67Ni3.33Ga2) showing the highest activity at every 

temperature. At 350 °C, this catalyst reaches full conversion even. The volcano trend is inversely 

reflected in the selectivity patterns for CO and CH4. Interestingly, at this lower pressure, higher 

methanol selectivities are detected pointing again to a substantial contribution of methanation 

that competes with methanol synthesis. The catalyst with the “optimum” composition indicates 

a minimum in the selectivity plots of CO (or a maximum to CH4) within the series of Ni:Ga ratio 

variation. Generally, the higher the overall conversion rates are the lower selectivities to CO or 

the higher to CH4, respectively, can be deduced from the plots. For the optimum catalyst this 
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feature is far more pronounced with a selectivity to CH4 close to 100 % at T = 350 °C while the 

remaining catalysts still produce CO mainly. The exceptional behavior of this catalyst was 

previously described and mentioned in the ambient pressure setup (Figure 5.17) and may be 

explained by the best compromise between Ni loading and Ni dispersion (see above). High-

pressure experiments confirm the special status of this catalyst. With increasing conversion 

rates, typically as a result of elevated temperatures and pressures, higher methane selectivities 

are recorded while the formation of CO is increasingly suppressed at the same time. The catalysts 

seem to possess two modes of operation: (1) in a low conversion regime (low T, low p, very low 

or very high Ni:Ga ratio) the catalysts resemble the widely applied methanol synthesis catalyst, 

Cu / ZnO, in its feature of a high selectivity to the RWGS reaction[193] without a comparable 

selectivity to methanol that has been reported for other Ni-Ga catalysts already at ambient 

pressure;[194] (2) at high conversions (high T and p, intermediate Ni:Ga ratio) methanation 

properties of the catalysts become dominant. In this second mode of operation, the GaxNiy 

intermetallic catalysts increasingly resemble typical supported Ni catalysts that are very active 

and selective to CH4 in CO2 hydrogenation reactions[221,222] and perform according to 

thermodynamic expectations.[223] Those thermodynamic considerations disclose that in a 

medium temperature range (up to 500 °C) CH4 is still favored. 

This behavior with a Cu-like and a Ni-like of operation mode somewhat reflects the initial idea 

of adjusting electronic properties of Ni based catalysts with strong methanation tendencies 

towards more copper like catalysts by the introduction of Ga and thus formation of GaxNiy 

intermetallic phases.[194] Interestingly, the dominance of one of these two modes of operation 

does not only depend on the Ni:Ga ratio or on the preparation history of the catalyst, but also 

on the operation conditions. At certain points of operation, the herein investigated catalysts 

either undergo structural changes which enhance the CH4 producing capabilities or possible 

changes in the reaction pathway occur depending on surface coverages. The idea of structural 

changes that occur as a consequence of reaction conditions is corroborated by TEM analysis of 

spent catalysts (Figure 5.26) where separation of Ni and Ga species is indicated. This would lead 

to Ni-richer metallic phases in the course of catalytic reaction and could also explain the 

observed feature of increasing CH4 selectivity with harsher reaction conditions. 
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Figure 5.20: Overview on catalytic data for Zn-based series in CO2 conversion in parallel as function of 

Ni:Ga ratio; note that with increasing Ni:Ga ratio Zn content is reduced (colored data points at Ni:Ga ratio 

of 3 represent Ni / Ga binary catalyst without any third cation; check Table 5.1); row (a) illustrates CO2

conversions, while row (b) and row (c) highlight selectivities to CH3OH and CO, respectively, at p = 20 

bar (column 1), p = 40 bar (column 2) and p = 60 bar (column 3) and at three marked temperatures; 

difference to 100 % in the selectivity plots corresponds to CH4 selectivity. 
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Trends for the Zn-based catalyst series in terms of CO2 conversion as a function of Ni:Ga ratio 

(Figure 5.20a) are not as clear as in the Mg-based catalyst series. Alike the results obtained at 

ambient pressure, at a given temperature and pressure, conversion rates remain nearly constant 

over the range of Ni:Ga ratio variation. Only slightly lower conversions of the binary catalyst 

with a Ni:Ga ratio of 3 (catalyst Ni6Ga2) indicate the absence of a strong structural promotion 

effect in the Zn-based ternary catalysts. While the effect of composition is not distinct for the 

presented series, increasing pressure and temperature facilitate the reaction of CO2 as expected 

from thermodynamic considerations.  

A composition dependent effect, on the other hand, is strongly observed for the selectivity to 

CH3OH (Figure 5.20b), which is significantly higher than in the Mg series suggesting an 

electronic promotion effect of Zn. An increasing Ni:Ga ratio (and decreasing Zn content at the 

same time) results in a declining selectivity to CH3OH. A maximum selectivity of ~ 7 % is 

detected for the catalyst with a Ni:Ga ratio of 0.05 (corresponding to Zn5.9Ni0.1Ga2) at operating 

conditions of T = 300 °C and p = 60 bar. Thermodynamic calculations and expectations (Figure 

5.18) regarding pressure and temperature correlation of CH3OH selectivity are reflected to a large 

extent in the presented results. The highest selectivity can be seen at the highest applied 

pressure. For the temperature, a medium value seems the most favorable (T = 300 °C) indicating 

the highest CH3OH selectivity for this chosen temperature at every operating pressure during 

the investigation. No methanol was observed at T = 250 °C indicating kinetic limitations of the 

Zn-promoted Ni-Ga catalysts compared to Cu / ZnO catalysts, which typically are active already 

at this temperature. 

Contrarily to the Mg-based catalyst series, Zn promoted catalysts (and the binary Ni6Ga2 

catalyst) yield CO as main conversion product. CH4 as third possible product is only obtained 

for the binary catalyst while Zn promotion successfully suppresses the hydrogenation activities, 

at least at the herein obtained CO2 conversions < 20 %, expected for pure Ni catalysts and 

observed for many of the catalysts in the Mg series . Mg promotion required special operating 

conditions in order to achieve comparable effects (Figure 5.19, column 1). The targeted electronic 

promotion effects of Zn, still intensely discussed for the widely applied Cu-based methanol 

synthesis,[224–228] might account for the evident trend in increasing CH3OH and RWGS selectivity 

with a higher Zn content. It is proposed, that Zn promotion occurs via stabilization of reaction 

intermediates in the methanol synthesis pathway that are bound through an oxygen atom.[227] 

Partial Zn reduction, at least in the surface regions of the catalysts, was confirmed by XPS 

analysis (Figure 5.16). However, a possible formation of NiZn alloy phases and their influence on 

catalytic activity cannot be disregarded. Especially, since quantification of hydrogen 

consumption during the reduction process (Table 5.3) and XPS data (Table 5.4) confirm the 
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possibility of (partial) reduction to the elemental state for both, Zn and Ga, resulting in very 

complex structures of ternary alloy / intermetallic phases comprising Ni, Zn and Ga and adding 

to the already existing difficulties in phase determination of active catalyst phases. In this 

context, no direct evidence for distinct bulk phases of NiZn was found in an ex-situ XRD analysis 

after the catalytic run (Figure 5.28). Additional TEM analysis of a freshly reduced sample (Figure 

5.13) does not clarify the situation about the state of alloy / intermetallic phases that are 

supposed to be present during the catalytic reaction.  

 

A clear evidence for the electronic promotion effect of Zn in contrast to Mg is presented in Figure 

5.21. While with Mg promotion the selectivity to non-methane products (representatively shown 

with CO selectivity in Figure 5.21) significantly decreases with higher CO2 conversion, the Zn-

based catalysts show a rather stable CO selectivity up to a CO2 conversion of ~40 %. It can be 

concluded, that Zn promotion effectively blocks methanation properties of LDH-based Ni(-Ga) 

intermetallic catalysts and yields catalysts that are active in RWGS in a high-pressure testing 

setup.  
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Figure 5.21: CO2 conversion dependent selectivity to CO for the Mg-based series (closed symbols) and for 

the Zn-based series (open symbols) at 9 different operating conditions; different colors correspond to 

different Ni:Ga ratios (Mg: magenta = 0.05 Mg5.9Ni0.1Ga2; blue: 0.5 Mg5Ni1Ga2; red: 1.67 Mg2.67Ni3.33Ga2; 

black: 2.95 Mg0.1Ni5.9Ga2 – Zn: blue: 0.05 Zn5.9Ni0.1Ga2; red: 1.5 Zn3Ni3Ga2; black: 2.95 Zn0.1Ni5.9Ga2). 
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The results for a reference series, that was included in the catalytic investigation and consisted 

of a classical Ni on alumina catalyst (derived from NiII
4AlIII

2(OH)12](CO3)∙mH2O LDH  4 Ni / 

Al2O3, see Table 5.1), are illustrated in Figure 5.22. This reference Ni / Al2O3 catalyst was 

impregnated with two different amounts of Ga after the calcination step in order to identify if 

the targeted beneficial influence of the Ga component requires a distinct synthesis procedure. 

Here, a direct comparison between initial incorporation of Ga into the LDH precursor structure 

by coprecipitation and a subsequent introduction of Ga to a reference catalyst by impregnation 

can be drawn. TPR and XPS results (Table 5.3 & Table 5.4) strongly hint towards additional Ga 

reduction for the impregnated reference systems although with alumina as structural oxide 

component a complete reduction of present Ni species (which is hypothetically assumed for a 

simplified evaluation of TPR data) is hindered even stronger than with irreducible Mg.  

Apparently, a subsequent impregnation with Ga does not lead to deviant catalytic properties 

when compared to the Ni / Al2O3 reference catalyst without any Ga (Figure 5.22, catalysts 1, 2 & 

3). With respect to both CO2 conversion rates and selectivity to CH4, no differences between the 

reference catalysts can be observed. Irrespective of temperature and pressure within the chosen 

operating condition parameters, these catalysts show full conversion of CO2 to CH4 as single 

product. Being the standard methanation catalyst, Ni / Al2O3 exhibits an expected behavior. At 

the same time, a subsequent impregnation process with Ga proves to be insufficient for an 

adjustment of methanation properties of Ni-based catalysts when compared to a direct 

incorporation of Ga into the catalyst via a single-source precursor approach through 

coprecipitation of all relevant elements as LDH precursors. Especially the Ni / Ga binary catalyst 

(catalyst 4) and the Zn promoted catalyst (catalyst 6) in the comparison confirm this observation 

by greatly changed features in catalytic activity and selectivity patterns. As described in previous 

sections, Mg-based catalysts resemble the Ni / Al2O3 reference system to a large extent in terms 

of conversion rates and a pronounced selectivity to CH4. Only at specific operating conditions, 

the Mg-based catalysts exhibit interesting features that substantially differ from the reference 

systems confirming the modifying role of Ga in the bimetallic catalyst. For a complete 

assessment of the present catalytic results, especially with focus on differences between 

reference catalysts that involve the method of impregnation and the coprecipitated catalysts, 

known characteristics of Al2O3 and Ga2O3 with respect to their acid-base properties should be 
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taken into consideration[229] since support effects on catalytic performance can reach significant 

levels beyond the herein discussed effects of preparation methods for catalysts. 
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Figure 5.22: Overview on catalytic data for reference catalysts investigated in the series in CO2 conversion 

under parallel testing conditions; illustrated are CO2 conversions (index a) and selectivity to CH4 (index 

b) at three different pressures (p = 20 bar (index 1), p = 40 bar (index 2), p = 60 bar (index 3)) and at three 

marked temperatures for six specified catalysts; catalyst 1: 4 Ni / Al2O3, catalyst 2: 4 Ni / Al2O3 with 1 wt% 

impregnated Ga, catalyst 3: 4 Ni / Al2O3 with 5 wt% impregnated Ga, catalyst 4: Ni6Ga2, catalyst 5: 

Mg2.67Ni3.33Ga2 and catalyst 6:  Zn3Ni3Ga2. 
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A brief assessment of catalyst stability during parallel testing is presented in Figure 5.23. It is 

apparent that for each shown catalyst representing the Mg series (Figure 5.23a), the Zn series 

(Figure 5.23b) and the reference series (Figure 5.23c) catalytic activities do not break down over 

the course of operation. Steady-state operating conditions seem to be reached within the 8 h 

that are performed at each operating condition at which two data points were recorded. It is 

noticeable, that for the promoted catalyst series (Mg & Zn, Figure 5.23a & b) an activation seems 

to be observable since the last measured operating conditions confirm a higher conversion than 

the initial set of operation parameters, which eventually represent the same pressure and 

temperature conditions in the parallel testing setup. For a pure Ni-based catalyst (Figure 5.23c), 

this feature is not evident. This could be a hint towards Ni segregation in the promoted 

(intermetallic) catalysts shifting their catalytic properties to more Ni-like catalyst systems. But 

generally in terms of CO2 conversion, the application of a flexible measurement protocol appears 

not to be disadvantageous for the investigated catalysts. 
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Figure 5.23: Development of CO2 conversion in the 

course of parallel testing (TOS, time on stream) 

illustrating the experimental plan (compare to 

Figure 5.1) for three selected catalysts; (a) 

Mg2.67Ni3.33Ga2, (b) Zn5.9Ni0.1Ga2 and (c) Ni4Al2. 
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The effect of synthesis gas composition was investigated within the same parallel testing setup 

by subjecting selected catalysts to a purely CO-based gas feed. Addition of CO to a CO2-based 

synthesis gas is known to be beneficial in improving yields of CH3OH for Cu based catalysts.[88,227] 

For a total replacement of CO2 by CO, beneficial effects have been observed for Cu / MgO, while 

the methanol formation was slower on Cu / ZnO.[227] The improvement is explained by different 

reaction pathways, CO vs. CO2 hydrogenation, that are accompanied by different reaction rates 

and rate determining steps and hence need different catalysts or differently promoted Cu 

surfaces to produce CH3OH. 

The selected samples included a Ni / Al2O3 reference catalyst without impregnation, the binary 

Ni / Ga catalyst and a Zn-based composition with the highest selectivity to CH3OH observed in 

the CO2 based experimental run. First results reveal, especially in comparison to CO2 conversion 

experiments, a significantly dampened activity for the Ni / Al2O3 reference with a detectable CO 

conversion rate of ~ 3 % at a temperature of 380 °C. This is quite unusual, since considerable CO 

methanation activities for Ni based catalysts are well described in literature from an 

experimental point of view[230,231] and within a kinetic and thermodynamic assessment.[223,231] An 

experimental detail regarding the pretreatment / activation process of the catalysts before the 

actual catalytic testing might be responsible for the large differences in activities. An incomplete 

reduction / activation of Ni species in the reference catalysts cannot be excluded as 400 °C were 

chosen as reduction temperature prior to CO conversion experiments due to restrictions of the 

setup while for CO2 based experiments a prereduction was possible at 500 °C. Furthermore, the 

feature of an aggravated reduction of Ni species by the presence of the alumina support (s. TPR 
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Figure 5.24: CO conversion (a) and CH3OH (b) selectivity for 3 selected catalysts in a purely CO-based 

synthesis gas feed at p = 60 bar. 
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results & SI) adds to these observations potentially leading to fewer active metallic Ni species 

that are relevant in the catalytic turnover.  

CO conversions for Ni / Ga binary catalyst (Ni6Ga2) and the Zn-based ternary catalyst 

(Zn5.9Ni0.1Ga2) are in a comparable range to the results obtained in CO2 conversion at < 20 %. 

Only at 380 °C the binary catalyst converts ~ 50 % of CO exceeding the usual range of conversion 

rate for both CO and CO2 based feeds. This is quite surprising since the binary catalyst, due to 

its composition, has a very low amount of residual oxidic support after reduction (s. TPR results, 

Table 5.3) and consists of rather large particles of GaxNiy that are highly crystalline (s. TEM & 

XRD of spent catalyst, SI). With those features, high catalytic activity would not be expected 

especially under the harsh conditions chosen here. Yet unexpectedly, the binary system 

performs moderately well and shows activity over the full course of catalytic testing even 

outperforming the Zn promoted catalyst at T = 380 °C. Beneficial effects on the selectivities to 

CH3OH are clearly detected for both Ga containing catalysts. While the binary Ni / Ga catalyst 

reaches a maximum in CH3OH selectivity at 300 °C (~ 30 %), the Zn-based catalyst shows an 

optimum at 250 °C (~ 80 %) indicating an additional promoting effect of Zn. Beyond these 

specific optimum conditions related to CH3OH selectivity for each catalyst system, the 

selectivity is gradually declining due to thermodynamic limitations which accompany the 

methanol synthesis reaction network. It is striking, that under comparable reaction conditions 

the selectivity to CH3OH is increased thirtyfold for the binary Ni / Ga catalyst (from ~ 1 % to ~ 

30 %) at a slightly lower conversion (from ~ 10 % to ~ 5 %) and tenfold for the Zn promoted 

catalyst (from ~ 7 % to ~ 70 %) at a similar conversion (at ~ 10 %) when the gas feed is changed 

from CO2 to a CO based synthesis gas. It can be assumed, that the investigated catalysts 

encounter unfavorable activation barriers in the CO2 hydrogenation pathway to CH3OH whereas 

the CO hydrogenation pathway to CH3OH offers a different mechanism with more favorable 

activation barriers resulting in an enhanced selectivity to CH3OH.[88] As mentioned above, 

previous investigations on Cu based catalysts[88,227,232] have revealed that small amounts of CO in 

a CO2-rich synthesis gas feed have a promotional effect on CH3OH production explained by 

removal of unwanted adsorbates that competitively occur on the catalyst surface. However, a 

complete replacement of CO2 by CO has an adverse effect on CH3OH production capabilities of 

Zn promoted Cu catalysts.[227] A purely CO based synthesis gas feed is rather advantageous for 

Cu / MgO catalysts without Zn promoter. In this context, it is interesting to notice the opposite 

behavior of the Zn promoted Ni / Ga catalyst. A change of gas feed composition drastically 

improves the CH3OH selectivity of this catalyst in contrast to Zn promoted Cu catalysts 

suggesting that Zn may poison the methanation sites on Ni(-Ga) catalysts. A detailed 

mechanistic investigation and a better understanding of present and catalytically relevant 
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phases are necessary for a full comprehension of these observations. Due to its complexity, the 

Zn promoted Ni / Ga ternary catalyst system is difficult to assess. Nevertheless, an (electronic) 

promotion effect beyond providing structural stability is evident for Zn incorporation into 

GaxNiy intermetallic based catalysts that are derived from LDH precursors.  

As a side note, it is mentionable that especially with the presence of Ni species in the catalysts 

and with the change in the inlet gas composition to a CO-based gas feed the possible risk of 

Ni(CO)4 formation should be taken into consideration. As a highly volatile compound, its 

formation could lead to removal of active Ni-species and hence to a deactivation of the catalysts. 

Additionally, due to its toxicity a formation should be prevented whenever it is possible. In the 

herein presented catalytic study a Ni(CO)4 formation is rather unlikely since high temperature 

and high-pressure conditions were chosen. Usually, Ni(CO)4 is completely decomposed at 

temperatures < 200 °C. 
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A subsequent characterization of selected catalysts within the investigated series after their 

application in a parallel catalytic testing (spent catalysts) was performed in terms of TEM (Figure 

5.25 – Figure 5.27) and XRD analysis (Figure 5.28). Any influence of high pressure and high 

temperature conditions on the structural integrity of the catalysts and hence the aspect of 

catalyst stability, which is important for a possible application in industrially relevant scale, was 

examined briefly. TEM images clearly display differences in particle shape and size when the 

catalysts are compared before (Figure 5.11 - Figure 5.13) and after catalysis (Figure 5.25 – Figure 

5.27). These changes include particle sintering and slight hints of phase segregation. EDX 

mapping reveals for all catalysts, but especially for the Mg-based catalyst in Figure 5.26, that an 

overlap of Ni and Ga species is not as distinct as it could be expected for the presence of GaxNiy 

intermetallic phases. Instead, more concentrated spots of Ni are evident that indicate 

segregation of pure Ni domains, which could likewise provide an explanation for the catalytic 

behavior of Mg-based catalysts favoring methanation at high conversions (compare Figure 5.19). 

Figure 5.25: TEM (a) and HAADF-STEM (b) images and elemental mapping (c) of (b) of the selected 

catalyst Mg5Ni1Ga2 after its catalytic run in the parallel testing setup. 
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Irrespective of these findings, an overall relatively uniform elemental distribution, which 

originates from the LDH precursor, is still highly pronounced in the spent catalysts even after 

calcination, catalyst activation / reduction and subsequent use in the catalytic reaction. Again, 

the beneficial properties of an LDH-based approach to relatively stable and nano-structured 

catalyst materials are apparent.  

 

 

Additional XRD analysis (Figure 5.28) was performed on some selected catalysts and was found 

to be affected by the previously mentioned difficulties in the identification of targeted GaxNiy 

intermetallic phases. Only the two high Ni content catalysts (Zn3Ni3Ga2 & Mg0.1Ni5.9Ga2) in the 

XRD analysis point towards the presence of Ni containing metallic components while the 

remaining catalysts exhibit crystalline oxide phases solely. However, several aspects need to be 

taken into consideration for a thorough assessment of these observations. Firstly, Ni content 

Figure 5.26: TEM (a) and HAADF-STEM (b) images and elemental mapping (c) of (b) of the selected 

catalyst Mg1Ni5Ga2 after its catalytic run in the parallel testing setup. 
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differs within the investigated catalyst series so that the total amount of reducible / reduced Ni 

(GaxNiy) may be too low to be detectable (see XPS study) via XRD. Secondly, the spent catalysts 

which are still in their reduced / active state inside the parallel testing setup are unavoidably 

exposed to air during their disassembly and transfer to the respective characterization 

equipment. 

 

 

 

Partial or even full reoxidation of metallic nanoparticles in those catalysts are highly probable 

and might account for the recorded diffraction patterns of spent catalysts.  

 

  

Figure 5.27: TEM (a) and HAADF-STEM (b) images and elemental mapping (c) of (b) of the selected 

catalyst Zn5.9Ni0.1Ga2 after its catalytic run in the parallel testing setup. 
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Figure 5.28: XRD patterns of selected catalysts after their catalytic run in a parallel testing setup under 

elevated temperature and pressure; illustrated reference reflections / patterns correspond to: MgGa2O4

(red line, ICSD Coll. Code 4806; alternatively NiGa2O4 (similar pattern)), x (NiO, ICSD Coll. Code 9866), 

+ (MgO, ICSD Coll. Code 9863), * (elemental Ni, ICSD Coll. Code 43397), # (ZnO, ICSD Coll. Code 26170).
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5.4.3 GaOOH-based Approach Towards Intermetallic Phases of GaxNiy 

An alternative precursor approach towards intermetallic phases of GaxNiy that utilizes the 

precipitation of GaOOH is reported hereinafter. Previous reports[198,233] mention a successful 

implementation of this route to generate PdxGay phases as catalytically active components in 

hydrogenation catalysis. A comparison between the two approaches is sought with the goal to 

clarify distinct advantages and disadvantages of each route. 

 

 

Via the GaOOH approach, two pathways in the precursor calcination step lead to two different 

polymorphs of Ga2O3 (Figure 5.30) which depict the main component in the oxidic precatalyst. 

Calcination at 400 °C leads to formation of the α-Ga2O3 phase, while an increase in calcination 

temperature to 800 °C causes crystallization of the β-Ga2O3 phase. Despite the charge mismatch 

between Ni2+ and Ga3+, the coprecipitation may cause the pristine GaOOH-based precursor to 

homogeneously incorporate Ni in its precursor structure. Influential factors on GaxNiy phase 

formation in terms of composition variation (Ni amount in GaOOH precipitate) and the 

structural type of the oxidic precatalyst are key aspects investigated in this study (Figure 5.30). 
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Figure 5.29: XRD patterns of GaOOH-based Ni-substituted catalyst series as coprecipitate (a) and after 

calcination at 400 °C (b) and after calcination at 800 °C (c); the reference pattern in (a) corresponds to 

GaOOH (blue pattern, ICSD Coll. Code 409671), the remaining reference patterns for the calcined series 

are denoted accordingly. 
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c) 
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The recorded diffraction patterns (Figure 5.29a) are ascribable to the reference pattern of 

GaOOH indicating a single-phased precursor subsequent to synthesis throughout the series. No 

indications for a segregated crystalline Ni-containing phase are detected. Minor differences arise 

related to sharpness and intensities of some distinct reflections specifying a lower crystallinity 

with an increasing Ni substitution content. Now, this might correlate with either an increasing 

presence of segregated amorphous phases due to the Ni content (e.g. Ni(OH)2) and / or a 

shrinkage of crystallite sizes for the targeted GaOOH phase. Additional SEM analysis (SI) and 

XRD results of calcined series (Figure 5.29b & c) corroborate both explanations. Above a 

threshold Ni content of 3 mol%, a higher Ni content leads to shrinkage of the rice grain shaped 

GaOOH particles and to a more pronounced coverage of GaOOH particles with an indistinct 

and amorphous layer of smaller particles most probably consisting of Ni(OH)x[CO3] phases. XRD 

patterns of calcined samples (Figure 5.29b & c) confirm the threshold Ni content of 3 mol% since 

presence of the expected dominant phases of α- and β-Ga2O3 is decreasing while Ni-based oxides 

(NiO & NiGa2O4) become more dominant in both calcination pathways above this value. 

  

Figure 5.30: Schematic representation of GaOOH-based Ni-substituted catalyst series utilizing both 

pathways, α-Ga2O3 and β-Ga2O3, as processed oxidic precatalyst states in the course of catalyst activation 

/ GaxNiy intermetallic phase formation. 
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Similar to the LDH-based approach towards GaxNiy phases, the reduction of GaOOH-based 

catalysts after calcination and hence the actual procedure yielding the targeted (inter)metallic 

phases depicts a key catalyst processing step. TPR data are shown and summarized in Figure 5.31 

and Table 5.4. Prominent differences are observable for the two pathways based on α-Ga2O3 or 

β-Ga2O3. While reduction of reducible species for α-Ga2O3-based catalysts (Figure 5.31a) is 

facilitated with an increasing Ni content from Tmax of ~ 650 °C (Ga:Ni 99:1) to Tmax of ~ 550 °C 

(Ga:Ni 80:20), the increasing Ni content causes an aggravated reduction of reducible species for 

β-Ga2O3-based catalysts with a development of Tmax from ~ 680 °C (Ga:Ni 99:1) to Tmax of ~ 750 °C 

(Ga:Ni 80:20). These observations are related to phenomena that are similarly known for Ni / 

Al2O3 catalysts where Ni reduction from a segregated NiO phase is easier than from a NiAl2O4 

phase (NiGa2O4 here ).[234] Favored spinel crystallization for the β-Ga2O3 series and the increasing 

NiO content in the α-Ga2O3 series reflect this behavior. Even the shoulder peak feature for the 

catalyst with 20 mol% Ni in the α-Ga2O3 series can be explained by these different reduction 

properties of different Ni oxide phases. This catalyst apparently exhibits the largest fraction of a 

separate NiO phase while it contains an amorphous precursor for the NiGa2O4 phase at the same 

time. Hence the first reduction peak can be assigned to NiO reduction and the second reduction 

peak corresponds to Ni reduction from an amorphous NiGa2O4 precursor. Interestingly, in both 

cases a pure Ga2O3-based sample (Ga:Ni 100:00) does not consume any hydrogen and hence does 

not show any reducibility in the absence of Ni which has a fundamental role in the additional 

reduction of Ga.  
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Figure 5.31: Temperature-programmed reduction profiles for α-Ga2O3-based Ni substitution series (a) and 

β-Ga2O3-based Ni substitution series (b). 
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Quantification data in the course of TPR experiments (Table 5.5) strongly support this role of 

Ni. In every catalyst, with a single exception, additional Ga reduction is observed (Figure 5.32). 

There is a linear trend that with increasing Ni content in the precursor the degree of Ga 

reduction is increased as well. The amount of reduced Ga levels off reaching a Ga:Ni ratio below 

2 suitable for intermetallic phases of either GaNi, GaNi3, Ga3Ni5 and Ga2Ni3. Only the catalyst 

with a Ni content of 3 mol% in the α-Ga2O3 series deviates from this behavior having a Ni:Ga 

ratio of ~ 24 after reduction. Since a compositional flexibility for the GaOOH-based approach is 

limited due to a maximum Ni incorporation of ~ 3 mol% into the precursor structure, this lack 

of flexibility is reflected in the outcome of possible GaxNiy phases. The LDH precursor approach 

offers a larger range of Ni:Ga ratio variation covering Ni-rich compositions as well as Ga-rich 

compositions and thus enabling more possible GaxNiy phases. 

 

  

sample ID

weighed 

amount 

[mg]

Ni content 

[mmol]

expected H2 

consumption due 

to Ni content 

[mmol]

observed H2 

consumption 

[mmol]

degree of Ni 

reduction 

[%]

additional 

Ga
3+ 

reduction [%]

ratio of 

reduced 

Ni:Ga

GaNi 99:1 - 400 64 0.007 0.007 0.0147 100 0.75 58:42

GaNi 99:1 - 800 63.8 0.007 0.007 0.007 100 0 100:00

GaNi 97:3 - 400 48.3 0.019 0.019 0.0201 100 0.15 96:4

GaNi 97:3 - 800 42.9 0.017 0.017 0.0228 100 0.87 81:19

GaNi 95:5 - 400 45.9 0.026 0.026 0.0502 100 3.44 62:38

GaNi 95:5 - 800 47.6 0.027 0.027 0.0513 100 3.33 62:38

GaNi 90:10 - 400 38.9 0.044 0.044 0.0763 100 5.67 67:33

GaNi 90:10 - 800 38.5 0.044 0.044 0.0847 100 7.22 62:38

GaNi 80:20 - 400 33 0.078 0.078 0.1435 100 15 64:36

GaNi 80:20 - 800 31.3 0.074 0.074 0.1518 100 18.9 59:41

Table 5.5: TPR data overview on GaOOH-based Ni substitution series. 
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Figure 5.32: Degree of Ga reduction and overall Ni:Ga ratio (after reduction) as function of Ni loading in 

the precursor for both α-Ga2O3 and β-Ga2O3 series. 
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An ex-situ TEM analysis for one specific GaOOH-based catalyst with the maximum possible Ni 

substitution in the precursor of 3 mol% (Figure 5.33 & Figure 5.34), which underwent the same 

isothermal reduction process and a subsequent measurement preparation procedure with the 

exclusion of air as the LDH-based catalysts (Figure 5.11 - Figure 5.13), clearly illustrates the 

applicability of the proposed route (Figure 5.30) to form Ni (GaxNiy) nanoparticles attached to 

rice grain shaped Ga2O3 support. TEM analysis indicates formation of spherical metallic 

nanoparticles with a size range of approximately 20 – 100 nm. In an elemental mapping, these 

spherical particles / aggregates appear as concentrated Ni spots which are evenly distributed on 

the Ga2O3 support. A closer look on individual nanoparticles (Figure 5.34) additionally hints 

towards Ga reduction, as the TPR experiments already suggested (Table 5.5), since the 

concentrated metallic spots contain significant contribution of the Ga species, most probably 

both as intermetallic Ga and Ga2O3 in the vicinity.  

Figure 5.33: TEM (a) and HAADF-STEM (b) images of a Ni (GaxNiy) / β-Ga2O3 (Ga:Ni ratio 97:3, calcined 

at 800 °C) catalyst and corresponding elemental mapping (c) of (b). 
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A first measure regarding the amount of reduced Ga, besides the indirect approach via 

quantification of consumed hydrogen during TPR experiments, was provided by the same ex-

situ XPS analysis as mentioned above (Figure 5.14 - Figure 5.16) and performed for LDH-based 

catalysts. Ni substitution was too low for the chosen catalyst (Ni (GaxNiy) / β-Ga2O3 catalyst with 

a Ga:Ni ratio of 97:3, calcined at 800 °C) in order to detect any Ni species, but Ga signals (Figure 

5.35) confirm presence of metallic Ga species. Again, due to a possible distinguished assessment 

of Ga2p and Ga3d signals different Ga states for surface-near regions and for the bulkier regions 

can be observed and evaluated. TPR data already pointed out (Table 5.5) a facilitated Ga 

reduction for the β-Ga2O3 pathway in the formation of metal nanoparticles as compared to the 

α-Ga2O3 pathway. Determination and quantification of the chemical state for the constituent Ga 

species (Table 5.6) further supports this interpretation by a higher Ga metal content (4.9 % to 2 

%) in the bulkier phase and even low detectable Ga metal amount in the surface-near regions 

(0.2 % to 0 %). 

 

  

Figure 5.34: HAADF-STEM (a) image of individual nanoparticles within a Ni (GaxNiy) / β-Ga2O3 (Ga:Ni 

ratio 97:3, calcined at 800 °C) catalyst (a) and corresponding elemental mapping (b). 



5 Synthesis and Characterization of Ni / Ga Intermetallic Nanoparticles and Their Application in CO2 Conversion 
Reactions 

142 
 

 

 

Table 5.6: Quantification of XPS data regarding elemental state and distribution for selected GaOOH-

based catalysts. 

 

 

 

 

 

 

 

The deviations from TPR results (Table 5.5) concerning the total amount of reduced Ga can be 

ascribed to differences of the respective characterization methods with XPS being a highly 

surface-sensitive method whereas temperature-programmed reduction measurements monitor 

the whole catalyst.  

  

targeted catalyst composition Ni metal 
content 

metal 
content 
Ga3d 

metal 
content 
Ga2p 

 [%] [%] [%] 
Ni (GaxNiy) / β-Ga2O3 (Ga:Ni 97:3, 400 °C) too low 2 0 
Ni (GaxNiy) / β-Ga2O3 (Ga:Ni 97:3, 800 °C) too low 4.9 0.2 
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Figure 5.35: XPS spectra of Ga2p (a) and Ga3d (b) for the catalyst Ni (GaxNiy) / β-Ga2O3 (Ga:Ni ratio 97:3, 

calcined at 800 °C) with reference peak positions corresponding to different chemical states and binding 

energies of Ga. 
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The catalytic performance of the investigated GaOOH-based catalyst series is briefly illustrated 

in Figure 5.36. The catalysts show rather low activities in the conversion reaction of CO2. Only 

two (Ga:Ni 99:1 & Ga:Ni 97:3) catalysts in the α-Ga2O3 series and three (Ga:Ni 99:1, Ga:Ni 97:3 & 

Ga:Ni 95:5) catalysts in the β-Ga2O3 series reach CO2 conversions above 20 % in the investigated 

temperature range up to 500 °C. Even for those active catalysts, a noticeable conversion only 

starts at temperatures of 300 – 400 °C. Remarkably, the mentioned active catalysts relate to 

lowest Ni substitution within the series suggesting that a homogeneous incorporation of Ni in 

the GaOOH precursor structure has a more crucial effect to catalytic performance than an 

overall higher Ni content causing phase segregation in the coprecipitated precursor. 

Agglomerated amorphous / indistinct phases of Ni(OH)x[CO3] possibly result in large Ni metal 

particles unfavorably distributed and hence not stabilized by the Ga2O3 support. At the same 

time, it might be plausible that a low Ni content in the precursor yielding Ni-rich intermetallic 
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Figure 5.36: CO2 conversion data for α-Ga2O3-based catalysts (a) and β-Ga2O3 (b) catalysts and resulting 

selectivities for CO (c & d) for the respective catalyst series; catalytic data were obtained in dynamic 

measurements at a constant heating rate of β = 5 °C∙min-1 at ambient pressure conditions; difference to 

100 % in CO selectivities (c & d) correspond to selectivity to CH4. 
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phases of GaxNiy (see Figure 5.32) is more beneficial for catalytic activity than Ga-richer 

intermetallic phases that are formed from extra-framework Ni. But as for the LDH-based 

catalysts, a distinct phase analysis / assignment by XRD for active metallic components of the 

catalysts remains challenging (s. SI). Only the Ga2O3 support component is detectable in XRD 

data.  

Main CO2 conversion product for both Ga2O3 series is CO with selectivities ranging between 70 

– 100 % as a result of the mainly catalyzed reverse water-gas shift reaction.  

 

CO2 + H2    ⇌     CO + H2O  (C 5.5) 

 

CH4 is observed as second conversion product for a few catalysts as well in consequence of the 

direct methanation reaction, also known as Sabatier reaction. 

 

CO2 + 4 H2    ⇌     CH4 + 2 H2O (C 5.7) 

 

In the case of the α-Ga2O3 series, in the low conversion region between 350 – 400 °C (CO2 

conversion ~ 5 – 10 %) CH4 is detected for the most active catalyst (Ga:Ni 97:3) with a selectivity 

of ~ 35 % and for the catalyst with the highest Ni substitution (Ga:Ni 80:20) reaching a CH4 

selectivity of ~ 20 % at a much lower conversion than the most active catalyst. An increase in 

temperature and hence conversion of CO2 leads to a deteriorating CH4 selectivity with a 

minimum of ~ 5 % at a temperature of ~ 450 °C. Beyond this temperature, the two most active 

catalysts (Ga:Ni 97:3 & Ga:Ni 99:1) exceed a CO2 conversion of 20 % accompanied by gain in 

selectivity towards CH4. An initial selectivity towards CH4 is not evident for β-Ga2O3-based 

catalysts. Since significant CO2 conversion for this series starts at higher temperatures than the 

α-Ga2O3-based series, changing selectivity patterns are recorded at temperatures > 400 °C. While 

the whole catalyst series starts with 100 % selectivity to CO in the low conversion region, again 

the most active catalysts (Ga:Ni 99:1 & Ga:Ni 97:3) show a gain in CH4 selectivity when CO2 

conversion exceeds 20 % with increasing temperature. As observed and described for the catalyst 

series based on LDH precursors in a previous section, this selectivity behavior seems conflicting 

when thermodynamic aspects are considered and common Ni based methanation catalysts are 

referred to. The Sabatier reaction (C 5.7) is highly exothermic (ΔH0
298K = - 165 kJ∙mol-1) whereas 

the RWGS reaction (C 5.5) is mildly endothermic (ΔH0
298K = + 41 kJ∙mol-1). It is widely 

accepted,[222] that a methanation of CO2 is a combination of the RWGS reaction and the 

methanation of CO (Reaction C 5.8). 
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CO + 3 H2    ⇌     CH4 + H2O  ΔH0
298K = - 206 kJ∙mol-1 (C 5.8) 

 

Thermodynamic equilibrium calculations[223] and experimental results of common and widely 

applied Ni / Al2O3 catalysts[235–237] suggest full selectivity to CH4 at low temperatures up to 300 

°C with increasing CO selectivity at elevated temperatures. Low temperatures favor the overall 

methanation (Reaction C 5.7) but kinetic limitations require the application of a catalyst. Still, 

conversion and reaction rates are rather low at that temperature region. Finding the balance 

between a higher reaction rate at elevated temperatures and an increased formation of CO due 

to the RWGS becoming more favorable at those elevated temperatures is a key aspect in 

optimizing known CO2 methanation catalysts and processes. Another route of optimizing 

known catalysts in CO2 methanation focuses on improving support effects of widely applied Ni 

catalysts. Mild to medium basic adsorption sites provided by the oxidic support are assumed to 

be beneficial in the dissociative adsorption of CO2 prior to a subsequent hydrogenation by Ni 

embedded in the oxide support.[237] This feature depicts a possible explanation to observations 

in the catalytic testing of GaOOH-based Ni (GaxNiy). Ga2O3 is known as catalyst in photocatalytic 

reduction of CO2.[238,239] Additionally, few literature reports mention its beneficial effects as 

support in Pd-based catalysts[233,240] as well as in stabilizing possible intermediate structures in 

the course of the catalytic conversion of CO2.[241–245] Support effects between Al2O3 and Ga2O3 

vary in terms of Lewis acidity properties[229] probably being responsible for the differences in the 

selectivity pattern. Another, more probable explanation for the higher CO selectivity of the 

investigated GaOOH series might be provided by the confirmed presence of metallic Ga species 

in the activated state of the catalysts yielding (inter)metallic phases of GaxNiy. Different 

electronic properties are the consequences of such catalysts, as targeted and initially pointed out 

by theoretical calculations in literature.[194] Such way, adjustment of electronic properties of Ni 

catalysts towards Cu-like catalyst systems seems a feasible option, which then results in 

enhanced selectivity to CO instead of full hydrogenation of CO2 to CH4. The reason, why CH3OH 

is not produced and detected in this brief catalytic testing can again be related to 

thermodynamic considerations as described in a previous section. The applied reaction 

conditions at ambient pressure and higher temperatures[246] (s. Figure 5.18) are detrimental for 

CH3OH production, wherefore high pressure and low temperature conditions are usually 

favored. Here, at the chosen reaction conditions and depending on catalyst composition the 

RWGS reaction becomes dominant with additional CH4 production. Regardless of these 

observations, sufficiently high reaction rates and minimized process costs need to be taken into 

account when the overall industrial process is considered. Thus, the challenge still lies in 

designing catalysts / processes operable with acceptable CH3OH yields at moderate conditions. 
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5.5 Conclusion 

As a general conclusion, it can be stated that an LDH based single-source precursor approach is 

well suited to give rise to GaxNiy intermetallic phases that act as promising catalysts in CO2 

conversion reactions. A homogeneous incorporation and distribution of all relevant elements 

into the precursor structure is achieved and confirmed by several methods. This homogeneity, 

which is extended to the oxidic precatalyst state being an intermediate step in the course of 

catalyst processing / activation, has a fundamental role in the additional reduction of Ga. Close 

contact to easily reducible Ni species in combination with H2 spillover effects on freshly reduced 

Ni particles facilitates an otherwise difficult reduction of the Ga species and hence yields GaxNiy 

intermetallic phases more easily as compared to other catalyst preparation methods.[194,247] 

However, a distinct identification of the evolving GaxNiy phases remains difficult for the herein 

presented approach. Special emphasis needs to be put on the formation of the intermetallic 

phases by in-situ monitoring and / or advanced methods during the reduction / activation 

process of the catalysts prior to their operation in the targeted catalytic reaction in order to 

assign correct and detailed structure-activity correlations as a function of the actually present 

phases of GaxNiy. Irrespective of difficulties in phase assignment, composition-dependent 

features in CO2 conversion are observed. A general promoting effect of a third element is evident 

when those catalysts are compared to a Ga / Ni binary catalyst. Especially, Zn incorporation 

introduces possible electronic promotion effects that result in a largely increased selectivity to 

CH3OH within the investigated catalyst series and hence depicts an interesting system 

worthwhile to investigate in detail in future.  

Despite some promising results for the GaOOH based catalyst series, the LDH based approach 

offers a larger flexibility in terms of composition variation. Adding to the herein presented 

ternary LDH precursors, quaternary systems can be synthesized and investigated with the 

introduction of a fourth element into the LDH precursor. This would lead to a new class of 

catalysts but complicate the overall system at the same time. Utilizing the LDH precursor class 

and its huge flexibility offers a way to an advanced synthesis routine and enables the 

development of tailored catalysts specifically designed for a targeted catalytic application. With 

this advanced synthesis routine, unique access to systematic structure-activity correlation 

studies is gained with the potential of this approach to bridge the gap between model catalyst 

investigation and real-world catalysts with complex structures. 
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Figure 5.37: Overview on characterization data for LDH-based Ni / Al2O3 reference catalyst system; XRD 

patterns for LDH precursor (a), oxides after calcination (b) and spent catalysts (c); TG analysis (d) of the 

LDH precursor; N2 physisorption data with an SBET of ~ 140 m2g-1 (e) for the LDH precursor; TPR profiles 

for the whole reference series (f); TEM (g) and XPS (h-j) study after an isothermal reduction into an 

activated state for the 5 wt% Ga impregnated Ni / Al2O3 reference catalyst; catalytic data in CO2 conversion 

(k-l) at ambient pressure conditions, difference to 100 % in CH4 selectivities (l) relate to CO; and TEM 

analysis of the spent Ni / Al2O3 reference catalyst with 5 wt% Ga (m). 
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Figure 5.38: Recorded XRD patterns of selected catalysts from LDH-based Mg containing series (a) and 

Zn containing series (b) after TPR experiments up to 1000 °C. 
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Figure 5.39: TEM image (a), recorded XRD pattern (b) and EDX mapping (c) of (a) for the spent binary 

catalyst Ni6Ga2. 
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Figure 5.41: XRD patterns of selected GaOOH based catalysts after TPR experiments up to 1000 °C and 

corresponding database reference patterns. 

Figure 5.40: SEM images of GaOOH based catalysts with Ga:Ni ratios of 97:3 (a-c) and 90:10 (d-f); images 

correspond to coprecipitated precursors (a & d), after calcination at 400 °C (b & e) and after calcination 

at 800 °C (c & f). 
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6. General Conclusion and Outlook 

Each chapter of the results and discussion part of this work represents a special processing state 

of LDH based (catalyst) materials and can be illustrated as shown in Figure 6.1.  

 

 

 

A substitution series presented in chapter 3 and based on the transition metals Co and Ni with 

Ga as additional third cation in the LDH structure reveals synergistic effects of the presence of 

both Co and Ni for high activities in the oxygen evolution reaction. The compositional versatility 

of the LDH material class provides a basis for a systematic study since only a specific cationic 

composition turns out to be most active with an optimized ratio of catalytically active and 

conductivity improving species (Co1.5Ni0.5Ga-LDH). The importance of a specific and tailored 

composition becomes even more evident when the effect of calcination is added to the 

investigation on the substitution series and turns the overall picture on optimized compositions 

upside down. Calcined Co0.5Ni1.5Ga-LDH was observed as the optimized composition within the 

investigated series as part of the MMO state. Herein, the suitability of LDH based materials for 

the oxygen evolution reaction is impressively demonstrated by two different but still related 

approaches of catalyst design explaining the rising interest in this material class.  

Pristine LDH state (after coprecipitation; Ni, Co substitution 

series  chapter 3) 

Thermal treatment 

- CO2 

- -H2O 

Formation of (Mixed Metal) Oxides 

(calcination study  chapter 4) 

Reduction of reducible species 

(H2 + ΔT) 

- -H2O 

Metal nanoparticles embedded in oxidic matrix 

(GaxNiy intermetallic particles  chapter 5) 

Figure 6.1: Schematic representation of LDH-based material processing in the course of catalyst 

preparation / development with each state as potential catalyst state. 



6 General Conclusion and Outlook 

152 
 

Additional benefits of distinct control over process parameters of LDH materials is presented in 

chapter 4, where controlled thermal decomposition of a FeIICoFeIII-LDH precursor leads to 

single-phase CoFe2O4 with an unusual morphology. Instead of commonly observed isotropic 

particles, unique monocrystalline 2D platelet particles are formed as a result of a topotactic 

relation of LDH (001) | Spinel (111). The CoFe2O4 phase is accompanied by altered catalytic 

properties in oxidation reactions. With deepened understanding, control over topotactic 

transformation can present a parameter in designing tailored catalysts derived from LDH 

precursors.  

The degree of control over catalyst processing is expanded in chapter 5, where GaxNiy 

intermetallic particles are formed in a last process step and studied in CO2 conversion reactions. 

The opportunity of distinct and defined processing and the compositional flexibility of LDH 

materials are combined in this study when emphasis is put on reduction that is the key step in 

intermetallic phase formation and on promotion effects of Mg and Zn incorporation into the 

precursor. A clear assessment of evolving GaxNiy phases remains difficult with the applied 

methods, but Ga reduction is confirmed and facilitated by homogeneous elemental distribution 

being a special feature of the material class of layered double hydroxides. Plus, a promotion 

effect is confirmed for both Mg and Zn. Especially with Zn, it is possible to shift selectivities to 

the target product methanol. Again, this study points out key advantages of layered double 

hydroxides and experimentally confirms theoretical predictions[194] for GaxNiy intermetallic 

phases as potential CO2 conversion catalysts by an advanced and systematic synthesis approach.  

 

The versatility of layered double hydroxides and thus their application in numerous fields is 

well-known and well-documented in literature.[36,94,114] Still, the herein presented work provides 

new and advanced synthesis / preparation / development routines for LDH-based materials by 

taking advantage of their special features and going beyond standard preparation / processing 

routes. Critical in this regard is a deeper understanding of underlying mechanisms that are 

responsible for the observed properties in OER for the Co2-xNixGa substitution series in the 

course of calcination or for topotactic formation of monocrystalline CoFe2O4 particles and their 

pronounced differences from commercial and isotropic CoFe2O4 particles in oxidation catalysis. 

Additionally, access to formation of GaxNiy intermetallic particles and reliable correlation to 

catalytic properties is necessary on the part of metal-based catalysis. The presented advanced 

preparation routines equally require advanced characterization methods in order to address 

those tasks. In-situ monitoring during several process steps is one possibility to gain further 

information and to explain the observations and the mechanisms in greater detail. These new 

insights widen the application range of layered double hydroxides and enable to set a material 
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basis for a more progressive research in catalysis beyond the empirical approach. The possibility 

to bridge the gap between complex real-world catalysts and model catalysts by design of defined 

and reproducibly available systems is presented, especially when theoretical methods are added 

to future investigations. By this, the presented synthesis concepts for LDHs in general can 

contribute to a great extent to a better understanding of catalysis by structure-performance 

relationships.  
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ChemCatChem, 9, 659 – 671 (2017) 

 

Own contribution: Synthesis and first characterization of investigated catalysts. 
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Paper III 

Composition-Dependent Effect of the Calcination of Cobalt-, Nickel- and Gallium-Based 

Layered Double Hydroxides to Mixed Metal Oxides in the Oxygen Evolution Reaction 

 

Kalapu Chakrapani, Fatih Özcan, Klaus Friedel Ortega, Thomas Machowski, Malte Behrens 

 

ChemElectroChem, 5, 93 – 100 (2018) 

 

Included in thesis 

 

 

Paper IV 

Continuous Hydrothermal Flow Synthesis of Co1-xNixFe2O4 (x = 0 – 0.8) Nanoparticles and Their 

Catalytic Properties for CO Oxidation and Oxygen Evolution Reaction 

 

Yu Xu, Fatih Özcan, Philipp Zielke, Stefanie Becker, Manuel Heimann, Justus Heese, Kalapu 

Chakrapani, Malte Behrens, Søren Bredmose Simonsen, Poul Norby, Peter Vang Hendriksen, 

Ragnar Kiebach 

 

Z. Anorg. Allg. Chem., 644, 1727 – 1733 (2018) 

 

Own contribution: Supporting advice in OER and CO oxidation experiments and interpretation 

of resulting data. 

 

 

Paper V 

Synthesis and Characterization of Ni / Ga Intermetallic Nanoparticles and Their Application in 

CO2 Conversion Reactions 

 

Fatih Özcan, Benjamin Mockenhaupt, Remco Dalebout, Klaus Friedel Ortega, Petra de Jongh, 

Malte Behrens 

 

In manuscript, included in thesis 

  



 

189 
 

A.2 List of Conference Contributions 

 

03.2016  49. Jahrestreffen Deutscher Katalytiker, Weimar / Germany 

Kinetic Analysis of the Reduction Behavior of FeMg-Based Spinels Used as 

Catalyst Precursors for NH3 Synthesis and Decomposition 

 

03.2017  50. Jahrestreffen Deutscher Katalytiker, Weimar / Germany 

NixGay Intermetallic Phases Derived from LDH Precursors for CO2 Conversion 

Reactions 

 

09.2017  Organization of 1st IMPRS-RECHARGE scientific symposium on the topic 

“Catalysis for Sustainable Chemical Energy Conversion” as part of the graduate 

school curriculum, Duisburg / Germany 

 

11.2017  CENIDE annual celebration 2017, Duisburg / Germany 

 NixGay Intermetallic Phases Derived from LDH Precursors for CO2 Conversion 

Reactions 

 

03.2018  Joint Symposium on Energy Materials Science and Technology, Tsukuba / Japan 

NixGay Intermetallic Phases Derived from LDH Precursors for CO2 Conversion 

Reactions 

 

07.2018  PREPA12 – 12th International Symposium on the “Scientific Bases for the 

Preparation of Heterogeneous Catalysts”, Louvain-La-Neuve / Belgium 

Structure and Composition-Dependent Effects on Oxidation Catalysis – 

Multinary Oxide Catalysts from Layered Double Hydroxide Precursors 

 

11.2018  CENIDE annual celebration 2018, Essen / Germany 

 Structure and Composition-Dependent Effects on Oxidation Catalysis – 

Multinary Oxide Catalysts from Layered Double Hydroxide Precursors 

 

03.2019  52. Jahrestreffen Deutscher Katalytiker, Weimar / Germany 

Insights into the Activity of Ga / Ni Intermetallic Compounds as CO2 

Hydrogenation Catalysts Derived from Layered Double Hydroxides 
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08.2019 14th European Congress on Catalysis, EuropaCat 2019, Aachen / Germany 

Cu-Co/ZnO/Al2O3 Catalysts for CO Conversion to Higher Alcohols Synthesized 

from Coprecipitated LDH Precursors 

 

08.2019 14th European Congress on Catalysis, EuropaCat 2019, Aachen / Germany 

Coprecipitated Ga-Ni Metal Catalysts for CO2 Conversion 

 

  



 

191 
 

A.3 Curriculum Vitae 

 

Der Lebenslauf ist in der Online-Version aus Gründen des Datenschutzes nicht 

enthalten. 

 

  



 

192 
 

Der Lebenslauf ist in der Online-Version aus Gründen des Datenschutzes nicht 

enthalten. 

 

  



 

193 
 

Der Lebenslauf ist in der Online-Version aus Gründen des Datenschutzes nicht 

enthalten. 

 

 

 

 

 

 


	Unbenannt

